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NES THROUGH GENOME MINING OF Streptomyces leeuwenhoekii C34 AND
HETEROLOGOUS PRODUCTION OF CHAXAMYCINS IN Streptomyces coelicolor
M1152

Streptomyces leeuwenhoekii C34 is an actinomycete isolated from the Atacama Desert,
Chile, that produces new antibiotics: chaxamycins A to D and chaxalactins A to C. The
goal of this work was to identify the genes involved in the biosynthesis of chaxamycins
and chaxalactins and produce chaxamycins in a heterologous host.

Chapter One details the development of basic procedures for growth and genetic
manipulation of S. leeuwenhoekii C34. The results indicated that 30 °C was the optimal
temperature for chaxamycin production in liquid culture, and high sporulation levels on
solid medium were achieved at 37 °C. S. leeuwenhoekii C34 was sensitive to thiostrep-
ton, apramycin, hygromycinB and kanamycin, but not to nalidixic acid, antibiotics used to
select for genetically modified bacteria. A temperature-sensitive vector (pGM1190) and
other with an insertion site recognised by the integrase system of the phage C31
(pSET152) were successfully transferred to S. leeuwenhoekii C34 by conjugation with
the methylation-deficient strain, E. coli ET12567/pUZ8002. Supplementation of the con-
jugation medium with either 120 mM MgCl, or 60 mM CacCl,, significantly increased
conjugation frequency compared to no salt addition. Thus, it was demonstrated that
S. leeuwenhoekii C34 was able to accept foreign unmethylated DNA.

Chapter Two describes the identification and heterologous expression of the chaxamycin
biosynthesis gene cluster. The genome of S. leeuwenhoekii C34 was sequenced de novo
by combining lllumina and PacBio technologies. A group of 27 genes that span a region
of 80.2 kb (locus 1,210,347-1,290,550), encoded for the necessary enzymes for chax-
amycin biosynthesis. plJ12853 contained a 145 kb insert of S. leeuwenhoekii C34
genomic DNA that included the 80.2 kb sequence, which was cloned into S. coelicolor
M1152 that does not produce chaxamycin, giving rise to strain M1650. M1650 was able
to produce all chaxamycin species, confirming that the genes present in plJ12853 en-
code for the chaxamycin biosynthesis route. Genes from the heterologous host could
also be involved in the biosynthesis and/or export of these molecules. Deletion of the
AHBA synthase gene (cxmK) of S. leeuwenhoekii C34 gave rise to strain M1653, unable
to produce chaxamycins. To prove that the abolition of chaxamycin production was solely
due to its inability to produce AHBA, a liquid culture of M1653 supplemented with com-
mercial AHBA was performed and chaxamycin was shown to be produced. This is further
evidence that the chaxamycin biosynthesis gene cluster was identified.

Chapter Three describes the bioinformatic identification of the chaxalactin biosynthesis
gene cluster. A sequence of 80.7 kb (locus 7,146,903—-7,227,608) contained 5 genes that
encoded for a PKS, whose domain architecture matches with that predicted for chax-
alactin A biosynthesis. A gene that encodes for a cytochrome P450 is likely to be related
to a C-14 hydroxylation reaction of chaxalactin A to give rise to chaxalactin B. Two genes
encoding for O-methyltransferases are possibly involved in the C-13 O-methylation step
of chaxalactin B that gives rise to chaxalactin C.



RESUMEN DE LA TESIS PARA OPTAR AL GRADO DE: Doctor en Cien-

cias de la Ingenieria, mencion Ingenieria Quimica y Biotecnologia

POR: Jean Franco A. Castro Figueroa

FECHA: Diciembre 2015

PROFESORES GUIAS: Dr. Juan A. Asenjo y Dra. Barbara Andrews
IDENTIFICACION DE LOS GENES DE BIOSINTESIS DE CHAXAMICINAS Y CHAX-
ALACTINAS MEDIANTE MINERIA DE GENOMAS DE Streptomyces leeuwenhoekii
C34 Y PRODUCCION HETEROLOGA DE CHAXAMICINAS EN Streptomyces coeli-
color M1152
Streptomyces leeuwenhoekii C34 es un actinomiceto aislado del desierto de Atacama,
Chile, productor de los antibiéticos chaxamicinas A a D y chaxalactinas A a C. El objetivo
de este trabajo fue identificar los genes involucrados en la biosintesis de chaxamicinas y
chaxalactinas y producir chaxamicinas en un huésped heterdlogo.

Capitulo Uno detalla procedimientos de crecimiento y modificacién genética de S. leeu-
wenhoekii C34. La temperatura éptima para produccién de chaxamicinas en medio liquido
fue 30 °C, y la que permitié alcanzar altos niveles de esporulacién en medio sélido fue
37 °C. S. leeuwenhoekii C34 fue sensible a tioestreptona, apramicina, higromicina B y
kanamicina, mientras que no a acido nalidixico, antibi6ticos usados para seleccionar bac-
terias genéticamente modificadas. Un vector sensible a temperatura (pGM1190) y otro
con un sistema de integracién del fago C31 (pSET152) fueron exitosamente transferi-
dos a S. leeuwenhoekii C34 por conjugacidén con una cepa que no metila ADN, E. coli
ET12567/pUZ8002. Suplementacion del medio de conjugacion con 120 mM MgCl, 6 60
mM CaCl,, incrementé la frecuencia de conjugaciéon de forma significativa, comparado
con el control sin adicion de sales. En este trabajo se demostrd que S. leeuwenhoekii
C34 incorpora ADN foraneo no metilado.

Capitulo Dos describe la identificacion y expresién heterdloga de los genes de biosin-
tesis de chaxamicinas. El genoma de S. leeuwenhoekii C34 fue secuenciado de novo
combinando tecnologias de secuenciaciéon lllumina y PacBio. Un grupo de 27 genes
(80,2 kb, locus 1.210.347—-1.290.550), codifica enzimas para la biosintesis de chaxam-
icinas. plJ12853 contenia un inserto del genoma de S. leeuwenhoekii C34 de 145 kb
gue incluye el segmento de 80,2 kb, el que fue transferido a una cepa que no produce
chaxamicinas, S. coelicolor M1152, resultando en la produccién de chaxamicinas A—D,
confirmando que los genes presentes en plJ12853 codifican para la ruta de biosintesis de
chaxamicinas. Genes del huésped heterdlogo podrian estar involucrados en biosintesis
y/o exporte de estas moléculas. La deleciéon del gen AHBA sintasa (cxmK) en S. leeu-
wenhoekii C34, dio origen a la cepa M1653 que pierde su capacidad de producir chax-
amicinas. Para demostrar que la interrupcién en la produccion de chaxamicinas fue sélo
debido a su incapacidad de producir AHBA, un cultivo liquido de M1653 suplementado
con AHBA comercial permitid restablecer la produccidén de chaxamicinas. Esto es una
prueba mas de que el los genes de biosintesis de chaxamicinas fueron identificados.

Capitulo Tres describe la identificacion bioinformatica de los genes de biosintesis de
chaxalactinas. Una secuencia de 80,7 kb (locus 7.146.903-7.227.608) contenia genes
codificantes de 5 subunidades de una policétido sintasa, cuya arquitectura de dominios
coincidia con la predicha para biosintesis de chaxalactina A. Un gen que codifica una
citocromo P450 seria responsable de la hidroxilacion C-14 de chaxalactina A que da ori-
gen a chaxalactina B. Dos genes codificantes de O-metiltransferasas estarian involucra-
dos en una O-metilacién C-13 de chaxalactina B, que da origen a chaxalactina C.
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Introduction

Secondary metabolites: definition and biosynthetic ori-
gins

Secondary metabolites, also referred to as specialised metabolites, are small molecules
originating from the metabolism of actinomycetes, non-actinomycete bacteria, filamentous
fungi, higher plants and animals that serve survival functions for the organisms produc-
ing them (Demain and Fang, 2000). Secondary metabolites are not essential for normal
growth, development or reproduction of that organism and have restricted distribution, be-
ing distinctive of a genus, species or even a strain (Vaishnav and Demain, 2011; McMurry,
2011; Herbert, 1989).

According to the biochemical origin of secondary metabolites, they are classified into
five categories: terpenoids and steroids, fatty acid-derived and polyketides, alkaloids,
nonribosomal peptides and enzyme cofactors (McMurry, 2011). In the case of bacte-
ria, the biosynthesis of secondary metabolites is observed during the late-growth phase,
also known as idiophase, through specialised biochemical pathways that use biosynthetic
units derived from primary metabolism, synthesised during the tropophase. The most
usual biosynthetic units used in the biosynthesis of secondary metabolites are acetyl-
CoA, shikimic acid, mevalonic acid, methylerythritol phosphate or amino acids (Dewick,
2009).

The specialised biochemical pathways devoted to the biosynthesis of secondary meta-
bolites are encoded in the genome or plasmids of the producer organism. The genes of a
specialised biochemical pathway are usually clustered together as a gene cluster. These
clusters have been defined as self-contained cassettes for secondary metabolite produc-
tion (Osbourn, 2010) and consist of groups of physically linked genes that are function-
ally related and co-expressed and, unlike operons, the genes within these clusters are
transcribed separately (Kliebenstein and Osbourn, 2012; Nett, 2014). The genes located
within a biosynthesis gene cluster encode for the enzymes that perform numerous tasks
that lead to the final metabolic product. Examples of these tasks are biochemical trans-
formations of biosynthetic units, transcriptional regulation of key genes, auto-resistance
and/or transport/export of the metabolite produced outside of the cell, and incorporation
of post-synthetic modifications to the precursor molecule, that give rise to the final sec-
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ondary metabolite (Bibb, 2005).

Surprisingly, the genome of a microorganism may encode for a great number of biosyn-
thesis gene clusters whose potential product might not be produced or detected under
standard laboratory conditions (Baltz, 2008). The expression of a biosynthesis gene clus-
ter in the cell is produced under certain environmental conditions such as, depletion of
carbon, phosphate or nitrogen sources that, as a consequence, trigger metabolic shifts in
the cell that lead to the production of secondary metabolites for self-defence purposes, for
example (Martin and Liras, 1989).

Notwithstanding the limited number of biosynthetic units available to assemble sec-
ondary metabolites, the variety of chemical structures known among organisms is vast.
This is directly associated with the multiplicity of arrangements and variations of the genes
present within a biosynthesis gene cluster that link together biosynthetic units in different
combinations to give rise to different classes of molecules. Conveniently for us, these
molecules present useful applications.

Application of secondary metabolites

Secondary metabolites play an important role in human society due to the wide range
of biological activities that they display. They can be used as immunosuppressant, anti-
helminthic, anticancer, antifungal and antimicrobial, among other advantageous applica-
tions for agriculture, food and medical industries. One group of secondary metabolites
that has contributed to improving human health are antibiotics. Their discovery at the be-
ginning of the twentieth century meant the cure of life-threatening diseases produced by
pathogenic bacteria (Vaishnav and Demain, 2011).

Antibiotic molecules are produced by all kinds of organisms (Figure 1); they represent
two-thirds of known secondary metabolites. By far, actinomycetes are the largest produc-
ers of antibiotic molecules (7,900), followed by higher plants (5,000) and fungi (2,600)

Other *
Il Antibiotics

Marine animals
Terrestrial animals
Higher plants
Algae
Lichens
Actinomycetes
Fungi
Non-actinomycete bacteria o
0 5000 10000 15000 30000 40000 50000
Secondary metabolites

Figure 1: Number of secondary metabolites produced by type of organism. *Secondary metabolite with
biological activity different from antimicrobial.



(Kieser et al., 2000). The soil-dwelling Streptomyces genus belongs to the actinomycete
family and is responsible for producing many of the clinically relevant antibiotics, of which
chloramphenicol (Streptomyces venezuelae), oleandomycin (Streptomyces antibioticus)
and vancomycin (S. orientalis) are three examples. Of all antibiotics produced by actino-
mycetes, 75% is synthesised by Streptomyces. During the golden era of antibiotics (1950
—1960) nearly 80% of antibiotic compounds were isolated from Streptomyces, making this
a very prolific genus (Bérdy, 2005).

Antibiotics: definition, applications and antimicrobial re-
sistance

Antibiotics are naturally occurring secondary metabolites that are synthesised by microor-
ganisms, such as actinomycetes, which are capable of inhibiting growth or killing microor-
ganisms at very low concentration (Yoneyama and Katsumata, 2006). The general mode
of action of antibiotics is through specific interaction with a bacterial target(s), which are
different from those present in eukaryotic cells; therefore, when they are used as drugs,
antibiotics do not display (significant) toxicity to the human or animal host.

The introduction of antibiotics has been one of the most revolutionary advancements
in human medicine; low concentration of an antibiotic is enough to selectively treat an
infectious disease, killing susceptible pathogens and saving lives. However, their misuse
and overuse has led to antibiotic-resistant bacteria, making drugs less effective or even
ineffective to treat the same infection, forcing the use of stronger and more toxic drugs.

Antimicrobial resistance is defined by the World Health Organization (World Health
Organization, 2014) as the resistance of a microorganism to an antimicrobial drug that
was originally effective for treatment of infections caused by it. The reasons for the emer-
gence of antibiotic-resistant bacteria are associated with random point mutations in key
genes, horizontal transfer of resistance genes through plasmids; the intrinsic resistance
of a pathogen, due to the presence of resistance genes in the bacterial genome or in-
creased copy number of the target gene, making the intracellular concentration of the
antibiotic insufficient to produce the antimicrobial activity (Davies and Davies, 2010). In
addition, multidrug efflux pump systems of the major facilitator superfamily (MFS) repre-
sent common mechanisms for bacterial resistance to antimicrobial agents (Kumar et al.,
2013).

The need for new antibiotics

In terms of healthcare, some infections triggered by antibiotic-resistant bacteria may be life
threatening or even lethal, because of the lack of available treatment for those infections. In
addition, the number of approvals of new antibiotics has been progressively declining
in the last decades in the United States (Centers for Disease Control and Prevention,
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Figure 2: Number of antibiotics approvals by the FDA to treat systemic infections. Adapted from (Outterson
et al., 2013; Outterson, 2014).

2013). This scenario is more complex if we consider the fact that some of the approved
drugs have been subsequently withdrawn or discontinued from the market, either for safety
reasons or they were neither commercially nor clinically successful (Outterson et al., 2013)
(Figure 2). Other antibiotics are no longer effective, due to the emergence of resistance
that leaves a few or, in the worst case, no treatment options for some infections, such as
those produced by VRE (Energy and Commerce Committee, Health Subcommittee United
States House of Representatives, 2014).

In the United States, at least 2 million people acquire severe infections triggered by
antibiotic-resistant bacteria; of those, at least 23,000 die each year. In 2011, MRSA
caused the death of 11,285 people, while VRE caused the death of 1,300 people (Centers
for Disease Control and Prevention, 2013). According to the Public Health Institute (/nsti-
tuto de Salud Publica) of Chile, between 2010 and 2012 the average number of MRSA
strains isolated from hospitals reached 100 per year, while 779 of VRE were isolated per
year (Figure 3; Instituto de Salud Publica de Chile, 2013b; Instituto de Salud Publica de
Chile, 2013a).

Today, antibiotic-resistance has been declared a serious and real menace in public
healthcare worldwide, which urgently needs the development of new antibiotic drugs to
fight against the unavoidable emergence of antibiotic-resistant bacteria (Energy and Com-
merce Committee, Health Subcommittee United States House of Representatives, 2014).
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Figure 3: Number of antibiotic-resistant strains isolated from Chilean hospitals per year. (A) Methicillin-
resistant Staphylococcus aureus-community associated; (B) vancomycin-resistant Enterococcus.

Where to look for new drugs to fight against antibiotic-
resistant bacteria?

Historically, secondary metabolites synthesised by microorganisms isolated from natural
environments have been the primary source of clinically relevant molecules used in antibi-
otic development.

However, in the last decades, pharmaceutical companies have abandoned this pipeline
for technical (continuous re-discovery of known molecules) and economic reasons (high
costs of screening). Instead, they have created large synthetic chemical libraries to screen
for candidates molecules or leads (Bérdy, 2005), but they have not been very successful
in the field of antibiotics (Payne et al., 2007; Bologa et al., 2013). A shortcoming of these
libraries is that they capture only a tiny fraction of the chemical diversity space, conversely,
libraries inspired by secondary metabolites bring more complex and biologically optimised
molecules, which may increase the chances of finding novel leads (Shoichet, 2013).

To find novel drug candidates, both marine and soil environments have been recently
explored. In particular, bioprospecting in extreme environments like the Atacama Desert in
northern Chile surprisingly resulted in finding great microbial diversity, such as members of
the Amycolatopsis, Lechevalieria and Streptomyces genera (Okoro et al., 2009; Bull and
Asenjo, 2013). Great metabolic diversity related to those bacteria found has also been
reported recently (Rateb et al., 2011a,b; Nachtigall et al., 2011).

Nowadays, there is a renaissance in exploring, or bioprospecting unexplored environ-
ments to find new microorganisms and novel chemical scaffolds. Improvements in tech-
nologies such as genome sequencing, bioinformatics and synthetic biology, have allowed
scientists to unveil novel biochemical pathways from new microorganisms more efficiently
(Bologa et al., 2013).



General characteristics of the Streptomyces genus and
Streptomyces leeuwenhoekii C34 species

Streptomyces is a soil-dwelling Gram-positive, aerophile bacterium and the largest genus
belonging to actinobacteria. Usually, Streptomyces have a large genome size (about 8
Mbp) with high G+C content. One characteristic feature of this genus is the formation of
aerial mycelium when cultivated in the appropriate medium. Moreover, Streptomyces is
successful in colonising a wide variety of environments since it can grow as hyphae and
differentiate to spores; this characteristic facilitates its survival in soil, and other environ-
ments, for prolonged periods of time (Kieser et al., 2000).

Streptomyces leeuwenhoekii C34 is a novel species isolated from the Chaxa lagoon
from a hyper-arid and salt-flat region with no vegetation, located in “Los Flamencos Na-
tional Reserve”, at 2,300 metres above sea level in the Salar de Atacama, near Tocanao
in northern Chile (Okoro et al., 2009). S. leeuwenhoekii C34 is capable of producing dif-
fusible pigments, some known molecules such as hygromycin A and desferrioxamine E
and two new antibiotics, the chaxamycins and chaxalactins. It forms branched substrate
mycelium that carry aerial hyphae, which differentiate into spiral chains of smooth-surfaced
spores. It grows from 4 to 50 °C and optimally at 30 °C; from pH 6.0 to 11 and optimally
at 7.0; it is also able to grow in the presence of 10% w/v sodium chloride. The genome
of S. leeuwenhoekii C34 has been recently sequenced using the lllumina-sequencing
platform, which led to an assembly of 658 contigs for a total genome size of 7.86 Mb,
and the G+C content in its genome is 72.6 mol%, consistent with other streptomycetes
(Busarakam et al., 2014).

Chaxamycins and chaxalactins as potential antibiotics

Chaxamycins and chaxalactins (Figure 4) are two new groups of polyketides produced
by S. leeuwenhoekii C34. Both display antimicrobial activity. Chaxamycins belong to the
group of ansamycin-type polyketides, where ansa in the word ansamycin comes from
Latin that means handle, and refers to the characteristic cyclic structure comprised of an
aromatic moiety and an aliphatic chain that forms a ring through an internal amide bond
(Floss et al., 2011; Herbert, 1989). Chaxamycin A displayed anticancer activity against
the human Hsp90a enzyme, involved in cancer proliferation, while chaxamycin D has
been proven to effectively inhibit growth of MRSA strains; some of those strains were not
inhibited by rifampicin, an antibiotic drug derived from rifamycin SV and produced by Amy-
colatopsis mediterranei, used to treat infections produced by MRSA strains (Rateb et al.,
2011a). MIC is the minimal concentration of a compound in pg/ml needed to inhibit micro-
bial growth by 50% (MICsp). A promising MICsq value for a compound ranges between <1
—10 pug/ml (Mostafa Rateb, personal communication). Chaxamycin D for instance, showed
MICso values between 0.05-1.20 ug/ml against Gram-negative and MRSA strains (Rateb
et al., 2011a).



Chaxalactins A—C, display selective antimicrobial activity against Gram-positive organ-
isms such as Staphylococcus aureus, Listeria monocytogenes and Bacillus subtilis. Com-
pounds similar to chaxalactins are rarely found in nature (Rateb et al., 2011a), which
makes them suitable candidates for further studies to improving their antimicrobial ac-
tivity. As polyketides, both chaxamycins and chaxalactins are synthesised by a type |
PKS, but according to their chemical structures they are probably originated from differ-
ent biosynthesis pathways encoded in the genome of S. leeuwenhoekii C34 (Rateb et al.,
2011b).

PKS and Polyketides

One important group of secondary metabolites are the polyketides. Polyketides are very
important molecules in the drug industry since about 0.3% of the known polyketides have
been commercialised, which is 300 times better than the typical <0.001% from pharma-
ceutical screens (Weissman and Leadlay, 2005). A polyketide molecule is a poly-p-keto
chain that is synthesised by a PKS enzyme. Polyketides are incredibly diverse molecules,
which strongly depends on the architecture of the PKS that varies from one microorgan-
ism to another. In addition, post-synthetic modifications made on the polyketide backbone
increase this diversity. The biosynthesis of polyketides resembles that of fatty acids. A
PKS catalyses a series of Claisen condensation that assembles units of acetyl-CoA with
other acyl-CoA-derivatives such as malonyl-CoA, propionyl-CoA, ethylmalonyl-CoA and
others to give rise to a polyketide chain that is usually cycled to yield a macrolactone ring
(Dewick, 2009).

There are several types of PKSs. Type | are known as non-iterative multi-modular en-
zymatic complexes that catalyse the elongation of a polyketide chain by adding extender
units in one cycle; type Il are separable units that carry out the elongation of the polyke-
tide chain in an iterative fashion (Shen, 2003); type Ill, also known as chalcone synthase,
are more simple homodimeric enzymes (a homodimer of identical KS domains) that are it-
eratively acting condensing enzymes which use a larger set of starter units in comparison
to type | and Il PKSs (Shen, 2003; Austin and Noel, 2003).

A PKS is organised in modules, each module harbours several domains that perform
a specific task as shown in Figure 5 (Keatinge-Clay, 2012). AT is a monomeric domain
of 300 amino acids that includes subdomains o/B-hydrolase fold (240 amino acids) and

Chaxamycins A—D Chaxalactins A—C AHBA
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Figure 4: Structures of polyketides chaxamycins A—D and chaxalactins A—C, and AHBA.



ferredoxin-like (60 amino acids), they are involved in the selection of acyl-CoA exten-
der units. The specificity of an AT domain could be predicted by assessing the pres-
ence of amino acid motifs: if YASH motif is present, then AT will recognise a (25)-
methylmalonyl-CoA; if motif HAFH is present, then AT will recognise malonyl-CoA as the
extensor unit. The presence of the catalytic serine residue in GHSxG motif indicates that
AT is active (Smith and Tsai, 2007; Dunn et al., 2013). ACP is an 80-residue domain lo-
cated at the C-terminus of each module, it comprises four-helix structures that harbour a
4’-phosphopantetheine prosthetic group in a serine residue located in the (D/E)xGxDSL
motif, which shuttles extender units and polyketide intermediates from one module to an-
other. KS is a dimeric domain with a thiolase fold that catalyses the formation of carbon-
carbon bonds between an extender unit and a polyketide intermediate through Claisen
condensation. Its catalytic triad is comprised of a cysteine and two histidine residues
present in TACSSS, EAHGTG and KSNIGHT motifs, respectively. These domains are
essential for the assembly of the backbone of the polyketide chain.

Other domains present in a module of a PKS introduce modifications to the growing
polyketide chain. KR is a 460 amino acid monomeric domain containing a Rossmann-like
fold that reduces the B-keto group in polyketide intermediates, using the reducing power
from NADPH, to give rise to a B-hydroxyl group. KR domains control the stereochemistry of
both the a-substituent and the resulting B-hydroxyl group of a polyketide intermediate. Ac-
tive KR domains can be classified into A—type, if generate a B-hydroxyl in the L-orientation
or B—type, if generate a B-hydroxyl in the D-orientation. Inactive KR domains, those that
don’t reduce the 3-ketone group, are classified as C—type. DH is a 280 amino acid domain
containing a double hotdog fold that catalyses the dehydration of a 3-hydroxyl group in the
polyketide intermediate, leaving an unsaturation in the a,3 position, with loss of the orien-
tation of the a-substituent. DH domains are also involved in the final configuration of the
resulting double bond: if a DH domain acts on a product of a B—type KR domain, then the
double bond will be in the cis (£) configuration, but if this acts on a product of an A—-type
KR domain, then the double bond will be in the trans (E) configuration. The catalytic tyro-
sine and histidine residues are present in the YAAN and HxxxGxxxxP motifs of an active
DH domain, respectively.

ER is a 310 amino acid domain that is involved in the reduction of the a,3 double bond
of a polyketide intermediate using NADPH (enoyl-reduction), modifying the stereochem-
istry of the a-substituent of this intermediate. After the enoyl-reduction reaction occurs,
the configuration of the a-carbon of the polyketide intermediate is modified to either a
(2S)-configuration or a (2R)-configuration. This could be predicted by the presence or ab-
sence of a conserved tyrosine residue in the amino acid sequence of the ER domain: if
this tyrosine residue is present, then the ER domain is predicted to leave the a-carbon of
the polyketide intermediate in the (2S)-configuration. Competent ER domains have a con-
served NADPH-binding motif, HXAx(G/T)GV(G/A)(M/S)A, essential for the enoyl-reduction
(Keatinge-Clay, 2012; Kwan et al., 2008).

Finally, TE is a 240-290 amino acid domain, located at the C-terminus of the last mod-
ule of the PKS (also referred to as the End module) that catalyses the intramolecular
cyclisation of the polyketide chain, bonded to the final module of the PKS, through an
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Figure 5: Schematic representation of the mechanism of biosynthesis of the polyketide, 6-deoxyerythrono-
lide by the type | PKS, DEBS. kr in Module 3 is inactive. 4’-phosphopantetheine prosthetic group of ACP is
shown as a wavy line. a-substituent and B-hydroxyl groups are indicated with the respective Greek letter;
red arrow indicates the position of the B-keto group fully reduced by KR, DH and ER of Module 4. Figure
adapted from (Kapur et al., 2012).

intramolecular ester lactone bond, giving rise to a macrolactone ring. A serine residue lo-
cated in the GxSxG motif is part of the catalytic triad comprised of histidine and aspartate
residues (Keatinge-Clay, 2012).

One example of type | PKS is DEBS from Saccharopolyspora erythrea, which produces
6-deoxyerythronolide B, the precursor of the erythromycin antibiotic (Figure 5). DEBS is
comprised of three protein subunits: DEBS 1, DEBS 2 and DEBS 3, that are encoded in
the genome of Sacc. erythrea in genes: eryA1, eryA2 and eryA3 (Dewick, 2009). DEBS
1-3 create a linear sequence of six modules that contain several domains. Each domain
catalyses a specific function (explained above) while processing the growing polyketide
chain (Bevitt et al., 1992).

The biosynthesis of 6-deoxyerythronolide B (Figure 5) begins in the Loading Module
of DEBS with the load of the propionyl-CoA starting molecule into the ACP domain. The
Loading Module is comprised of domains AT and ACP, but is devoid of a KS domain,
which indicates that only non-carboxylated acyl-CoA species, like propionyl-CoA, and not
methylmalonyl-CoA will be the substrate of this Module (Bisang et al., 1999; Wiesmann
et al., 1995; Pieper et al., 1995). In Module 1, KS catalyses Claisen condensation that
links together a unit of (2S)-methylmalonyl-CoA, which has been recognised by the AT of
Module 1, with the propionate coming from the ACP of the Loading Module, giving rise to



a diketide. Afterwards, the KR domain of Module 1 reduces the B-ketone group of the pro-
pionyl moiety of the diketide (Dewick, 2009). This process of extension carries on sequen-
tially until reaching TE domain, which catalyses the releasing of the polyketide chain and
promotes the formation of the macrolactone ring that gives rise to 6-deoxyerythronolide
B (Keatinge-Clay, 2012). Module 4 of DEBS 2 contains KR, DH and ER domains that
sequentially perform the reduction of the B-ketone group of the pentaketide by the KR
domain, the dehydration of the resulting B-hydroxyl group by the DH domain, forming a
double bond, and the reduction of this double bond by the action the ER domain (Figure 5,
arrow).

Mechanism of biosynthesis of polyketides

Extensive studies have been conducted on PKS domains to understand the mechanism of
extension and modification of polyketides (Dewick, 2009; Staunton and Weissman, 2001;
Keatinge-Clay, 2012, 2007; Floss and Yu, 1999). The knowledge of PKS was used to
compose a schematic representation of the typical reactions that take place in a module
of a PKS as shown in Figure 6.

First, KS domain located in the Current Module of a PKS catalyses the transfer of the
polyketide intermediated from the ACP of the Previous Module (Figure 6A). The AT domain
of the Current Module recognises the next extender unit that will be incorporated into the
polyketide chain, which in this example is (2S)-methylmalonyl-CoA (Figure 6B). In general,
AT domains recognise malonyl-CoA, (2S)-methylmalonyl-CoA, etc., and evidence demon-
strates that the 2S configuration of intermediates is preferred over its 2R epimer (Wies-
mann et al., 1995). The methylmalonyl moiety attached to the AT domain (Figure 6C) is
transferred to the ACP domain in the C-terminus of the Current Module and remains there
until the next reaction (Figure 6D). Afterwards, the KS of the Current Module performs
Claisen condensation between the polyketide intermediate attached to it and the methyl-
malonyl extender unit bound to ACP; this reaction releases CO, from the methylmalonyl
moiety and also inverts the orientation of the a-substituent from L to D (Keatinge-Clay,
2012) (Figure 6E—F). This is one of the most important reactions in polyketide biosynthe-
sis.

The presence of KR, DH and ER domains in a module of a PKS contributes to increas-
ing the diversity of chemical structures of polyketides, by modifying intermediates in each
step. KR domain catalyses the reduction of the B-ketone group to hydroxyl using NADPH;
this domain also controls the stereochemistry of the a-substituent and the B-hydroxyl (Fig-
ure 6F—G, the zigzag lines in the resulting polyketide intermediate indicate that that bond
could be in L or D orientation, depending on the type of KR domain that participated in the
keto-reduction reaction). DH domain performs the dehydration of the B-hydroxyl group,
leaving a double bond in the a,B-position (Figure 6G—H). There are some DH domains
that perform the shift or isomerisation of the double bond from the a,p-position to the atyp-
ical B,y-position, which also contributes to increasing the diversity of chemical structures
of polyketides (not shown). ER domain reduces the double bond by using NADPH and
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also controls the orientation of the a-substituent, leaving it in either L or D orientation (Fig-
ure 6H—I). This process is repeated in the Next Module of the type | PKS that might have
different domains in it that process the intermediate differently (Figure 61—J).

When the extension of the polyketide chain reaches the final module, the final polyke-
tide intermediate is shuttled to the TE (Figure 61—K) that carries out the lactonisation of
the polyketide through the secondary alcohol formed at the beginning of the polyketide ex-
tension (Figure 6K—L, the hydroxyl group in red represents the secondary alcohol). This
finalises with the formation of an intramolecular ester lactone bond in the polyketide inter-
mediate to give rise to a macrolactone (Figure 6L—M).

This schematic representation of the reactions that take place in a PKS will serve as
reference for identifying possible products synthesised by a PKS.
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Figure 6: General mechanism of assembly a polyketide by a type | PKS. For the description of each step,
please read the main text. The 4’-phosphopantetheine prosthetic group of ACP is shown as a wavy line;
zigzag line represents unknown orientation (L or D) of the a-substituent or 3-hydroxyl group. Figure adapted
from (Dewick, 2009) and complemented with information from (Keatinge-Clay, 2012).
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Tools for the identification of biosynthesis gene clusters
in bacterial genomes

Bacterial genomes, and especially those of actinobacteria, harbour metabolic pathways
devoted to the biosynthesis of secondary metabolites, many of them are likely producers
of novel compounds with useful biological activities. Sequencing bacterial genomes has
became in a useful strategy towards the identification of secondary metabolite biosyn-
thesis gene clusters. Two examples of sequencing technologies are the well-established
lllumina MiSeq (lllumina Inc., 2010) and the new system developed by Pacific Biosciences,
PacBio RS Il SMRT (Pacific Biosciences, 2015). Bioinformatic tools available on the web
allow the annotation of entire genomes in a matter of hours, which give access to have
an overview of the function of the genes encoded in a genome. Examples of such tools
are the Rapid Annotation using Subsystem Technology, RAST (Aziz et al., 2008), or the
Bacterial Annotation System, BASys (Van Domselaar et al., 2005).

The identification of the genes responsible of the biosynthesis of secondary metaboli-
tes is a challenging task that usually requires combining bioinformatics, genetic tools and
natural product chemistry, strategy known as “Genome mining” (Gomez-Escribano et al.,
2015). Bioinformatic tools devoted to the identification of putative biosynthesis gene clus-
ters are the antibiotic and Secondary Metabolite Analysis SHell, antiSMASH 3.0 (Weber
et al., 2015), that allows the identification of known biosynthesis gene clusters and the
detection of putative gene clusters of unknown types, and the PRediction Informatics for
Secondary Metabolomes, PRISM (Suzek et al., 2007), that allows the prediction of ge-
netically encoded nonribosomal peptides and type | and Il polyketides. In addition, the
search for biosynthesis gene clusters is aided by analysing protein sequences against
the NCBI CDD (Marchler-Bauer et al., 2015), UniProt Reference Clusters, UniRef (Suzek
et al., 2007), PROSITE scan for functional protein sites (Sigrist et al., 2012), among other
tools.

After identifying a putative biosynthesis gene cluster, genetic tools come into action to
validate the hypothesis generated from in silico analyses. Cloning of entire gene clusters
can be carried out in special vectors like the E. coli—Streptomyces artificial chromosome,
ESAC (Sosio et al., 2000), that allows cloning large fragments of genomic DNA and its
transfer from E. coli into Streptomyces strains. Heterologous hosts derived from S. coeli-
color have been developed by means of deleting its endogenous biosynthesis gene clus-
ters, increasing the precursors availability, and allowing the identification of novel products
of biosynthesis gene clusters in a clean metabolic background. Gomez-Escribano and
Bibb (2011) have developed a strain derived from S. coelicolor M145, called M1152 and
M1154, whose utility is for the heterologous expression of genes cluster from other Strep-
tomyces strains. This has been successfully tested by cloning the chloramphenicol and
congocidine biosynthesis gene clusters in either S. coelicolor M1152 or M1154, resulting
in the production of the respective metabolic product.

Genome mining analysis of Streptomyces strains has resulted in the discovery of a
plethora of putative secondary metabolite biosynthesis gene clusters. For example, the
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sequencing of the genome of S. coelicolor A3(2) was a major breakthrough in the area
of natural product discovery. The biosynthesis gene clusters responsible of producing
actinorhodin, prodiginine, calcium-dependent antibiotic and grey spore pigments were
known by the time, but further 18 biosynthesis gene clusters were found encoded in its
genome (Bentley et al., 2002). Genome mining analysis of S. coelicolor led to the discov-
ery of a cryptic type | PKS, responsible of the production of coelimycin P1 (Pawlik et al.,
2007; Gomez-Escribano et al., 2012). Other recent results are the discovery of biosyn-
thesis gene clusters responsible of producing the known hygrocin antitumor antibiotics
(Li et al., 2014) and the novel neoansamycin antibiotics by Streptomyces sp. LZ35 (Li
et al., 2015). Chaxapeptin is a novel lasso-peptide with anticancer activity against human
lung cancer cell line A549, produced by S. leeuwenhoekii C58, also identified by genome
mining analysis (Elsayed et al., 2015). Thus, this strategy is becoming a standard and
successful procedure for the discovery of novel natural products from genomes.

Aims and description of thesis

The aims of this thesis are to identify the biosynthesis gene clusters of chaxamycins and
chaxalactins, two new antibiotics produced by S. leeuwenhoekii C34. The chemical struc-
tures of these compounds are known, but their respective biosynthesis routes remain
to be elucidated. To achieve this, basic procedures for growth and genetic manipulation
of S. leeuwenhoekii C34 will be developed and de novo sequencing of the genome of
S. leeuwenhoekii C34 will be conducted by combining two sequencing technologies, Illu-
mina MiSeq and Pacific Biosciences. This will provide a highly accurate genome sequence
to perform genome mining studies, with the objective of identifying the chaxamycin and
chaxalactin biosynthesis gene clusters. In the case of the chaxamycin biosynthesis gene
cluster, experimental verification of the bioinformatic hypothesis will be carried out by ge-
netic modification of S. leeuwenhoekii C34 and heterologous expression in S. coelicolor
M1152. Identification of the gene clusters of chaxamycins and chaxalactins will provide
new insights into their biosynthetic pathways that will support future metabolic engineer-
ing strategies aiming at increasing the production of these two new antibiotics in the native
strain or in a heterologous host.
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Objectives

General objective

To identify the biosynthesis routes of chaxamycins and chaxalactins of S. leeuwenhoekii
C34.

Specific objectives

1. To identify the chaxamycin and chaxalactin biosynthesis gene clusters by bioinfor-
matic means.

2. To establish procedures for the transfer of foreign DNA from E. coli
ET12567/pUZ8002 to S. leeuwenhoekii C34.

3. To identify the chaxamycin biosynthesis gene cluster in the native strain by the dele-
tion of the AHBA synthase gene (cxmK).

4. To produce chaxamycins A—D in a heterologous host.
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Chapter 1

Establishment of practical procedures
for growth and genetic manipulation of
Streptomyces leeuwenhoekii C34

1.1 Abstract

Chapter One details the development of basic procedures for growth and genetic manip-
ulation of S. leeuwenhoekii C34. Firstly, the temperature for the highest chaxamycin pro-
duction in liquid culture was 30 °C and the temperature for the highest sporulation level on
solid medium was 37 °C. Secondly, methods for genetic modification of this strain, which
did not exist, had to be developed for the study of biosynthesis gene clusters. S. leeu-
wenhoekii C34 was sensitive to antibiotics used to select genetically modified bacteria:
thiostrepton, apramycin, hygromycin B and kanamycin, while it was resistant to nalidixic
acid. Genetic modifications of S. leeuwenhoekii C34 were successfully carried out by inter-
genic conjugation with E. coli ET12567/pUZ8002 carrying pSET152. Optimisation of the
conjugation process indicated that supplementation with either 120 mM MgCl, or 60 mM
CaCl, significantly increased the conjugation frequency (number of S. leeuwenhoekii C34
exconjugants per number of donor E. coli cells), compared to that with no salt addition. A
molecular toolbox for S. leeuwenhoekii C34 was generated. The high-copy temperature-
sensitive vector pGM1190, that carries the apramycin resistance gene, was transferred
into S. leeuwenhoekii C34, giving rise to strain M1661: at 30 °C, M1661 was able to grow
in the presence of apramycin, while at 34 °C, 37 °C or 43 °C, it was not able to grow in
the presence of apramycin, demonstrating that pPGM1190 was eliminated at these temper-
atures, reverting to the wild-type phenotype that is apramycin sensitive. Although some
persistence of the vector was observed at 34 °C, 37 °C was chosen as the temperature to
ensure the elimination of pGM1190. Bacterial attachment sites recognised by the recom-
bination system of bacteriophages ®C31 and ®BT1, which lay in cloning vectors pJI112738
and plJ10257, were found in the genome of S. leeuwenhoekii C34. The functionality of the
constitutive promoter, ermE*, was proven in S. leeuwenhoekii C34.
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1.2 Introduction

Streptomyces leeuwenhoekii C34 is the producer of the antimicrobials chaxamycins and
chaxalactins, whose biosynthesis route has become of increasing interest for the necessity
of developing novel drugs (Rateb et al., 2011a,b; Bull and Asenjo, 2013). The study of the
biosynthesis of secondary metabolites in newly isolated microorganisms, like in S. leeu-
wenhoekii C34, is often hampered by unknown bacterial genetics or unfamiliarity with
culture conditions (Kieser et al., 2000; Olano et al., 2008). In the case of actinomycetes,
there exist an important number of standard procedures and molecular tools available that
would allow the development of specific procedures for growth and genetic manipulation
S. leeuwenhoekii C34 (Kieser et al., 2000; Shirling and Gottlieb, 1966).

The molecular toolbox of Streptomyces species spans a wide range of applications
(Kieser et al., 2000). One example is the sequence-specific serine recombination system
from the bacteriophages of S. coelicolor, ®C31 (Rausch and Lehmann, 1991) and ®BT1
(Gregory et al., 2003), which have been extensively used in integrative vectors. These
vectors carry the gene of the phage integrase and the sequence of the attP site; the
integrase catalyses the specific integration of the vector into a homologue sequence to the
attP, called attB site, located in the bacterial chromosome. Vectors that carry this system
have also been modified to allow the cloning of a gene of interest whose transcription is
driven by strong promoters.

Transcription of genes in Streptomyces species may be carried out using strong or in-
ducible promoters. One example of a strong promoter is the constitutive ermE™ promoter,
an up-regulated variant of the ermE promoter that, in Saccharopolyspora erythrea, con-
trols the expression of a 16S rRNA methyltransferase (ermE), which confers resistance to
erythromycin (Schmitt-dJohn and Engels, 1992; Bibb et al., 1985). One example of an in-
ducible promoter is the thiostrepton-inducible tipA promoter of S. lividans, which normally
induces the expression of four genes (Murakami et al., 1989). tipA promoter requires the
TipA protein, whose expression is induced by thiostrepton. TipA protein is not always
present in the genome of actinomycetes, limiting its use (Kieser et al., 2000).

Vectors for gene replacement are also available. The self-replicative temperature-sensi-
tive pGM1190 is a derivative of the pSG5 from S. ghanaensis DSM2932, which is not able
to replicate in actinomycetes at temperatures higher than 34 °C (Muth et al., 1989). Other
vectors carrying reporter genes have also been developed for use in actinomycetes. gusA
gene encodes for a GUS enzyme that normally hydrolyses B-glucuronides. gusA has been
used in vectors coupled to chromogenic assays; if gusA is expressed in the host, then GUS
is able to hydrolyse the X-Gluc analogue to give rise to 5,5’-dibromo-4,4’-dichloro-indigo,
which is a blue precipitate that could be readily observed on agar plates.

The goal of this Chapter is to establish basic procedures for growth and genetic modi-
fication of S. leeuwenhoekii C34 to study the biosynthesis pathways of chaxamycins and
chaxalactins and for future metabolic engineering applications (deletion of genes or over-
expression of genes).
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1.3 Materials and methods

1.3.1 Strains, plasmids and primers

Lists of strains, plasmids and primers used in this work can be found in Appendix A.1,
Appendix B.1 and Appendix C.1, respectively.

1.3.2 Solutions and media recipes

Recipes for preparation of agar media, liquid media, antibiotic and other solutions for mi-
crobiology, and buffer solutions can be found in Appendix E.1, Appendix E.2, Appendix E.3
and Appendix E.4, respectively.

1.3.3 Culture conditions for S. leeuwenhoekii C34

S. leeuwenhoekii C34 (strain C34T = DSM 42122T = NRRL B-24963T) was provided
on ISP2 agar plate from a culture collection of Prof. Michael Goodfellow (University of
Newcastle, Newcastle upon Tyne, UK) (Busarakam et al., 2014). Routine sub-culture of
the strain was done in SFM agar medium at 30 °C for 5 days. Spore stocks of S. leeuwen-
hoekii C34 were prepared following standard procedures (Appendix F.3.1).

Growth and sporulation of S. leeuwenhoekii C34 was tested in three different media:
SFM, DNA and R2. Both SFM and DNA media were supplemented with trace elements
at the same concentration as used in R2 medium (Kieser et al., 2000). SFM agar medium
without trace elements was used to evaluate sporulation levels of S. leeuwenhoekii C34
at three temperatures: 30 °C, 37 °C and 43 °C. Each plate was inoculated with 1-108
spores.

Liquid cultures of S. leeuwenhoekii C34 were carried out in 250 ml Erlenmeyer flasks,
using 50 ml as working volume of modified ISP2 liquid medium. A seed culture of S. leeu-
wenhoekii C34 was used to inoculate fresh medium with 0.2 of initial OD measured at 600
nm (procedure in Appendix F.3.2). Cultures were stirred at 250 rpm and incubated at the
desired temperature for 72 h.

1.3.4 Establishment of chaxamycin production conditions in liquid
culture for S. leeuwenhoekii C34

Chaxamycin production was evaluated in modified ISP2 liquid medium at three tempera-
tures: 30 °C, 37 °C and 43 °C. Samples of 1 ml were withdrawn from the flask at 10 h,
24 h, 48 h and 72 h and immediately centrifuged at 14,000 rpm at 4 °C for 10 min. The
measurement of chaxamycins was carried out from the supernatant fraction, since higher
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amounts of those compounds were detected in the supernatant (data not shown). The
protocol for measurement of chaxamycins is detailed in Appendix F.5.

1.3.5 Test of antibiotic susceptibility of S. leeuwenhoekii C34

The susceptibility of S. leeuwenhoekii C34 to kanamycin, apramycin, hygromycin B, thi-
ostrepton and nalidixic acid was tested to determine its sensitivity to antibiotics commonly
used to select for genetically modified Streptomyces. Concentrations from 0.5 ug/ml to 5.0
ug/ml, with increments of 0.5 pg/ml were tested for kanamycin, apramycin, hygromycin B
and thiostrepton; concentrations of 2 pg/ml, 5 pg/ml, 10 pg/ml, 15 pg/ml, 20 pg/ml, 25
ug/ml, 30 pg/ml, 40 pg/ml, 50 pg/ml were tested for nalidixic acid. Two ml of SFM agar
were placed in 2 ml Eppendorf tube and mixed with a volume of each antibiotic solution
to reach the desired concentration; each tube was kept in a heating block set at 50 °C,
to avoid solidification of the agar and promote the mixture of the medium and the antibi-
otic. The solution SFM-antibiotic was transferred into a square Petri dish (10 cm side, with
25 square wells) and each well was inoculated with 1-108 spores of S. leeuwenhoekii C34
and cultivated at 30 °C for 7 days.

1.3.6 Conjugation between E. coli and S. leeuwenhoekii C34

The general procedure of mobilisation of plasmid DNA from E. coli strains into S. leeu-
wenhoekii C34 is detailed in Appendix F.3.3.

1.3.6.1 Optimisation of the conjugation between E. coli ET12567/pUZ8002, carry-
ing pSET152, and S. leeuwenhoekii C34

Optimisation of the conjugation conditions between E. coli ET12567/pUZ8002, carry-
ing pSET152, and S. leeuwenhoekii C34 was carried out by supplementing the SFM
agar medium with 10 mM, 20 mM, 30 mM, 60 mM and 120 mM of either MgCl, or
CaCl,. pSET152 carries the apramycin resistance gene, acc(3)/V, and integrates into the
chromosome of S. leeuwenhoekii C34 in the ®C31 attB site, conferring resistance to
apramycin. Before the mobilisation of pSET152 into S. leeuwenhoekii C34, it needs to be
passed through a methylation-deficient strain such as E. coli ET12567, since the majority
of streptomycetes have methyl-specific restriction systems (Kieser et al., 2000). The ratio
between recipient and donor cells was 1.4-10” S. leeuwenhoekii C34 spores (recipient)
and 1.6-108 E. coli cells (donor). Transformants were selected by overlaying the surface of
SFM plates with a solution of 50 pg/ml apramycin plus 20 pg/ml nalidixic acid as indicated
in Appendix F.3.3. This gave rise to S. leeuwenhoekii strain M1660.
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1.3.7 Usage of the temperature-sensitive pGM1190 in S. leeuwen-
hoekii C34

Conjugation between E. coli ET12567/pUZ8002 carrying pGM1190 and S. leeuwenhoekii
C34 was performed as described in Appendix F.3.3. Transformants of S. leeuwenhoekii
C34 were selected by overlaying the surface of SFM agar plates with a solution of 50
ug/ml apramycin plus 20 pg/ml nalidixic acid, then plates were incubated at 30 °C, a tem-
perature at which pGM1190 is able to replicate in Streptomyces (Muth et al., 1989). The
resulting strain, S. leeuwenhoekii M1661 was cultivated on four plates with SFM agar
without antibiotics. Each plate was incubated in parallel at one temperature: 30 °C, 34 °C,
37 °C or 43 °C for 4 days. Loss of pGM1190 was evaluated by streaking the colonies that
grew on SFM without antibiotics from the previous step, onto new SFM agar plates sup-
plemented with 50 pg/ml apramycin. These plates were incubated at 30 °C for 3 days. If
pGM1190 is eliminated from S. leeuwenhoekii M1661 due to the increase in temperature,
then this strain will revert to wild-type phenotype, and would not be able to grow in the
presence of apramycin.

1.3.8 Agar-based chromogenic assay with gusA as reporter gene

S. leeuwenhoekii C34 was transformed with either pGUS (a promoterless pSET152
derivative with the gusA reporter gene; Myronovskyi et al., 2011) or plJ10740 (a pGUS
derivative that contains the gusA gene downstream to the constitutive ermE* promoter;
Morgan Feeney, personal communication) to yield strains M1655 and M1656, respec-
tively. The expression of gusA was evaluated through agar-based chromogenic assays,
as described in Sherwood and Bibb (2013). X-Gluc was dissolved in dimethylformamide
at 40 mg/ml. Exconjugants of S. leeuwenhoekii C34 were overlaid with X-Gluc solution at
a final concentration of 160 pg/ml (considering the volume of the plate as 25 ml). Plates
were incubated at 30 °C. S. leeuwenhoekii C34 wild-type and M1655 were used as
controls.

1.3.9 Bioinformatic analysis

Local BLASTn or BLASTp against a database of genome/genes or proteins of S. leeu-
wenhoekii C34 was performed using NCBI package 2.2.26+ (Camacho et al., 2009) and
SequenceServer (Priyam et al., in preparation) on a MacBook Pro OS X version 10.7.5.
BLAST searches were performed at NCBI (http:/blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul
et al., 1997) and UniProt (http://www.uniprot.org/uniprot; Suzek et al., 2007) servers.

1.3.10 Generation of illustrations

Imaged (http://imagej.nih.gov/ij) version 1.47 and Inkscape (https://inkscape.org) version
0.91 were used to create and edit drawings and illustrations.
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1.4 Results

1.4.1 Establishment of growth and sporulation conditions for
S. leeuwenhoekii C34

1.4.1.1 Selection of temperature and culture medium for fastest growth and sporu-
lation of S. leeuwenhoekii C34

Sporulation is an important biological process that, in terms of laboratory procedures,
allows the preservation of S. leeuwenhoekii C34 strains for future use. Three different
media, widely used for other Streptomyces strains, were evaluated to select the most
appropriate for routine sub-culture and for spore stocks preparation of S. leeuwenhoekii
C34: R2, DNA and SFM. The formulation of R2 medium contains trace elements and, in
order to have comparable results, trace elements were also supplemented to DNA and
SFM. The presence of trace elements in culture media markedly increases sporulation
levels in other actinomycetes (Mervyn J. Bibb, personal communication).

S. leeuwenhoekii C34 was able to grow at 30 °C in all media tested, however, different
sporulation and confluence levels were observed during the study (Figure 1.1). On the
third day, more than 90% confluence was reached on SFM, about 70% on DNA medium
and about 15% on R2 medium (estimated values); only in the case of R2, confluence
moderately increased towards the seventh day. The overall sporulation level of S. leeuwen-
hoekii C34 on either DNA or R2 was low, compared to sporulation on SFM. Undoubtedly,
the highest sporulation level was observed on SFM agar medium, which was correlated
with increased dark pigmentation observed on the surface of the colonies, consistent with
the description made for this strain (Busarakam et al., 2014); the pigmentation is more

Day 3 Day 4 Day 6 Day 7

o,

DNA

R2

Figure 1.1: Evaluation of growth and sporulation progress of S. leeuwenhoekii C34 on different media over
time. S. leeuwenhoekii C34 was cultivated at 30 °C for 7 days on R2, DNA and SFM media supplemented
with trace elements.
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noticeable between the fourth and the sixth day. Subsequent tests indicated that it is not
necessary to add trace elements to SFM to reach the same sporulation levels with S. leeu-
wenhoekii C34. Thus, SFM allowed the fastest growth and sporulation of S. leeuwenhoekii
C34 and was selected for routine growth and spore-stock preparation.

Temperature was another parameter assessed to establish growth conditions of S. leeu-
wenhoekii C34. Three temperatures were selected for its cultivation on SFM: 30 °C, rec-
ommended as optimal growth temperature (Busarakam et al., 2014), 37 °C and 43 °C,
since this bacterium was isolated from the Atacama Desert. The results indicated that
S. leeuwenhoekii C34 was able to grow and sporulate at all temperatures tested, being
more accelerated at higher temperatures (Figure 1.2). Early growth of S. leeuwenhoekii
C34 was already observed on the first day on plates incubated at 37 °C and 43 °C, being
slightly higher at 43 °C. No growth was observed on plates incubated at 30 °C on the first
day. Surprisingly, sporulation of S. leeuwenhoekii C34 was observed on the second day,
on plates incubated at 37 °C and 43 °C, whereas at 30 °C sporulation was observed at
the fourth day. In addition, the diameter of the colonies was considerably wider at 43 °C
and also, the production of diffusible pigments was more noticeable at 37 °C and 43 °C
than at 30 °C.

In summary, temperatures above 37 °C are more suitable to reach copious growth
and high sporulation levels in shorter periods of time, which is advisable for spores-stock
preparation of S. leeuwenhoekii C34.

Day 1 Day 2 Day 3 Day 4 Day 5

30°C
37°C

43°C

Figure 1.2: Evaluation of growth and sporulation progress of S. leeuwenhoekii C34 at different temperatures
over time. S. leeuwenhoekii C34 was cultivated at 30 °C, 37 °C and 43 °C for 7 days on SFM media without
trace elements.
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Figure 1.3: Evaluation of chaxamycin production by S. leeuwenhoekii C34 at different temperatures.

1.4.2 Establishment of chaxamycin production conditions for
S. leeuwenhoekii C34

The production of all chaxamycin species (A—D) was evaluated in modified ISP2 liquid
medium, at 30 °C, 37 °C and 43 °C to establish a suitable condition to carry out fermen-
tations with S. leeuwenhoekii C34. Chaxamycin production was reported as the sum of all
species measured in the supernatant fraction at 280 nm. The production level of chaxam-
ycins was considerably higher at 30 °C when compared with that at either 37 °C or 43 °C
(Figure 1.3). Thus, all fermentations for evaluating chaxamycin production were performed
at 30 °C.

1.4.3 Evaluation of S. leeuwenhoekii C34 antibiotic susceptibility

Increasing concentrations of thiostrepton, apramycin, hygromycin B, kanamycin and nali-
dixic acid were evaluated to test S. leeuwenhoekii C34 susceptibility to these antibiotics,
commonly used to select for genetically modified actinomycetes (Figure 1.4). Nalidixic acid
is used for elimination of E. coli after conjugation, therefore it is expected that S. leeu-
wenhoekii C34 is resistant to it. The results indicated that S. leeuwenhoekii C34 was
not able to grow on SFM supplemented with concentrations >2.5 pg/ml of thiostrepton
(Figure 1.4A); >0.5 pg/ml of apramycin (Figure 1.4B); >2.0 pg/ml of hygromycin B (Fig-
ure 1.4C); >1.0 ug/ml of kanamycin (Figure 1.4D). Concentrations >25 ug/ml of nalidixic

A Thiostrepton [pg/ml] B Apramycin [pg/ml]

E  Nalidixic acid [mg/ml]

C Hygromycin B [pug/ml] D Kanamycin [pg/ml]

Figure 1.4: Evaluation of S. leeuwenhoekii C34 susceptibility to antibiotics commonly used to select for
genetically modified actinomycetes.
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acid (Figure 1.4E) hampered S. leeuwenhoekii C34 growth. Thus, thiostrepton, apramycin,
hygromycin B and kanamycin are suitable antibiotics to select for genetically modified
S. leeuwenhoekii C34 strains.

1.4.4 Conjugation between E. coli and S. leeuwenhoekii C34

1.4.4.1 Identification of attB sites for actinophages ©®C31 and ®BT1 in the genome
of S. leeuwenhoekii C34

The sequences of the canonical attB sites of ®C31 (Rausch and Lehmann, 1991) and
®BT1 (Gregory et al., 2003) described in S. coelicolor (Table Appendix G.1) were used
to find homologous sites in the genome of S. leeuwenhoekii C34 by BLASTn analysis
(Camacho et al., 2009). Homologous sequences of attB sites were found in the genome
of S. leeuwenhoekii C34 in homologous genes to those where attB sites lay in the genome
of S. coelicolor (Table1.1; attB sequences of S. leeuwenhoekii C34 are available in Table
Appendix G.1). The homologous attB site of ®C31 was located in the gene sle_35040
that encodes for a putative pirin-domain-containing protein (Pfam accessions: PF02678
and PF05726) that was 90% identical to sco3798. Similarly, the aftB site of ®BT1 was
located within gene sle_28260, which encodes for a putative integral membrane protein
that shares 92% of identity with gene sco4848.

The presence of both attB sites in S. leeuwenhoekii C34 suggests that the usage of
vectors harbouring integrase systems of ®C31 and ®BT1 is feasible.

1.4.4.2 Transfer of pSET152 from E. coli ET12567/pUZ8002 to S. leeuwenhoekii
C34

Conjugation between E. coli ET12567/pUZ8002, a methylation-deficient shuttle-vector
system, and S. leeuwenhoekii C34 was evaluated using vector pSET152 that carries the
apramycin resistance gene that integrates into the attB site of ®C31. Preliminary conjuga-
tions were conducted following a modified procedure from that reported in Appendix F.3.3:
pre-germinated spores of S. leeuwenhoekii C34 were allowed to cool for 1.5 h; E. coli
ET12567/pUZ8002/pSET152 was resuspended in 500 pl of LB and 250 pl of it was mixed
with 500 pl of pre-germinated spores; afterwards, increasing volumes were plated on SFM
supplemented with 10 mM MgCl,.

Table 1.1: Locus of attB sites in genes of S. leeuwenhoekii C34 (Sle) and S. coelicolor (Sco).

attB site Locus coordinates  Gene Predicted gene product function Accession
®C31-Sco 260747..260796 5c03798 Pirin protein 1099234
®C31-Sle 4154940..4154989 sle 35040 Pirin protein CQR62965!
®BT1-Sco 201997..201948 5c04848 Putative integral membrane protein 1100289

®BT1-Sle 3403179..3403228 sle 28260 Putative integral membrane protein  CQR62287"
'Only NCBI protein accession number was available.
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As a result, 8 exconjugants of S. leeuwenhoekii C34::pSET152, named strain M1660,
were observed, indicating that pSET152 was apparently integrated into the chromosome
of S. leeuwenhoekii C34. To verify whether pSET152 was actually integrated into the chro-
mosome, each exconjugant was streaked on SFM supplemented with 50 pg/ml apramycin
plus 20 pg/ml nalidixic acid and incubated at 30 °C. Colony-PCR of S. leeuwenhoek-
ii M1660 exconjugants was carried out with primers LFO44F and LF045R that amplify a
region of 118 bp that results after the integration of pSET152 at the ®C31 atiB site of
S. coelicolor (Foulston and Bibb, 2010). The results of the PCR indicate that a band of the
expected size was obtained with all exconjugants tested (Figure 1.5, lanes 1-8), whereas
no amplification was obtained with genomic DNA of S. leeuwenhoekii C34 wild-type (Fig-
ure 1.5, lane 9). This result confirms that: mobilisation of plasmid DNA between E. coli
ET12567/pUZ8002 and S. leeuwenhoekii C34 was achieved, S. leeuwenhoekii C34 was
able to accept foreign DNA, and the integration of pSET152 was located at the expected
locus.

1.4.4.3 Effect of MgCl, and CaCl, on the conjugation frequency

Initially, conjugations between S. leeuwenhoekii C34 and E. coli ET12567/pUZ8002 were
carried out using SFM agar medium supplemented with 10 mM MgCl,, which is the stan-
dard concentration used to improve conjugation performance for streptomycetes (Kieser
et al., 2000; Choi et al., 2004). Subsequent experiments suggested that the presence of
10 mM CaCl, improved the number of transformants obtained after conjugations (data
not shown), which has also been pointed out as a parameter that enhances conjugation
performance (Wang and Jin, 2014).

Although all conjugations reported in this work were carried out using SFM agar
medium supplemented with 10 mM MgCl, plus 10 mM CacCl,, the individual effect of the
presence of both divalent chloride salts, MgCl, and CaCl,, in conjugations between
E. coli ET12567/pUZ8002/pSET152 and S. leeuwenhoekii C34 was assessed (Fig-
ure 1.6). The parameters used in this experiment were: 50 °C for heat-shock of the
S. leeuwenhoekii C34 spores; the ratio between the recipient and the donor cells was
1.4-107 S. leeuwenhoekii C34 spores (recipient) and 1.6-108 E. coli cells (donor). The re-

Figure 1.5: Colony-PCR of S. leeuwenhoekii M1660 to verify insertion of pPSET152 in the genome of S. leeu-
wenhoekii C34. Lane L1 is 100 bp DNA ladder (cat. no. N3231S); lanes 1-8 are S. leeuwenhoekii M1660
exconjugants streaked on SFM supplemented with 50 pg/ml apramycin plus 20 pg/ml nalidixic acid; lane 9
is genomic DNA from S. leeuwenhoekii C34 wild-type; lane 10 is PCR mixture without template.
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sults were expressed as conjugation frequency that was calculated as the number of
colonies (exconjugants) obtained on the plate per number of donor cells, which was
constant (1.6-108).

The results showed that the addition of either MgCl, or CaCl, increased the conjuga-
tion frequency, compared to that when no salt was supplemented to SFM. The addition of
even 10 mM of either of the divalent chloride salts evaluated increased conjugation per-
formance. The highest conjugation frequency was observed with the addition of 60 mM
CacCl,, which was significantly higher compared to that obtained when 60 mM MgCl, was
supplemented. The addition of 120 mM CacCl, decreased the conjugation frequency to a
similar value to that obtained when 30 mM of this salt was supplemented to SFM. This ten-
dency does not occur in the case of addition of MgCl,, since the conjugation frequency in-
creased with increasing concentration of MgCl,, in fact the highest conjugation frequency
reached was obtained when supplementing with 120 mM MgCl,. Colony-PCR of excon-
jugants obtained from plates supplemented with 60 mM CaCl, showed that all colonies
evaluated had the expected amplicon size, indicating that are true exconjugants (Figure
Appendix G.1). Based on these results, the supplementation of 60 mM CaCl, to SFM agar
medium provides better conditions for conjugation.

However, the effectiveness of some antibiotics may be altered by the presence of
salts. In fact, some antibiotics are more effective at a low concentration of salts, as is
the case of kanamycin and hygromycin B (Kieser et al., 2000). For this reason, the antibi-
otic effectiveness of kanamycin, apramycin, thiostrepton and hygromycin B, in preventing
S. leeuwenhoekii C34 growth, was evaluated is SFM supplemented with 60 mM CacCl,
(Figure Appendix G.2). The presence of 60 mM CaCl, did not affect the effectiveness of
kanamycin, apramycin and thiostrepton, but it did affect hygromycin B.
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Figure 1.6: Effect of the concentration of MgCl, and CaCl, on the conjugation frequency. Values are ex-
pressed as conjugation frequency that was calculated as the number of exconjugants obtained per number
of donor cells (1.62:108 cells).
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1.4.5 Evaluation of the usage of the temperature-sensitive vector,
pGM1190, in S. leeuwenhoekii C34

pGM1190 is a self-replicative temperature-sensitive vector that cannot replicate in the host
at temperatures above 34 °C, it carries the apramycin resistance gene and does not inte-
grate into the bacterial chromosome since it is devoid of an integration system (Muth et al.,
1989). This vector has been used before for gene replacement in streptomycetes (Mervyn
J. Bibb and Neil Holmes, personal communications), making it a suitable candidate for
genetic manipulation of S. leeuwenhoekii C34.

Mobilisation of pGM1190 into S. leeuwenhoekii C34 was carried out using E. coli
ET12567/pUZ8002 at 30 °C with subsequent selection of exconjugants with apramycin.
The resultant strain that carries pGM1190 was named M1661 (Figure 1.7A). S. leeuwen-
hoekii M1661 was re-streaked on four plates of SFM agar medium without antibiotics;
the four plates were incubated in parallel at 30 °C, 34 °C, 37 °C and 43 °C to deter-
mine the temperature that eliminates pGM1190 from this strain (Figure 1.7B). For this
step, SFM without antibiotics was used because if pGM1190 is eliminated, S. leeuwen-
hoekii M1661 will revert to wild-type phenotype, which is apramycin sensitive. Colonies
obtained from plates incubated at different temperatures were sequentially re-streaked on
new SFM agar without antibiotics (control) and on new SFM agar supplemented with 50
pg/ml apramycin. All new plates were incubated at 30 °C. If pGM1190 has not been elim-
inated in the previous step, then pGM1190 can replicate in the host, conferring apramycin
resistance to S. leeuwenhoekii. The results demonstrated that pGM1190 was eliminated
from the host at temperatures above 34 °C, since no growth was observed on SFM
agar medium supplemented with apramycin (Figure 1.7C). However, some persistence
of pGM1190 was observed when M1661 was incubated at 34 °C in one of the replicates

Streptomyces leeuwenhoekii
exconjugants carrying pGM1190 (strain M1661).
SFM agar + 50 pg/ml apramycin, 30 °C.

SFM agar
Control

SFM agar +
50 pg/ml apramycin

Figure 1.7: Evaluation of the usage of the self-replicative temperature-sensitive vector pGM1190 in S. leeu-
wenhoekii C34. Description in the main text.

26



(not shown). Therefore, the selected temperature to ensure the elimination of pGM1190
from S. leeuwenhoekii C34 strains was 37 °C.

1.4.6 Assessment of the usage of the ermE* promoter in S. leeuwen-
hoekii C34

Chromogenic assays were used to assess the usage of the constitutive ermE™ promoter
in S. leeuwenhoekii C34 using gusA as reporter gene. In this experiment, the ermE™
promoter drives the transcription of gusA that encodes for GUS enzyme. If the ermE™ pro-
moter works in S. leeuwenhoekii C34, then gusA will be expressed and GUS will degrade
X-Gluc, forming a blue precipitate readily observed around the colony (Sherwood and
Bibb, 2013). S. leeuwenhoekii C34 was transformed with either pGUS or plJ10740, giving
rise to S. leeuwenhoekii strains M1655 and M1656, respectively. pGUS is a promoterless
vector that carries the gusA gene in pSET152 and is normally used as a promoter detec-
tion vector (Myronovskyi et al., 2011). plJ10740 is a derivative of pGUS in which ermE*
promoter drives the transcription of gusA (Morgan Feeney, personal communication). Blue
halos were only observed around S. leeuwenhoekii M1656, which carries plJ10740 with
the ermE™ promoter, and not in either M1655 or S. leeuwenhoekii C34 wild-type (not
shown). This test validates the usage of the constitutive ermE* promoter in S. leeuwen-
hoekii C34.
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1.5 Discussion

Basic procedures for growth and genetic manipulation of S. leeuwenhoekii C34 were es-
tablished and defined in this Chapter. Growth parameters such as media, temperature
and time of incubation were adapted from those reported by Busarakam et al. (2014) for
this strain. S. leeuwenhoekii C34 was shown to be sensitive to thiostrepton, apramycin,
hygromycin B, kanamycin and resistant to nalidixic acid. Procedures for genetic modifi-
cation that involved the mobilisation of plasmid DNA from E. coli ET12567/pUZ8002 to
S. leeuwenhoekii C34 were successfully established with pSET152, an integrative vector
and pGM1190, a self-replicative temperature-sensitive vector. Conjugation performance
was significantly improved by supplementing 60 mM CaCl, to SFM. The usage of the con-
stitutive promoter ermE™ was also confirmed in S. leeuwenhoekii C34.

1.5.1 Sporulation and chaxamycin production by S. leeuwenhoekii
C34 depend upon temperature

S. leeuwenhoekii C34 sporulated on SFM, DNA and R2 media, being more copious and
fast on SFM. SFM is described as a medium in which many Streptomyces species display
effective and good sporulation (Kieser et al., 2000). Temperature also played an important
role in the growth of S. leeuwenhoekii C34, which was more accelerated at 43 °C than at
30 °C. In general, when a spore of Streptomyces encounters the appropriate nutrient and
environmental conditions (like temperature) it starts the development of germ tubes that
form hyphae. Germ tubes grow and branch to form the vegetative (or substrate) mycelium
that creates a net of hyphae that we observe as a colony of Streptomyces (Flardh and
Buttner, 2009). This description was readily observed on SFM at 37 °C and 43 °C after a
day of cultivation, whereas at 30 °C this was observed on the second day (Figure 1.2).

When the colony depletes nutrients, it starts the production of secondary metabolites
and then a second process of differentiation, in which vegetative mycelium grows into the
air as aerial hyphae; this structure develops spore walls and synthesises a grey pigment,
giving rise to a mature spore (Elliot and Flardh, 2001; Flardh and Buttner, 2009). Spores of
S. leeuwenhoekii C34 were observed on the fourth day at 30 °C, whereas on the second
day spores were observed at 37 °C and 43 °C, which supports the idea that temperature
accelerates the life cycle of S. leeuwenhoekii C34 on solid SFM agar medium. Although
the fastest growth was achieved at 43 °C, the agar tended to dry too quickly, making
spore stock preparation more difficult, which did not happen at 37 °C. Thus, 37 °C was
the preferred temperature to achieve fast sporulation for spore-stock preparation.

On SFM agar medium, grey pigments were observed around colonies (Figure 1.2). This
had already been observed for S. leeuwenhoekii C34 (Busarakam et al., 2014). Depend-
ing on the medium on which S. leeuwenhoekii C34 is streaked, different coloured diffusible
pigments are described: yellowish diffusible pigments are observed on ISP3, ISP4 and
ISP7, grey-yellowish on IPS6 and pale yellow on ISP2, but their metabolic origins remain
unknown.
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1.5.2 Genetic background for antibiotic susceptibility of S. leeuwen-
hoekii C34

The observed antibiotic susceptibility of S. leeuwenhoekii C34 could be explained because
it lacks the appropriate resistance determinants encoded in its genome that provide de-
fence in the presence of thiostrepton, hygromycin B, kanamycin or apramycin.

Thiostrepton is a peptide antibiotic produced by S. azureus that inhibits the biosyn-
thesis of proteins by binding to the complex 23S rRNA-L11 of the cell. S. azureus car-
ries a 2’-O-methyltransferase (Tsr; UniProt accession: P18644), which methylates the
23S rRNA, preventing the cell dying by thiostrepton toxicity (Thompson et al., 1982). Four
rRNA methyltransferase, homologues to Tsr of S. azureus, were found in S. leeuwenhoekii
C34: Sle_55160, Sle_38790, Sle_55570 and Sle_35420 (NCBI accessions: CQR64973,
CQR63338, CQR65014 and CQR63003, respectively). Like Tsr, these proteins contained
the SpoU rBRNA methylase domain (Pfam accession: PF00588) that is involved in binding
the co-substrate, SAM, which carries the methyl group. As expected, none of the rRNA
methyltransferases of S. leeuwenhoekii C34 harboured the thiostrepton resistance methy-
lase (Pfam accession: PF04705) found in Tsr and needed to confer thiostrepton resistance
(Table Appendix G.2). This may explain why S. leeuwenhoekii C34 was sensitive to this
antibiotic.

S. leeuwenhoekii C34 was sensitive to three aminoglycoside antibiotics, hygromycin
B, kanamycin and apramycin. Some microorganisms possess natural mechanisms of de-
fence mediated by enzymes such as those that directly inactivate aminoglycosides such
as, the acetyl CoA-dependent AAC, the ATP-dependent ANT, and the ATP-dependent
APH (Ramirez and Tolmasky, 2010); or those that modify rRNA targets like site-specific
methyltransferases (Wright and Thompson, 1999).

Hygromycin B is produced by S. hygroscopicus and inhibits protein synthesis by block-
ing the translocation step on 70S ribosomes in prokaryotes (and also that of eukaryotes)
(Pardo et al., 1985). S. hygroscopicus possesses autoimmunity to hygromycin B due to
the presence of the gene hyg that encodes for the enzyme hygromycin-B 7”-O-kinase,
Aph(7”)-la, that harbours an APH family domain involved in the phosphorylation of the 7”-
hydroxy! group of the destomic acid moiety of hygromycin B and inactivates it. The genome
of S. leeuwenhoekii C34 encodes for five APH domain-containing proteins: Sle_01670,
Sle_14060, Sle_15890, Sle 24140 and Sle 54290 (Table Appendix G.3), one of them,
Sle_01670, shares 87% of identity with Hyg21, a APH enzyme part of the hygromycin A
biosynthesis gene cluster of S. hygroscopicus NRRL 2388, which has been experimentally
verified as a phosphotransferase of hygromycin A (Dhote et al., 2008). A phylogenetic tree
of protein sequences was built for a detailed analysis of the relationship of the APHs found
in S. leeuwenhoekii C34 with those described in the literature (Ramirez and Tolmasky,
2010; Wright and Thompson, 1999) (Figure Appendix G.3). Sle_01670, the homologue
to Hyg21, was grouped in the same clade with Aph(4)-la and -lb which, in addition to
Aph(7”)-la, are known to inactivate hygromycin B; Sle_14060 was the closest relative to
Aph(7”)-la, which share 32% of identity. But, it seems unlikely that either Sle_01670 or
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Sle_14060 interact with hygromycin B since S. leeuwenhoekii C34 was sensitive to it.

Kanamycin is produced by S. kanamyceticus and interacts with the 30S subunit of the
bacterial ribosome, blocking its function in the cell. S. kanamyceticus possesses three
known mechanisms to avoid self-intoxication when producing kanamycin, which are en-
coded in the kanamycin biosynthesis gene cluster: a 16S rRNA methyltransferase, Kmr,
that catalyses the methylation of the 16S rRNA to lower the affinity of kanamycin for the
antibiotic-binding sites of the ribosome (Demydchuk et al., 1998); a kanamycin-efflux sys-
tem, Orf7, that mediates the transport of kanamycin outside the cell (Yanai and Murakami,
2004); and an AAC(6’), Kac, that transfers an acetyl group to kanamycin for its inactiva-
tion (Flatt and Mahmud, 2007). The genome of S. leeuwenhoekii C34 does not seem to
encode for a protein similar to Kmr or to Orf7, but in the case of an AAC(6’), it needs a
more careful analysis.

AAC is the largest group of aminoglycoside modifying enzymes, with 78 isoenzymes
described and classified into three groups: AAC(2’) AAC(3’) and AAC(6’), which acety-
late the C-2’-, C-3’- and C-6’-amino groups of 2-deoxystreptamine-containing aminogly-
cosides, respectively (Lovering et al., 1987). As mentioned above, S. kanamyceticus
possesses the gene kac that encodes for an AAC enzyme, AAC(6’)—SK (Uniprot ac-
cession: Q75PS3) that modifies kanamycin, conferring resistance to it (Murakami et al.,
1983). S. albus encodes for ACC(6’)—Isa (Uniprot accession: Q764C8) that shares 69%
homology with Kac of S. kanamyceticus, and confers kanamycin resistance to S. albus,
as well as to a variety of other aminoglycosides, including amikacin, dibekacin, neomycin
and tobramycin (Hamano et al., 2004).

The genome of S. leeuwenhoekii C34 encodes for 20 putatively AAC-related proteins
that harbour acetyltransferase domains usually found in AACs described in the literature
(Ramirez and Tolmasky, 2010). A phylogenetic tree of the protein sequences of those
20 AAC-related proteins of S. leeuwenhoekii C34 and the 78 AACs described, allowed
the probable classification of S. leeuwenhoekii C34 acetyltransferase-domain contain-
ing proteins (Figure Appendix G.4). The phylogenetic tree showed that Sle_36300 and
Sle_38990 were grouped as part of the AAC—-SK and AAC-Isa clade. However, they
shared only 29% of identity and as S. leeuwenhoekii C34 was sensitive to kanamycin, it
seems unlikely that those S. leeuwenhoekii C34 proteins might have a role in kanamycin
resistance. Other groups of AACs related to kanamycin resistance are AAC(3)-llla, —Illb
and —lllc (Hamano et al., 2004), but no S. leeuwenhoekii C34 proteins were grouped with
any of those ACC representatives (Figure Appendix G.4).

In addition to these three mechanisms of resistance to kanamycin, APHs belonging to
Aph(3”)—I, =Il, =11, —=IV and —VII are a fourth kanamycin resistance determinant (Ramirez
and Tolmasky, 2010; Wright and Thompson, 1999). Nevertheless, the genome of S. leeu-
wenhoekii C34 does not seem to encode for an orthologue of that group of enzymes
(Figure Appendix G.3).

Apramycin is a structurally unique antibiotic that contains a bicyclic sugar moiety and
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a monosubstituted deoxystreptamine that is synthesised by a specialised group of genes
of S. tenebrarius (Walton, 1978) and Streptoalloteichus hindustanus (NCBI accessions:
AJ629123 and AJ875019, respectively). Apramycin inhibits protein synthesis by binding
to the decoding site (A-site) of the 30S subunit of the bacterial ribosome (Davies and
O’Connor, 1978; Poehlsgaard and Douthwaite, 2005). Both, S. tenebrarius and Streptoal-
loteichus hindustanus avoid suicide by methylation of the 16S rRNA by a methyltrans-
ferase, KamB, encoded in their respective apramycin biosynthesis gene clusters (Skeggs
et al., 1987). S. leeuwenhoekii C34 encodes for 4 putative rRNA methyltransferases (Table
Appendix G.2), but none of them seemed to be homologue of any of the KamB analysed.

Another mechanism of resistance to apramycin has been associated to AACs that inac-
tivates apramycin by acetylation. AAC(1) and AAC(3)-1V acetylate apramycin at C-1 and
C-3 amino groups of apramycin, respectively (Vakulenko and Mobashery, 2003; Lover-
ing et al., 1987). The nucleotide sequence of aac(7) has not been sequenced yet, so it
was not possible to search for a possible homologue in S. leeuwenhoekii C34. AAC(3)-IV
acetylates a wide range of aminoglycoside antibiotics comprising, gentamicin, tobramycin,
netilmicin, sisomicin, dibekacin and apramycin (Vakulenko and Mobashery, 2003). A phy-
logenetic tree of AACs showed that none of the S. leeuwenhoekii C34 proteins was
grouped together with the representative of AAC(3)-1V (Figure Appendix G.4), which sug-
gests that S. leeuwenhoekii C34 does not encode for such a function in its genome, sup-
ported by observed apramycin sensitivity results.

Nalidixic acid is a synthetic quinolone antibiotic that mainly affects Gram-negative and,
to a lesser extent, some Gram-positive bacteria. Its target in the cell is DNA gyrase and
topoisomerase |V, both essentials for maintaining DNA topology by balancing negative su-
perhelicity of circular DNA molecules (Huang et al., 2013). Quinolones in general, trap
these enzymes as a drug-enzyme-DNA complex, blocking DNA synthesis with the sub-
sequent release of lethal double-stranded DNA breaks (Drlica and Zhao, 1997). The pre-
ferred target of quinolones in Gram-negative bacteria is the GyrA subunit of DNA gyrase
while in Gram-positive bacteria is the ParC subunit of the topoisomerase IV (Jacoby, 2005;
Drlica and Zhao, 1997). Since Streptomyces species are naturally resistant to this antibi-
otic (Kieser et al., 2000), mutations might be present in these enzymes, however, bioinfor-
matic analysis, looking for mutations in GyrA or ParC, did not lead to a conclusion.

1.5.3 Presence of divalent chloride salts (MgCl, and CaCl,) improved
conjugation performance between E. coli ET12567/pUZ8002,
carrying pSET152, and S. leeuwenhoekii C34

Plasmid transfer by conjugation has been proven as a successful strategy to manipulate
streptomycetes (Kieser et al., 2000). The success of the conjugation process between
E. coli and Streptomyces is measured as conjugation frequency that is calculated as
the number of S. leeuwenhoekii C34 exconjugants per number of donor cells, thus as
higher the conjugation frequency the better the process. There are several parameters that
influence the conjugation performance: i) temperature for heat-shock of spores and time
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for cooling-down; ii) ratio between recipient cells and donor cells; iii) solid medium used for
conjugation and salts supplemented to the medium (Du et al., 2012). The establishment of
these parameters might vary from one microorganism to another, so there is no standard
protocol for conjugation.

In this work, the first reported genetic modification of S. leeuwenhoekii C34 was achi-
eved by conjugation with E. coli ET12567/pUZ8002/pSET152, using the following conju-
gation parameters: i) 50 °C for heat-shock of the spores; ii) the ratio between recipient
cells and donor cells was 1.4:10” S. leeuwenhoekii C34 spores (recipient) and 1.6-108
E. coli (donor); iii) SFM agar supplemented with 10 mM MgCl, was used as conjuga-
tion medium. With these parameters, the conjugation frequency achieved was 1.7-107,
a value 170 times higher than that obtained with S. netropsis SD-07 (1-10°) under simi-
lar conjugation conditions (Wang and Jin, 2014). This confirms that the conjugation pro-
cedures established for one actinomycete do not guarantee the same result with other
actinomycetes.

Recent research has demonstrated that supplementation of divalent chloride salts to
the conjugation medium has a positive effect on the conjugation performance (Yu and
Tao, 2010), becoming a typical parameter that is optimised to improve conjugation fre-
quency, although the underlying mechanism that explains this improvement is not clear
(Choi et al., 2004). The concentration of MgCl, supplemented to the medium was evalu-
ated as an initial parameter to optimise the conjugation process. In the case of conjugation
between S. licolnensis and E. coli ET12567/pUZ8002/pUWL201apr, the conjugation fre-
quency improved 2.4 times when SFM agar medium was supplemented with 20 mM MgCl,
instead of 10 mM MgClI, (Du et al., 2012), while supplementation with 40 mM MgCl, in-
stead of 10 mM MgCI, gave 7 times better conjugation frequency for S. noursei xinao-4
(Sun et al., 2014). In the case of S. leeuwenhoekii C34, the conjugation frequency was 3
times higher when SFM was supplemented with 120 mM MgCI, with respect to that ob-
tained with 10 mM MgCl,, indicating that this salt had a positive effect on the conjugation
process. Conversely to our results, these authors reported that no addition of MgCl, to
the medium gave no exconjugants, while we reported that no addition of MgCl, to SFM
agar medium gave low conjugation frequency of 6:108, implying that the salt content of
soya used in this work might be contributing to the conjugation process (soya content in
Appendix E.1).

Another chloride salt used in the conjugation process was CaCl,. Wang et al. (2014)
have shown that the presence of CaCl, had a greater effect on conjugation performance
than MgCl,, in fact conjugation performance improved 100 times when 60 mM CacCl, was
added to the culture medium compared with MgCl, with S. retropsis SD-07. Also, addi-
tion of CaCl, gave higher conjugation performance with S. coelicolor, S. lavendulae and
S. venezuelae. In the case of S. leeuwenhoekii C34, 60 mM CaCl, improved conjuga-
tion frequency 10 times, compared with no addition of salt, and was 5 times better than
that obtained with 60 mM MgCI,. Yu et al. (2010) evaluated the effect of MgCl,, NaCl,
Ca(NO),; and CaCl,, on the conjugation frequency of S. avermitilis and showed that 120
mM CaCl, improved conjugation frequency over NaCl, Ca(NO), and MgCl,. Surprisingly,
they showed that the combination of 60 mM CaCl, and 60 mM MgCl, improved conjuga-
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tion frequency 11 fold.

Thus, the effect of the combination of CaCl, and MgCl, should be assessed for the opti-
misation of conjugation between E. coli ET12567/pUZ8002 and S. leeuwenhoekii C34. In
addition, parameters such as the ratio between donor cells and recipient cells and the
temperature of heat-shock of spores have been pointed out as other important factors that
need to be evaluated (Wang and Jin, 2014). Further efforts towards optimisation of the
conjugation should be aided using statistical models.

Importantly, the bactericidal effect of some antibiotics used to select genetically mod-
ified bacteria might be blocked by the presence of salts in the agar medium. Under the
selected salt condition for conjugation (60 mM CaCl,), only hygromycin B loses its bacte-
ricidal properties, while apramycin, kanamycin and thiostrepton were not affected (Figure
Appendix G.2). Thus, the interference of the bactericidal effect of antibiotics is an indirect
parameter that is necessary to consider when optimising salt concentration in the conju-
gation process, because the current result implicates that vector plJ10257 (that carries a
hygromycin resistance gene) might not be used for conjugation using 60 mM CaCl, in the
medium.

1.5.4 Toolbox of molecular methods for S. leeuwenhoekii C34

S. leeuwenhoekii C34 is a novel actinomycete that produces new antibiotics, the chaxam-
ycins and chaxalactins, whose biosynthetic routes are unknown. To study those routes in
the native strain, the availability of molecular tools like cloning or integrative vectors and
constitutive promoters is very important (Medema et al., 2011). In this work, the usability
of several molecular tools was assessed in S. leeuwenhoekii C34 for further study of the
biosynthesis of chaxamycins in the native strain. In addition, standard procedures for the
genetic manipulation of S. leeuwenhoekii C34 were developed and will be discussed as
follows.

One of the most commonly used strategies to genetically manipulate Streptomyces is
by intergenic conjugation with E. coli (Kieser et al., 2000). In this process, a methylation-
system deficient E. coli strain is required, since the majority of streptomycetes possess
restriction systems that provide protection against foreign DNA like that coming from E. coli
with active Dam-, Dcm- or Hsd-methylation systems. In this work an E. coli strain ET12567
was used since it has these three methylation systems deleted in its genome and, there-
fore, is suitable for replicating plasmids free of Dam-, Dcm- and Hsd-methylation.

Bioinformatic analysis of the S. leeuwenhoekii C34 genome revealed the presence of at
least 3 putative methylation restriction-systems, homologues to those reported for S. coeli-
color (Gonzélez-Ceron et al., 2009). One of them, Sle_04470, is a conserved hypothetical
protein (NCBI accession: CQR59909) that harbours an Mrr_cat domain (Pfam acces-
sion: PF04471) typically found in type |l restriction enzymes containing the characteristic
(D/E)-(D/E)XK active site contained in the motif of the Mrr restriction enzyme of E. coli
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K-12, F-E-X24-42-1-(D/E)-X12.15-(Q/E/S/A)-x-K-R-X¢.13-(D/E) (NCBI accession: NP_418771),
that recognises and cleaves DNA modified with mA or mC (Bujnicki and Rychlewski,
2001). Sco4213 of S. coelicolor (NCBI accession: NP_628388) also contains the Mrr_cat
domain and it has been proven to restrict Dam- and Hsd-modified DNA (Gonzélez-Cerdn
et al., 2009), both Sle_04470 and Sco4213 contain the (D/E)-(D/E)xK active site (Figure
Appendix G.5A), which allows formulation of the hypothesis that S. leeuwenhoekii C34
encodes for a putative restriction system.

Two other putative restriction enzymes found in S. leeuwenhoekii C34 are Sle_34180
and Sle_45620 (NCBI accession: CQR62879 and CQR64020), homologues to Sco4631
and Sco3262 (NCBI accession: NP_628792 and NP_627474), respectively. These pro-
teins contain the catalytic HNH_c domain (CDD accession: CD00085) of E. coli McrA
(NCBI accession: NP_415677), an HNH nuclease known to restrict DNA modified by
mC. Alignment of the five protein sequences indicates that all of them possess the charac-
teristic histidine, asparagine, histidine/asparagine catalytic triad and four cysteines which
form a putative zinc finger (Figure Appendix G.5B), likely involved in stabilising the struc-
ture (Anton and Raleigh, 2004). Sco4631 has been assigned as an endonuclease that re-
stricts Dam-modified DNA in S. coelicolor, while Sco3262 restricts Dam- and Hsd-modified
DNA, it seems possible that the corresponding homologues found in S. leeuwenhoekii C34
might have a similar function, but it remains to determine whether they are active nucle-
ases.

On the other hand, the experimental verification of the use of the high-copy tempera-
ture-sensitive vector pGM1190 in S. leeuwenhoekii C34 makes possible delivery of DNA
constructions for the deletion of genes of interest from the genome of S. leeuwenhoekii
C34. In addition, the sensitivity of S. leeuwenhoekii C34 to thiostrepton, apramycin, hy-
gromycinB and kanamycin, makes likely the use of vectors that possess resistance genes
for these antibiotics.

The verification of the presence of canonical attB sites for ®C31 and ®BT1 in the
genome of S. leeuwenhoekii C34 is of great interest for studying either, the expression of
genes driven by strong promoters or expression driven by other kinds of promoters (own
promoter of a gene or inducible promoters). Vectors like pld12551 and plJ10257 harbour
attP sites with the integrase system of bacteriophages C31 and BT1, respectively. This
would allow the integration of those vectors into the genome of S. leeuwenhoekii C34,
conferring stable transformation, which do not need the presence of the selective pressure
after their integration is confirmed. Moreover, those vectors contain, just upstream to their
respective multi-cloning site, the sequence of the strong promoter ermE* of Sacc. erythrea
that allows the over-expression of genes, useful for either in frans genetic complementa-
tion or for metabolic engineering purposes. pSET152, on the other hand, is a cloning
vector that integrates into the attB site of ®C31, it is usually used for assessment of ex-
pression of certain genes using its own promoter region.

In addition, the functionality of the ermE* promoter was successfully tested in S. leeu-
wenhoekii C34. Transformation of S. leeuwenhoekii C34 with plJ10740, a derivative of
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pGUS with the ermE* promoter driving the expression of GUS, gusA, allowed the hy-
drolysis of X-Gluc in chromogenic assays, which confirms both, ermE™* is operating in
S. leeuwenhoekii C34 and pGUS could be used for evaluating the functionality of other
promoters in S. leeuwenhoekii C34.

Thus, the development of standard procedures to genetically modify S. leeuwenhoekii
C34 would allow the study of the biosynthesis of chaxamycin, which is presented in the
following Chapter.
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1.6 Conclusions

1. A temperature of 37 °C promotes growth and sporulation of S. leeuwenhoekii C34
on solid medium, whereas 30 °C yields higher chaxamycin production, in S. leeu-
wenhoekii C34.

2. S. leeuwenhoekii C34 is sensitive to thiostrepton, hygromycin B, kanamycin and
apramycin, which allows the use of vectors carrying resistance genes for those an-
tibiotics.

3. S. leeuwenhoekii C34 is capable of receiving foreign DNA (pSET152) by intergenic
conjugation with E. coli ET12567/pUZ8002.

4. Conjugation frequency is significantly increased when the conjugation medium was
supplemented with 60 mM CacCl,.

5. CaCl, has a greater effect than MgCl, in promoting conjugation.

6. Vectors pGM1190 and pSET152 are suitable for use with S. leeuwenhoekii C34 to
deliver genetic modifications.
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Chapter 2

Identification and heterologous
expression of the chaxamycin
biosynthesis gene cluster of
Streptomyces leeuwenhoekii C34

2.1 Abstract

De novo sequencing of the genome of S. leeuwenhoekii C34 was achieved by combin-
ing lllumina and Pacific Biosciences sequencing technologies, resulting in the release of a
high-quality sequence of the genome and two plasmids. Genome mining allowed the iden-
tification of a stretch of genomic DNA of 80.2 kb that codes for the putative chaxamycin
biosynthesis gene cluster, comprised of 27 genes: seven for biosynthesis of AHBA, five
for PKS subunits, two transcriptional regulators and others for tailoring enzymes. Com-
parison of the putative chaxamycin biosynthesis gene cluster with others devoted to pro-
ducing ansamycins allowed the identification of its putative ends. A genomic library of
S. leeuwenhoekii C34 was screened by PCR with specific primers that amplified those
putative ends. One clone, plJ12853, contained the 80.2 kb region as part of a 145 kb in-
sert. plJ12853 was cloned into S. coelicolor M1152, a heterologous host that does not pro-
duce chaxamycins, giving rise to strain M1650. Production of all chaxamycin species was
detected in the supernatant of a liquid culture of M1650, confirming that genes present
in plJ12853 encode for the chaxamycin biosynthesis route. Although it cannot be ruled
out that genes of the host could be taking over biosynthesis or export tasks. Deletion of
the gene that codes for the AHBA synthase (cxmK) in S. leeuwenhoekii C34 gave rise
to strain M1653 unable to produce chaxamycins in liquid culture. Chaxamycin production
was restored when a liquid culture of M1653 was supplemented with commercial AHBA,
which confirms the identification of the chaxamycin biosynthesis gene cluster in the native
strain. It is possible that supplementing analogues of AHBA might lead to the production
of unnatural chaxamycins in the strain M1653.
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2.2 Introduction

Nowadays, de novo sequencing of an entire genome is more accessible, cheaper and
faster than is used to be in the past (Quail et al., 2012). Since the publication of the genome
of Streptomyces coelicolor in 2002 (Bentley et al.), the number of sequenced genomes of
streptomycetes has increased due to the rapid evolution of sequencing platforms such as,
lllumina MiSeq or PacBio.

lllumina MiSeq applies the sequencing-by-synthesis technology that uses fluorescently
labelled reversible terminators in each dNTP, and clusters of clonally-amplified DNA se-
qguences (up to 700 bp) attached to a surface. This enables highly accurate sequencing
results with an observed error rate of 0.80% (lllumina Inc., 2010; Quail et al., 2012). PacBio
is a relatively recent sequencing platform, which applies SMRT technology. Here longer
DNA sequences (up to 10,000 bp) are bonded to the DNA polymerase, which is immo-
bilized to the bottom of 50 nm-diameter wells called ZMWs and each dNTP has a differ-
ent fluorophore linked to its y-phosphate; when a labelled dNTP is incorporated into the
nascent DNA strand, the fluorescence signal is emitted in the ZMW for a short period
of time and recorded in real-time. PacBio sequencing technology enables the acquisition
of longer reads with an observed error rate of 12.86% (Pacific Biosciences, 2015; Quail
et al., 2012).

The genome of S. leeuwenhoekii C34 has already been sequenced using lllumina tech-
nology and assembled in 658 contigs, giving rise to a genome size of 7.86 Mb (Busarakam
et al., 2014). According to Busarakam et al. (2014), S. leeuwenhoekii C34 encodes for a
large number of biosynthesis gene clusters that potentially produce novel compounds.
However, this high number of contigs becomes into a problem when it comes to identify
entire biosynthetic pathways. Some regions of the genome of Streptomyces contain highly
repetitive nucleotide sequences, especially in those encoding for PKSs and NRPSs, result-
ing in erroneous assembly of the genome. Longer reads achieved with PacBio sequencing
would allow better assembly of Streptomyces genomes, especially in those problematic
regions, yielding a more reliable consensus sequence. However, the use of PacBio alone
is not desirable for its relatively high error rate (Quail et al., 2012). This limitation could be
bypassed by correcting the PacBio assembled genome with the more accurate lllumina
reads, resulting in a very reliable sequence that would allow better genome mining analy-
sis in S. leeuwenhoekii C34, towards the identification of the chaxamycin and chaxalactin
biosynthesis gene clusters.

Chaxamycin A—D are naphthalenic ansamycin-type polyketides that derive from the
AHBA starter unit (Figure 2.1). Chaxamycin D displays, through an unknown mechanism,
highly selective antimicrobial activity against MRSA strains. Chaxamycin A, on the other
hand, inhibits the intrinsic ATPase activity of the human protein Hsp90a subunit involved
in cancer proliferation. In terms of structure, chaxamycins differ from other naphthalenic
ansamycins, such as rifamycins, naphthomycin, geldanamycin and herbimycins in lacking
a methyl group at the olefinic C-16 next to the amide bond present in these molecules
(Rateb et al., 2011a).
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In general, the biosynthesis of ansamycin-type polyketides starts when the type | PKS is
primed with the precursor molecule AHBA. A sub-gene cluster, usually located near to the
PKS genes, is largely responsible for the synthesis of AHBA (Kang et al., 2012). The en-
zyme AHBA synthase is encoded in the core of the AHBA gene cluster and converts ami-
noDHS into the final product, AHBA (Floss et al., 2011). The gene that encodes for this en-
zyme has been proposed as a target for PCR screening analysis, aiming at identifying new
microorganisms that produce ansamycin-related metabolites (Wang et al., 2013). Indeed,
S. leeuwenhoekii C34 encodes for an AHBA synthase gene (Rateb et al., 2011a). We
predict that, in addition to AHBA, chaxamycins are synthesised from 10 additional exten-
der units (three malonyl-CoAs and seven (2S)-methylmalonyl-CoAs), incorporated by a
modular type | PKS.

Bioinformatic tools will enable the generation of hypotheses towards the identification
of the chaxamycin biosynthesis gene cluster. For example, NCBI's CDD (Marchler-Bauer
et al., 2015) and antiSMASH (Blin et al., 2013) will ease the identification of conserved
domains in protein sequences and the prediction of the location of biosynthesis gene
clusters in the genome of S. leeuwenhoekii C34, respectively. Molecular tools, such as
artificial chromosomes, have been developed for cloning large genomic DNA fragments
that encode for biosynthesis gene clusters (Sosio et al., 2000), allowing its expression in
heterologous hosts (Gomez-Escribano and Bibb, 2011). These hosts have been devel-
oped by deleting entire biosynthesis gene cluster devoted to the biosynthesis of known
compounds, whose synthesis could compete with the availability of precursor molecules
when a foreign gene cluster is expressed, these hosts are called Super Hosts (Gomez-
Escribano and Bibb, 2014).

In addition, the scientific evidence reported on the biosynthesis of other ansamycin-
type polyketides like rifamycin of Amycolatopsis mediterranei, saliniketals of Salinispora
arenicola, naphthomycin of Streptomyces sp. CS, among others, will be used as a refer-
ence to guide the bioinformatic identification of the chaxamycin biosynthesis gene cluster
in the genome of S. leeuwenhoekii C34. Also, de novo sequencing of the genome of
S. leeuwenhoekii C34 will be presented.

Chaxamycins A—D AHBA

O _-OH

1 R2
CH3
B H CH3
C OH CH20H

HO NH,

Figure 2.1: Structures of chaxamycins A—D and AHBA.
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2.3 Materials and methods

2.3.1 General procedures and strains cultivation

Recipes for preparation of solid media, liquid media, solutions for microbiology and buffers
can be found in Appendix E.1, Appendix E.2, Appendix E.3 and Appendix E.4, respec-
tively.

2.3.1.1 Cultivation of Streptomyces and Escherichia coli strains

Maintenance and cultivation of Streptomyces and Escherichia coli strains was carried out
according to standard protocols (Kieser et al., 2000 and Sambrook et al., 1989, respec-
tively). Specific methods for S. leeuwenhoekii C34 have been largely described in Chapter
One. Liquid culture of Streptomyces was performed in 250 ml Erlenmeyer flasks, using 50
ml of modified ISP2 medium for S. leeuwenhoekii C34 (chaxamycin production medium,
Rateb et al., 2011a), or R3 medium for S. coelicolor. A seed culture of Streptomyces was
used to inoculate fresh medium with 0.2 of initial OD measured at 600 nm (preparation in
Appendix F.3.2); flasks were incubated at 30 °C and stirred at 250 rpm for 72 h. Liquid
cultures of E. coli strains were carried out in 50 ml universal vials, using 10 ml LB sup-
plemented with relevant antibiotics, incubated at 37 °C and stirred at 250 rpm for 20—24
h.

2.3.1.2 Analytical procedures for measurement of chaxamycins A-D

Chaxamycins A—D were detected by LC-MS/MS. A Shimadzu LC-MS system that con-
sisted of a NexeraX2 liquid chromatograph (LC30AD) equipped with a Prominence photo
diode array detector (SPD-M20A), a Kinetex XB-C18 2.6 um 100 A 50x2.10 mm column
(part no. 00B-4496-AN, Phenomenex, USA), and a KrudKatcher Ultra HPLC in-line filter
(part no. AF0-8497, Phenomenex, USA) were used for the chromatographic separation
of the compounds. Then, the sample was analysed through an LCMS-IT-ToF mass spec-
trometer. Details about the procedure can be found in Appendix F.5. Chaxamycin A, chax-
amycin B and chaxamycin C standards were kindly provided by Dr. Mostafa Rateb and
Prof. Marcel Jaspars (University of Aberdeen, Scotland).

2.3.2 DNA manipulation and generation of a PAC genomic library of
S. leeuwenhoekii C34

2.3.2.1 Sequencing of the genome of S. leeuwenhoekii C34

High-quality genomic DNA was isolated from S. leeuwenhoekii C34 using standard
procedures, which are detailed in Appendix F.1.3. Sequencing of the genome of S. leeu-
wenhoekii C34 was carried out using two technologies: lllumina MiSeq (Department of
Biochemistry, University of Cambridge, Cambridge, UK) and PacBio RS Il SMRT (The
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Genome Analysis Centre (TGAC), Norwich Research Park, Norwich, UK). In addition, the
Roche 454—Junior sequencing of plJ12853 was also incorporated into the consensus se-
quence. plJ12853 contains the fully cloned chaxamycin biosynthesis gene cluster (see
Section 2.3.2.2). The consensus sequence of the genome was processed with Prodigal
(Hyatt et al., 2010) to identify protein-coding sequences, which then was automatically
annotated with BASys (Van Domselaar et al., 2005) web server
(https://www.basys.ca/). Analysis and curation of the consensus sequence was carried
out with Artemis (Rutherford et al., 2000). All genome mining analyses were performed
using this DNA sequence (accession number: LN831790). The full process describing
the assembling and manual curation process to generate a consensus sequence has
been reported elsewhere (Gomez-Escribano et al., 2015).

2.3.2.2 Genomic library of S. leeuwenhoekii C34 DNA and screening for the chax-
amycin biosynthesis gene cluster

A PAC genomic library of S. leeuwenhoekii C34 DNA was constructed in pESAC13
(E. coli-Streptomyces artificial chromosome), which is used to create Actinomycete sp. li-
braries. S. leeuwenhoekii C34 genomic DNA was isolated according to the protocol
described in Appendix F.1.3 and shipped to Bio S&T Inc. (Montreal, Canada) for con-
struction and screening of the library. Briefly, high-molecular weight DNA was partly
digested with BamHI and ligated with pESAC13, previously digested with the same en-
zyme resulting in the loss of pUC19 present in the original vector (see map of pESAC13
in Appendix D.6); E. coli DH10B cells were used for cloning the library. The genomic li-
brary was screened for clones containing the chaxamycin biosynthesis gene cluster by
PCR using two primer pairs, JFC022/JFC023 and JFC024/JFC025, designed to amplify
the predicted ends of the gene cluster (Figure Appendix H.2A). One PAC clone (2-11L)
was identified (Figure Appendix H.2B, C and D) and named plJ12853. Sequencing of
plJ12853 by Roche 454—Junior sequencer (Department of Biochemistry, University of
Cambridge, Cambridge, UK) confirmed the presence of the full sequence of the
chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34.

2.3.2.3 PCR amplifications, DNA manipulation and routine sequencing

PCRs were carried out using Phusion® High-Fidelity DNA Polymerase (New England Bi-
olabs, USA); dNTPs stock was used at a proportion of 15:15:35:35 (A:T:G:C), since the
G+C content of streptomycetes is usually 70 mol%. PCR products were cloned into pBlue-
script Il SK(+) previously digested with Smal restriction enzyme. Purification of plasmid
DNA for sequencing purposes was carried out using Wizard® plus minipreps DNA pu-
rification system (cat. no. A7500; Promega, USA). Purification of plasmid for verification
of correct cloning was carried out according to the protocol in Appendix F.1.1. Purifica-
tion of DNA from the PCR mixture or agarose gel was performed with QlAquick PCR
purification kit (cat. no. 28104; Qiagen, Netherlands). Eurofins Genomics service (Ger-
many) was used for routine Sanger sequencing analysis. Primers were designed using
the Primer3Plus web server (Untergasser et al., 2007). All restriction enzymes and buffers
were purchased from Roche (Germany).
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2.3.3 Genetic manipulation of E. coli and Streptomyces strains

List of strains, plasmids and oligonucleotides used and generated in this work are listed in
Tables in Appendix A, Appendix B and Appendix C, respectively.

2.3.3.1 General procedures for genetic manipulation of E. coli strains

Modification of E. coli strains was carried out following standard procedures (Sambrook
et al., 1989). Derivatives of the methylation-deficient strain E. coli ET12567/pUZ8002 were
generated to transform S. leeuwenhoekii C34 or S. coelicolor M1152 by conjugation. The
procedure for generation of electrocompetent E. coli ET12567/pUZ8002 can be found
in Appendix F.2.2. The procedure for electrotransformation of E. coli is detailed in Ap-
pendix F.2.4. E. coli Library Efficiency® DH5a competent cells (Invitrogen, USA) were
used for routine cloning and plasmid maintenance. Chemical transformation of E. coli
DH5a was carried out following the protocol in Appendix F.2.3.

2.3.3.2 Conjugation between derivatives of E. coli ET12567/pUZ8002 and Strepto-
myces strains

Mobilisation of plasmids from derivatives of E. coli ET12567/pUZ8002 strains into S. leeu-
wenhoekii C34 was carried out following the procedure described in Appendix F.3.3. Trans-
ference of PAC DNA from E. coli to S. coelicolor was carried out according to Jones et
al. (2013) and the detailed protocol is in Appendix F.3.4.

2.3.4 Construction of S. leeuwenhoekii strain M1653 for the deletion
of AHBA synthase gene (cxmK)

Deletion of the AHBA synthase gene (cxmK) in the genome of S. leeuwenhoekii C34 was
carried out by replacing it with the kanamycin resistance gene, neo, by double cross-over
homologous recombination.

2.3.4.1 Construction of plJ12851 and failure to generate S. leeuwenhoekii strain
M1653 (AcxmK::neo)

Two DNA regions of about 1.7 kb that flank cxmK were cloned into the suicide vec-
tor pKC1132. These regions were amplified with primers JFC010/JFC009 (containing 5°
HindIll and Xbal sites, respectively) and JFC011/JFC012 (containing 5’ Xbal and BamHl
sites, respectively) and separately cloned into pKC1132, previously digested with Hindlll
plus Xbal and Xbal plus BamHI to yield plJ12857 and plJ12858, respectively. The DNA
fragment JFC011/JFC012 was excised from plJ12858 by digestion with Xbal plus BamHI
and purified from a 1% agarose gel, then plJ12857 was digested with the same enzymes
and the fragment JFC011/JFC012 was cloned into plJ12857, giving rise to plJ12859. Fi-
nally, the kanamycin resistance gene, neo, was cloned into the Xbal site of plJ12859. The
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neo gene (1.3 kb) was excised from pTC192-Km by digestion with Xbal and purified
from a 1% agarose gel and cloned into plJ12859, previously digested with the same
enzyme to yield plJ12851 (Map of vectors and details of the procedure in Figure Ap-
pendix D.10). However, no transformants were obtained after mobilisation of plJ12851
into S. leeuwenhoekii C34 by conjugation with E. coli ET12567/pUZ8002, therefore an
alternative plasmid was used to construct S. leeuwenhoekii strain M1653 (AcxmK::neo)
(see below).

2.3.4.2 Construction of plJ12850 and generation of S. leeuwenhoekii strain M1653
(AcxmK::neo)

Two DNA regions of about 1.7 kb that flank cxmK were cloned into the self-replicative
temperature sensitive vector, pPGM1190. This vector carries the acc(3)/V gene that confers
resistance to apramycin and which cannot replicate in Streptomyces at a temperature
above 34°C (Muth et al., 1989) (Figure 2.2A). Construction of plJ12850 (equivalent to
plJ12851) begun with the digestion of plJ12859 (see previous section) with Hindlll plus
BamHI to excise JFC010/JFC009-JFC011/JFCO012 fragment that contains the regions that
flank cxmK; digestion was supplemented with Clal to cleave the vector backbone since
this had a similar size to the excised fragment (about 3.4 kb each). The JFC010/JFC009-
JFC011/JFC012 fragment was purified from a 1% agarose gel and cloned into pGM1190
previously digested with HindIll and BamHlI, giving rise to pld12860. Finally, the kanamycin
resistance gene, neo (1.3 kb), was excised from pTC192-Km by digestion with Xbal and
purified from a 1% agarose gel and cloned into plJ12860, previously digested with the
same enzyme to yield plJ12850 (Map of vectors and details of the procedure in Figure
Appendix D.11).

plJ12850 was mobilised into S. leeuwenhoekii C34 by conjugation with E. coli
ET12567/pUZ8002/plJ12850; plates were incubated at 30 °C to ensure replication of
plJ12850 in S. leeuwenhoekii C34. The next day, plates were overlaid with kanamycin
and nalidixic acid and incubated at 30 °C. Once exconjugants were observed, they were
streaked out on SFM supplemented with kanamycin and incubated at 37 °C to promote
vector loss and therefore, growing colonies under these conditions must have the neo
gene integrated into the chromosome of S. leeuwenhoekii C34 by at least, one homolo-
gous recombination event. Twenty-four colonies that grew were cultivated on SFM plates
for spore stock preparation and used afterwards for a screening of double cross-overs
with the desired phenotype: kanamycin® and apramycin® (Figure 2.2A). Spores were
plated on SFM agar without antibiotics and incubated in parallel at 37 °C and 30 °C. After
7 days, plates were sequentially replica-plated first on DNA agar medium supplemented
with kanamycin and second on DNA agar with apramycin and incubated at 37 °C for one
day. The different phenotypes were expected to be: kanR/apra® if plJ12850 was still inte-
grated in the chromosome, no second cross-over event; kanS/apra® if a second
cross-over event excised plJ12850 from the chromosome followed by loss of the plasmid
at 37 °C or, kan®/apra® if a second cross-over event excised the plJ12850 backbone (los-
ing the apramycin resistance gene) while at the same time replacing cxmK with neo
leading to the mutant AcxmK::neo (Figure 2.2B). After replica-plating, one kan%/apra®
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Figure 2.2: Methodology used to construct S. leeuwenhoekii M1653 (AcxmK::neo). Description in the main
text.

colony was found (Figure 2.2C, indicated by the arrow). This candidate was streaked out
sequentially on SFM agar supplemented with kanamycin, SFM agar supplemented with
apramycin and SFM agar without antibiotic as control, and the kanf/apra® phenotype ex-
pected for the AcxmK::neo mutant was confirmed (Figure 2.2D). PCR analysis with
primers JFC032/JFC033 confirmed that the chosen clone had the expected amplicon
size for the replacement of cxmK with neo (Figure 2.2E); the PCR product was confirmed
by Sanger sequencing using the same primers; the bands obtained below 0.5 kb could
be either unspecific annealing of the primers or unspecific amplification. The resulting
mutant strain was called S. leeuwenhoekii M1653 (AcxmK::neo).

2.3.5 Complementation of S. leeuwenhoekii M1653 (AcxmK::neo)

2.3.5.1 Genetic complementation of strain M1653 with plJ12852
Gene cxmK was PCR-amplified from the genome of S. leeuwenhoekii C34 with primers

JFC026 and JFC034 (containing 5° Ndel and Hindlll sites, respectively). The PCR prod-
uct was blunt-end ligated into the pBluescript Il SK(+), previously digested with Smal to
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yield plJ12861. Sanger sequencing of plJ12861 with universal primers confirmed the se-
quence of cxmK. plJ12861 was subsequently digested with Ndel plus Hindlll and the
fragment containing cxmK was purified from a 1% agarose gel and cloned into plJ10257,
previously digested with the same restriction enzymes, giving rise to plJ12852 with cxmK
transcribed from the constitutive ermE™* promoter (Map in Figure Appendix D.9). plJ12852
was mobilised into S. leeuwenhoekii M1653, yielding strain M1654.

2.3.5.2 Chemical complementation of strain M1653 with AHBA

AHBA was purchased from Sigma (cat. no. PH011754). Stock solution of AHBA was pre-
pared in an Eppendorf tube by dissolving AHBA in DMSO. Liquid cultures of S. leeuwen-
hoekii C34 wild-type and M1653 were supplemented with 0.36 mM AHBA (final concentra-
tion in the flask) at 24 h after initiating the culture. After testing several concentrations and
times of addition, optimal results were obtained when adding AHBA to 0.36 mM, 24 h af-
ter inoculation, presumably coinciding with the production of the chaxamycin biosynthesis
enzymes and minimising AHBA degradation and/or catabolism (data not shown). Flasks
were incubated at 30 °C, stirred at 250 rpm for 72 h.

2.3.6 Bioassays

Bioassays using the supernatant of liquid cultures of Streptomyces strains were carried
out to test growth inhibition of Bacillus subtilis EC1524 (Institute for Food Research, Nor-
wich, UK) and Micrococcus luteus ATCC 4698 as an indirect indicator of chaxamycin
production.

2.3.6.1 Agar well diffusion method

General procedure for bioassays can be found in Appendix F.4. Briefly, melted LA medium
was kept at 40 °C and a seed culture of either B. subtilis or M. luteus was used to inoculate
the medium with 0.0125 of initial OD measured at 600 nm. The mixture was poured into
a Petri dish and allowed to dry. The back of a pipette tip was used to make wells on
the agar. These wells were filled with the supernatant of liquid cultures of Streptomyces
strains; plates were refrigerated at 4 °C for 45 min and then were incubated for 1 or 2 days
at 30 °C, with the surface facing upwards. A halo around a well indicates growth inhibition
of the microorganism.

A variant of the described bioassay was carried out to assess the susceptibility of
S. leeuwenhoekii C34 and S. coelicolor strains to chaxamycins. 1-108 spores of S. leeu-
wenhoekii C34 and S. coelicolor strains were spread with a cotton bud on SFM agar and
LA media. The back of a pipette tip was used to make wells on the agar. One-hundred
ml of supernatant of liquid culture of S. leeuwenhoekii C34 either wild-type (producer of
chaxamycins) or M1653 (deficient in production of chaxamycins) was concentrated at re-
duced pressure and resuspended in 5 ml methanol to achieve a 20 times concentrated
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supernatant solution. Each well was filled with 20 pl, 30 pl, 50 pl and 75 pl of this con-
centrated solution; 75 pl of methanol was used as control. Plates were refrigerated at 4
°C for 45 min and then were incubated for 1 or 2 days at 30 °C with the surface facing
upwards. A halo around a well indicates growth inhibition of the microorganism.

2.3.6.2 Agar diffusion method with paper filter discs

1-108 spores of S. leeuwenhoekii C34 and S. coelicolor strains were spread with a cot-
ton bud on SFM agar and LA media. Six mm diameter paper filter discs were placed
on the surface of the agar, which were hydrated with 10 pl of the supernatant of a cul-
ture of S. leeuwenhoekii either wild-type or M1653; modified ISP2 medium and 0.5 mg/ml
apramycin were used as controls. Plates were refrigerated at 4 °C for 45 min and then
were incubated for 1 or 2 days at 30 °C with the surface facing upwards. A halo around
the paper disc indicates growth inhibition of the microorganism.

2.3.7 Bioinformatic analysis

Analysis of the DNA sequences obtained from sequencing results were conducted using
the Staden Package (Staden et al., 1999) version 2.0.0b9 (http://staden.sourceforge.net).
Searches for nucleotide or protein sequences were performed using the BLAST program
(Altschul et al., 1997), at the NCBI web server (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Lo-
cal BLASTn or BLASTp against a database of genome/genes or proteins of S. leeuwen-
hoekii C34 was performed using NCBI package 2.2.26+ (Camacho et al., 2009) and Se-
guenceServer (Priyam et al., in preparation) on a MacBook Pro OS X version 10.7.5. Do-
BISCUIT (Database of BloSynthesis clusters CUrated and InTegrated; Ichikawa et al.,
2013) was used to obtain curated and annotated versions of ansamycin-type gene clus-
ters. Conserved protein domains were searched for in protein sequences using the NCBI’s
CDD Search (Marchler-Bauer et al., 2015) or the InterPro web servers (Mitchell et al.,
2015). Search for conserved protein motifs was aided by ScanPROSITE web server
(Sigrist et al., 2012).

2.3.8 Generation of illustrations
lllustrations of LC-MS/MS data were generated using Microsoft Office Suite. Drawings
of chemical structures were done in MarvinSketch version 6.2.0. Imaged version 1.47

(http://imagej.nih.gov/ij) and Inkscape version 0.91 (https://inkscape.org) were used to cre-
ate and edit drawings and illustrations.
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2.4 Results

2.4.1 The genome of S. leeuwenhoekii C34

De novo sequencing and assembly of the genome of S. leeuwenhoekii C34 gave rise
to one large contig of 7,903,895 bp (7.9 Mb), which represents the chromosome (NCBI
accession: LN831790.1). S. leeuwenhoekii C34 also carries two plasmids, the circular
pSLE1 (86 kb; NCBI accession: LN831788.1) and the linear pSLE2 (132 kb; NCBI ac-
cession: LN831789.1). The sequences of the chromosome and plasmids have been de-
posited in the European Nucleotide Archive (PRJEB8583). Analysis of the chromosome
revealed the presence of 6,712 predicted coding sequences and several potential biosyn-
thesis gene clusters scattered along it (Razmilic et al., in preparation). In spite of the error
rate of 12.86% reported for PacBio technology (Quail et al., 2012), accuracy higher than
99% was obtained for the genome sequence of S. leeuwenhoekii C34 when corrected the
PacBio assembly with the lllumina reads. All details about the assembly and curation of
the genome sequence of S. leeuwenhoekii C34 are beyond of the scope of this Chapter
and can be found in Gomez-Escribano et al., 2015.

2.4.2 Bioinformatic identification of the chaxamycin biosynthesis
gene cluster in the genome of S. leeuwenhoekii C34

According to Rateb et al. (2011a), chaxamycins are synthesised by a type | PKS. Our
analysis indicated that the PKS that synthesises chaxamycin A consist of one Loading
Module, followed by 10 extensor modules (Figure 2.3). Usually, ansamycin-type biosyn-
thesis gene clusters span a contiguous region of the DNA that comprises genes devoted
to the biosynthesis of AHBA (the precursor molecule of ansamycins), enzymes for post-
synthetic modifications, regulatory proteins, antibiotic exporter and the PKS genes (Kang

Module 5

2 Module 6

OH

Module 4

OH Module 7
Module 3

Module 1,5 H  Module 10

OH O
Loading Module

Figure 2.3: Biosynthetic origin of each extender unit present in chaxamycin A. Each extender unit was
coloured and accompanied by the module that adds that extender unit: AHBA (green); malonyl-CoA (or-
ange); (2S)-methylmalonyl-CoA (blue). The numbers represent the position of the carbons in the molecule
(Rateb et al., 2011a). Solid wedge indicates bond or group is projecting out towards the viewer; dashed
wedge indicates bond or group is projecting away from the viewer; a line indicates that the bond is in the
same plane.
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Figure 2.4: Proposed chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34.

et al., 2012). This information will be used to identify the chaxamycin biosynthesis gene
cluster or cxm of S. leeuwenhoekii C34.

The enzyme AHBA synthase plays an important role in the biosynthesis of AHBA
(Floss et al., 2011). The genome of S. leeuwenhoekii C34 contains only one gene that
encodes for an AHBA synthase (sle_10250) whose nucleotide sequence coincides with
that previously identified in this microorganism (NCBI accession FR839674.1; Rateb et al.,
2011a). sle_10250, named cxmK, was found in a DNA region of the chromosome that in-
cluded other seven genes devoted to the biosynthesis of AHBA (cxmG, cxmH, cxml, cxmL,
cxmM, cxmN and cxmJ), as well as five genes that encode for PKS subunits (cxmA, cxmB,
cxmC, cxmD and cxmE), one amide synthase (cxmF), two regulatory proteins (cxmY and
cxmZ), three cytochromes P450 (cxm4, cxm22 and cxmZ23), one acyltransferase (cxm20),
one methyltransferase (cxm24), among others (Figure 2.4). These genes are part of the
proposed chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34, whose func-
tion, as well as those homologues found in the rifamycin biosynthesis gene cluster of in
A. mediterranei, are listed in Table 2.1.

The organisation of the domains encoded in each subunit of the predicted PKS corre-
sponds to a modular type | PKS whose number of modules is 11, consistent with the
number of modules predicted for the biosynthesis of chaxamycin A (Table 2.1). The
Loading Module found in cxmA shared high similarity with the Loading Module of other
ansamycin-type PKSs that use AHBA as substrate (DoBISCUIT accession): ansamitocin
(Ansam_00270; 64% identity), geldanamycin (Gelda2_00080; 68% identity), herbimycin
A (Herb_00170; 69% identity), rubradirin (Rubra_00070; 70% identity) and rifamycin
(Rifam_00210; 79% identity). Hence, it is likely that the Loading Module of CxmA recog-
nises AHBA as substrate, supporting the hypothesis that this PKS is responsible for the
synthesis of chaxamycins.

Table 2.1: Proposed chaxamycin biosynthesis gene cluster and protein function. Names have been as-
signed as far as possible according to predicted functional homology to the rifamycin gene cluster (see also
Table Appendix H.1).

Sle_ Cxm Amino  Rifamycin Proposed function in chaxamycin biosynthesis?
number name acids homologue'

Sle_10390 Cxm1 138 Small hypothetical protein

Sle_10380 CxmS 327 RifS NADH-dependent oxidoreductase

Sle_10370 CxmT 323 RifT NADH-dependent dehydrogenase

Sle_10360 Cxm4 397 Orf0 Cytochrome P450
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Table 2.1: Continued. Proposed chaxamycin biosynthesis gene cluster and protein function.

Sle_ Cxm Amino  Rifamycin Proposed function in chaxamycin biosynthesis?

number name acids homologue'

Sle_10350 CxmA 5616 RifA Polyketide synthase (ModuleO: Aapga-kr-ACP; M1:
KS-ATmmai-dh-KR-ACP; M2: KS-ATma-dh-ACP; M3:
KS-AT mmai-kr-ACP)

Sle_10340 CxmB 5363 RifB Polyketide synthase (M4: KS-AT nma-DH-KR-ACP; M5:
KS-ATmmai-dh-KR-ACP; M6: KS-ATnma-dh-KR-ACP-
ACP)

Sle_10330 CxmC 1820 RifC Polyketide synthase (M7: KS-AT mma-dh-KR-ACP)

Sle_10320 CxmD 1773 RifD Polyketide synthase (M8: KS-AT mma-dh-KR-ACP)

Sle_10300 CxmE 3488 RifE Polyketide synthase (M9: KS-AT 4-DH-KR-ACP; M10:
KS-AT,a-DH-KR-ACP)

Sle_10290 CxmF* 269 RifF Polyketide release and ansa-ring formation: Amide
synthase

Sle_10280 CxmG® 368 RifG AHBA synthesis: AminoDHQ synthase

Sle_10270 CxmH® 406 RifH AHBA synthesis: AminoDAHP synthase

Sle_10260 Cxml® 268 Rifl AHBA synthesis: AminoQ dehydrogenase

Sle_10250 CxmK® 386 RifK AHBA synthesis: Aminotransferase/AHBA synthase

Sle_10240 CxmL® 358 RifL AHBA synthesis: Oxidoreductase

Sle_10230 CxmM3 232 RifM AHBA synthesis: Phosphatase

Sle_10220 CxmN® 307 RifN AHBA synthesis: D-kanosamine kinase

Sle_10210 Cxm18 295 Orf11 Flavin-dependent oxidoreductase

Sle_10200 Cxm19 533 Orf19 Naphthalene ring formation: FAD dependent-
monooxygenase;  3-(3-hydroxylphenyl) propionate
hydroxylase

Sle_10190 Cxm20 402 Orf20 Tailoring: O-Acyltransferase (chaxamycin D)

Sle_10180 Cxm21 63 Ferredoxin

Sle_10170 Cxm22 393 Orf4 Cytochrome P450 monooxygenase

Sle_10160 Cxm23 418 Orf5 and Tailoring: Cytochrome P450 monooxygenase (hydrox-

Orf13 yfuran of chaxamycin D)

Sle_10150 Cxm24 355 Tailoring: Methyltransferase, SAM-dependent (not ho-
molog of Orf14)

Sle_10120 CxmY 433 Transcriptional regulator (C-terminus DNA-binding do-
main found in the NarL/FixJ response regulator family)

Sle_10110 CxmZz 246 Transcriptional regulator. Atypical response regulator
of OmpR/PhoB family

Sle_10100 CxmJ® 168 RifJ AHBA synthesis: AminoDHQ dehydratase

' Rifamycin gene cluster from A. mediterranei S699 (AF040570.3).

2 Based on Pfam motif search and homology to rifamycin biosynthesis proteins. PKS domains (found with
NCBI CDD Search; Marchler-Bauer et al., 2015).
3 Genes that encode for enzymes needed for AHBA biosynthesis (Yu et al., 2001).
4 According to Yu et al. (1999).

The delimitation of the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34
was defined based on synteny analysis with other related ansamycin-type biosynthesis
gene clusters such as, the shared saliniketal/rifamycin biosynthesis gene cluster (sare) of
Sal. arenicola CNS-205, naphthomycin biosynthesis gene cluster (nat) of Streptomyces
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sp. CS and rifamycin biosynthesis gene cluster (rif) of A. mediterranei (Figure Appendix
H.1; Table Appendix H.1). The right end of the chaxamycin biosynthesis gene cluster
was defined as cxmJ that encodes for an aminoDHQ dehydratase, enzyme necessary for
AHBA biosynthesis. cxmJ was found separated from the rest of the AHBA synthesis genes
(Table 2.1, Figure 2.4), which seems to be common in other ansamycin-type biosynthesis
gene clusters (Kang et al., 2012; Floss and Yu, 1999). Downstream to cxmdJ there were no
other genes of S. leeuwenhoekii C34 that share homology to others present in ansamycin-
type biosynthesis gene clusters, nor others that could be needed to explain chaxamycin
biosynthesis.

Initially, the left end of the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii
C34 was defined as cxmS (sle_10380), which encodes for a putative NADH-dependent
oxidoreductase, similar to those of sare of Sal. arenicola CNS-205 (sare_1242) and rif
of A. mediterranei S699 (rifS) (Figure Appendix H.1). However, upstream to cxmS there
is a region of eleven genes (sle_10460-sle _10560; orange genes in Figure 2.5) highly
similar to those genes that participate in the biosynthesis of hopanoids, like in S. sca-
bies 87.22 (scab_12881—-scab 13001, excluding scab_12921; Seipke and Loria, 2009),
S. coelicolor A3(2) (sco6759—sco6771, excluding sco6761; Poralla et al., 2000), S. aver-
mitilis MA_4680 (sav_1643—sav_1654, excluding sav_1647) and in other streptomycetes.

The DNA region of 8,748 bp that is between cxmS and the hopanoid biosynthesis
cluster encodes for seven genes, with no obvious function to include them as part of the
chaxamycin biosynthesis gene cluster (white genes in Figure 2.5). Four of these seven
genes encoded highly conserved proteins with homologues in S. coelicolor: Sle_10450,
Sle_10430, Sle_10420 and Sle_10400 are homologous to Sco6772, Sco6773, Sco6774
and Sco6776, respectively. The gene sle 10390 encodes for a hypothetical protein lo-
cated immediately upstream to cxmS, which seems to be translationally coupled to cxmS;
upstream to sle_10390 there is an intergenic region of 721 bp that separates it from the
next gene upstream, sle_10400. Therefore, sle 10390 was selected as a probable candi-
date to be the left end of the chaxamycin biosynthesis gene cluster and named cxm1.

Thus, the proposed chaxamycin biosynthesis gene cluster spans a region of 80.2 kb,
from nt position 1,210,347 to 1,290,550, and comprises 27 genes.
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Figure 2.5: Identification of the left end of the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii
C34.
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2.4.3 Analysis of reading frame-shifts in the nucleotide sequence of
the chaxamycin biosynthesis gene cluster

Previously, the genome region that encodes for a PKS subunit, cxmD, was split into two
coding sequences that showed an unusual architecture of the PKS domains. Surprisingly,
there was a short DNA region of 1,162 bp in cxmD, whose sequence was only obtained by
means of PacBio sequencing and not by lllumina nor 454 sequencing. The analysis of the
GC Frame Plot (Bibb et al., 1984) of this DNA region in Artemis (Rutherford et al., 2000)
suggested that there was at least one frame-shift within it. Primer pair JFC036/JFC037
were used for the amplification and Sanger sequencing of this region (covering nt position
1,243,010 to 1,244,712), whose result indicated that two guanines were not present in the
PacBio sequence (positions 1,244,233 and 1,244,266). The incorporation of these two
nucleotides into the consensus sequence solved the frame-shift, giving rise to one open
reading frame, cxmD (Table 2.1). The missing guanines were located in two regions that
contained four consecutive guanines and, in fact, PacBio tends to omit sequence of a C or
G in homopolymeric runs of three or more Cs or Gs (Gomez-Escribano et al., 2015). Here
the problem was clearly due to sequencing errors.

The nucleotide sequence of the chaxamycin biosynthesis gene cluster encodes for
two fragments of putative type Il thioesterase proteins that were initially named CxmR
(Sle_10140) and CxmR2 (Sle_10130) due to their similarity with portions of the type Il
thioesterase of A. mediterranei S699, RifR (Figure 2.6A). RifR is a 259 amino acid type
Il thioesterase that is encoded in the rif biosynthesis gene cluster, and whose function is
to preferentially hydrolyse aberrant polyketide intermediates over natural polyketide build-
ing blocks. Knock-out of the rifR gene resulted in a significant decrease in the rifamycin
production yield, but it is not essential for rifamycin biosynthesis (Claxton et al., 2009).

Comparison of RifR with CxmR and CxmR2 indicated that the catalytic residue histidine
was only present in CxmR2, whereas the catalytic residues serine and aspartate were ab-
sent in both, CxmR and CxmR2, supporting the hypothesis that they are fragments of
a type Il thioesterase (Figure 2.6A). cxmR and cxmRZ2 are located between cxm24 and
cxmY (nt position 1,214,234 to 1,215,238), region that also encodes for two other parts of
a type Il thioesterase (Figure 2.6B). The amplification and Sanger sequencing of this DNA
region with primers JFC053/JFC054 demonstrated that the sequence obtained matched
perfectly with the published genome of S. leeuwenhoekii C34. This strongly suggests that
possible errors in the PacBio-lllumina assembled DNA sequence can certainly be ruled
out and that there exist frame-shift mutations, that resulted in a non-functional type Il
thioesterase. The genome of S. leeuwenhoekii C34 encodes for a homologue to RifR
elsewhere in the genome: Sle_22920 (NCBI accession: CQR61753), a cadicidin biosyn-
thesis thioesterase that contains the full esterase lipase domain (GrsT CDD accession:
C0OG3208), and shares 56% identity with RifR. However, whether this or another enzyme
plays an editing role in chaxamycin polyketide synthesis remains to be determined.

This part of the study gave rise to a manually edited sequence of the chaxamycin
biosynthesis gene cluster that allowed all further bioinformatic analysis.
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Figure 2.6: Identification of esterase lipase domains present in a region of the chaxamycin biosynthesis
gene cluster that encodes for a broken type Il thioesterase. (A) Alignment of two fragments of putative type Il
thioesterases found in the chaxamycin biosynthesis gene cluster: CxmR (Sle_10140, 85 amino acids; NCBI
accession: CQR60477) and CxmR2 (Sle_10130, 53 amino acids; NCBI accession: CQR60476). RifR, a
functional type |l thioesterase of A. mediterranei S699 was used as control (NCBI accession: AAG52991;
Claxton et al., 2009). Amino acids in orange and in green indicate the regions where CxmR and CxmR2 align
within the sequence of RifR, respectively. The serine (in motif GxSxG), histidine (in motif GGHF(F/Y)L) and
aspartate residues of the catalytic triad are indicated with red stars (Claxton et al., 2009). Conserved motifs
are shown contained in red boxes. (B) Identification of the esterase lipase domain (GrsT; CDD accession:
COG3208) encoded within nt position 1,214,234 to 1,215,238. Portions of the GrsT domain, including CxmR
and CxmRz2 (indicated by the arrows), are in different reading frames and contained in red boxes.

2.4.4 Bioinformatic analysis of the PKS of the chaxamycin biosyn-
thesis gene cluster

Bioinformatic analysis of the amino acid sequence of the proposed chaxamycin PKS was
carried out to correlate its predicted domain architecture with the chemical structure of
chaxamycin A (Figure 2.3), as a final validation. The prediction of the domains with CDD
Search at NCBI (Marchler-Bauer et al., 2015) suggested that the PKS of the chaxam-
ycin biosynthesis gene cluster comprises 11 modules, encoded in five modular type |
PKS genes that synthesise the chaxamycin polyketide chain in a co-linear fashion, which
means that the polyketide is elongated in series, module after module (Figure 2.7).
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Figure 2.7: Domain architecture of the PKS found in the putative chaxamycin biosynthesis gene clus-
ter. Conserved domains were predicted with the CDD Search at NCBI (Marchler-Bauer et al., 2015). Domain
written in lower case indicates that the domain should be inactive.

2.4.41 Sequence-based assessment of the functionality of domains present in the
chaxamycin PKS

ACP domains harbour the 4’-phosphopantetheine prosthetic group that shuttles extender
units and polyketide intermediates from one module to the following one. A serine residue
harbours the 4’-phosphopantetheine prosthetic group attachment site and the presence
of this serine residue is indicative of normal functionality of ACP domains. Each module
of the chaxamycin PKS contains an ACP domain and have the conserved residue serine,
indicating that they would be active domains (Figure Appendix H.3). Interestingly, Module
6 of CxmB harbours two consecutive ACP domains in the C-terminus of that module (Fig-
ure 2.7). This is not a common feature of bacterial type | PKS, and analysis of the genome
sequence indicated that the second ACP domain is not a product of a sequencing error.

AT domains select the appropriate acyl-CoA substrate and catalyse its loading onto
the ACP domain. Substrate specificity of an AT domain can be predicted based on the
presence of signatures in its amino acid sequence, for example AT domains that recognise
malonyl-CoA as substrate contain motifs GHS(I/V)G and HAFH while those that recognise
(2S)-methylmalonyl-CoA contain motifs GHSQG and YASH. Also, presence of the catalytic
residues serine and histidine in the first and second motif, respectively, are diagnostic that
that AT domain would be active (Keatinge-Clay, 2012).

The chaxamycin PKS possesses 11 modules. One of them, the Loading Module, con-
tains an A domain that is commonly found in NRPS. This A domain would be involved in
the recognition of the AHBA starting molecule, since alignment with homologues to this
domain, also present in the Loading Module of other ansamycin-type biosynthesis gene
clusters that recognise AHBA as substrate, revealed a high percentage of identity and
the presence of motifs usually found in A domains, like the AMP-binding motif (PROSITE
accession: PS00455) and the conserved ATPase motif composed by residues threonine-
glycine-aspartate (Huang et al., 2001) (alignment in Figure Appendix H.7).

Modules 1 to 10 contain one AT domain each. All of them possess the catalytic residues
serine and histidine in both motifs, as evidence of functionality (Table 2.2). Modules 1 and
Modules 3 to 8 contain the GHSQG and YASH motifs, suggesting that they recognise
(25)-methylmalonyl-CoA as substrate, while Modules 2, 9 and 10 contain the GHSVG
and HAFH motifs, indicating substrate preference for malonyl-CoA. The substrate speci-
ficity predicted for each AT domain was consistent with the actual extender molecule that
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Table 2.2: Prediction of substrate specificity of AT domains in the chaxamycin PKS.

AT Signature I’ Signature II”  Predicted substrate specificity ~Extender unit incorporated in
module chaxamycin A molecule
1 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
2 GHSVG HAFH Malonyl-CoA Malonyl-CoA

3 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
4 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
5 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
6 GHSQG YASH (25)-Methylmalonyl-CoA (25)-Methylmalonyl-CoA
7 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
8 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
9 GHSVG HAFH Malonyl-CoA Malonyl-CoA

10 GHSVG HAFH Malonyl-CoA Malonyl-CoA

If Signature | and Il are GHS(I/V)G and HAFH, then AT recognises malonyl-CoA as substrate; if Signature |
and Il are GHSQG and YASH, then AT recognise (2S)-methylmalonyl-CoA as substrate. Catalytic residues
are in bold.

" Based on Keatinge-Clay, 2012 (Keatinge-Clay, 2012).

is incorporated by each module of the chaxamycin PKS, according to the structure of
chaxamycin A (Table 2.2).

KS domains catalyse the extension of the polyketide chain through the formation of
carbon-carbon bonds between an extender unit and a polyketide intermediate by means
of Claisen condensation (Keatinge-Clay, 2012). The presence of the residue cysteine in
the conserved motif TACSSS and histidine in both EAHGTG and KSNIGHT maotifs in-
dicate that a KS domain is functional (Keatinge-Clay, 2012; Fernandez-Moreno et al.,
1992). Alignment of the amino acid sequences of KS domains in the chaxamycin PKS
indicated that all KS domains were functional (Figure H.4).

DH domains catalyse the dehydration of the -hydroxyl group in polyketide intermedi-
ate, leaving an unsaturation in the a,B position (Keatinge-Clay, 2012). The amino acid
sequence of an active DH domain contains the conserved motifs HxxxGxxxxP and
D(A/V)(V/A)(A/L)(Q/H), whose respective histidine and aspartate residue, are part of the
active site (Valenzano et al.,, 2010). The structure of chaxamycin A contains double
bonds at positions C-12-C-29, C-19—-C18 and C-17-C16, indicative of dehydration and,
therefore, DH of Modules 4, 9 and 10 should be active domains (Figure 2.3). Indeed, the
amino acid sequence of DH of Modules 4, 9 and 10 of the chaxamycin PKS contain the
conserved motif DAALH and the conserved catalytic residue histidine in the HxxxGxxxxP
motif, although the DH domain of Module 9 has the proline residue substituted by alanine
(Figure Appendix H.5).

The presence of both KR and DH domains in Modules 1, 5, 6, 7 and 8 might indicate
that the B-ketone group of the respective polyketide intermediate would be reduced and
dehydrated, with double bonds observed in the structure of chaxamycin A. However, the
presence of hydroxyl groups in the structure of chaxamycin A at positions C-8, C-27, C-
25, C-23 and C-21 is indicative that the DH of those Modules should be inactive domains
(Figure 2.3). In fact, DH domain of Module 1 has the catalytic residue histidine mutated
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to glutamine in the motif HxxxGxxxxP and lacks motif D(A/V)(V/A)(A/L)(Q/H), whereas
DH domain of Module 2 lacks both conserved motifs (Figure Appendix H.5). DH domains
from Modules 5 and 8, also predicted to be non-functional, are shorter than the rest of
the DH domains and do not contain the motif D(A/V)(V/A)(A/L)(Q/H); thus, despite having
the conserved histidine residue in the active site they lack the catalytic dyad. Surprisingly
the DH domains of Modules 6 and 7 contain both active-site motifs, and we presume that
there are other mutations that result in their inactivity (Figure Appendix H.5).

KR domains reduce the B-keto group in polyketide intermediates using NADPH as re-
ducing power (Keatinge-Clay, 2012, 2007). Three diagnostic regions of the KR domains
indicate whether this domain is reductase-active or reductase-inactive. Reductase-active
KR domains should contain the NADPH binding site, which includes three conserved re-
gions: a GxGxxG motif, a Swap linker and a WGxW motif (Garg et al., 2014). Alignment of
the amino acid sequences of KR domains present in the chaxamycin PKS suggests that
the KR of the Loading Module should be inactive, since the two second conserved glycine
residue were missing in the GxGxxG motif, and it lacks the second motif WGxW (Figure
Appendix H.6). In addition, KR of module 3 lacks the second conserved glycine residue in
the GxGxxG motif and the glycine residue in WGxW (Figure Appendix H.6). Reductase-
inactivity predicted for KR for the Loading Module and Module 3 is consistent with the
structure of chaxamycin A.

Thus, sequence-based assessments of the substrate specificity and functionality of
domains present in each module of the analysed PKS strongly suggest that this PKS is
involved in the biosynthesis of chaxamycins in S. leeuwenhoekii C34.

2.4.5 Heterologous expression of the chaxamycin biosynthesis gene
cluster in S. coelicolor strain M1152

A PAC genomic library of S. leeuwenhoekii C34 was built in pESAC13 and screened for
the predicted ends of the proposed chaxamycin biosynthesis gene cluster. The screening
of the library was carried out with primer pairs JFC022/JFC023 that amplify a fragment
of 439 bp located 3.1 kb upstream to cxm1 and JFC024/JFC025 that amplify a fragment
of 340 bp located within cxmdJ. One PAC clone was obtained after the screening, it con-
tains the proposed chaxamycin biosynthesis gene cluster (80.2 kb) as part of a longer
insert of genomic DNA of 145 kb. This clone was assigned as 2-11L and named plJ12853
(verification of the screening process in Figure Appendix H.2).

S. coelicolor M1152 is a derivative of strain M145 that has the biosynthesis gene clus-
ters for actinorhodin, prodiginines, type | polyketide CPK and calcium dependent antibiotic
biosynthesis deleted in its genome, thus removing competition for building blocks. In ad-
dition, M1152 has a point mutation in the rpoB[C1298T] gene that confers resistance to
rifampicin and that pleiotropically increases the level of secondary metabolites produc-
tion (Gomez-Escribano and Bibb, 2011). S. coelicolor M1152 was used as a recipient of
the plasmid plJ12853 that integrates into the ®C31 attB site of its genome, giving rise to
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strain M1650. Liquid culture of S. coelicolor M1650 in R3 medium was carried out to verify
whether it produces chaxamycins or not; liquid culture of M1152 in R3 medium was used
as negative control while S. leeuwenhoekii C34 wild-type strain cultivated in modified ISP2
medium was used as positive control.

LC-MS/MS analysis of samples taken from culture of S. coelicolor M1650 (seventh day)
demonstrates that it produced all chaxamycin species. Analysis of the EIC indicates that
the retention times of chaxamycins A—D detected in the supernatant of the liquid culture
of S. coelicolor M1650 coincide with those observed for chaxamycins A—C standards and
chaxamycins A—D detected in the supernatant of liquid culture of S. leeuwenhoekii C34
(EIC in Figure 2.8A, C and D). As expected, no chaxamycins were detected in S. coelicolor
M1152, the negative control (EIC in Figure 2.8B). To rule out that chaxamycin production
by S. coelicolor M1650 was due to an unlikely cross-contamination of the culture with
S. leeuwenhoekii C34 wild-type strain, assessment of the purity of the culture and ver-
ification of the 16S rRNA gene sequence was carried out; the results demonstrate that
chaxamycins were solely produced by S. coelicolor M1650 (Figure Appendix H.9).
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Figure 2.8: Heterologous production of chaxamycins A-D in S. coelicolor M1650. EIC and MS/MS frag-
mentation patterns are shown for each chaxamycin species detected. (A) S. coelicolor strain M1650 (M1152
containing plJ12853); (B) S. coelicolor M1152 (negative control); (C) chaxamycin A, B and C standards; (D)
S. leeuwenhoekii C34 wild-type strain. Chaxamycin A m/z 638.29 [M — H]~; chaxamycin B m/z 622.29
[M — HJ~; chaxamycin C m/z 654.29 [M — H]~; chaxamycin D m/z 682.29 [M — H]".
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The fragmentation pattern of the chaxamycin A, C and D ions detected in liquid cul-
ture of S. coelicolor M1650 coincide with the fragmentation pattern of the corresponding
chaxamycin A, C and D standard ions and with those found in a liquid culture of S. leeu-
wenhoekii C34 (MS/MS in Figure 2.8A, C and D). Several fragment ions were not found
in the MS/MS analysis of chaxamycin B (MS/MS in Figure 2.8B), in fact only two fragment
ions coincide with those found in chaxamycin B standard. Low production of chaxamycin
B by S. coelicolor M1650 may explain this.

Chaxamycin production by S. coelicolor M1650 was assessed in three different media:
TSB:YEME (50:50 vol%), R3 and modified ISP2 (Figure 2.9). S. coelicolor M1650 was
able to produce chaxamycin in both R3 and TSB-YEME liquid media after 5 days of in-
cubation at 30 °C, but no production was detected when using the S. leeuwenhoekii C34
chaxamycin production medium, modified ISP2. As expected, no chaxamycin production
was detected in the supernatant of liquid culture of S. coelicolor M1152, the negative con-
trol (Figure 2.9A).

Agar well diffusion bioassays against B. subtilis and M. luteus using the supernatant of
S. coelicolor M1650 and M1152 were carried out to correlate growth inhibition zones with
the presence of chaxamycins. As expected, growth inhibition zones were readily observed
with the supernatant of S. coelicolor M1650 cultivated in both R3 medium and TSB:YEME
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Figure 2.9: Assessment of chaxamycin production by S. coelicolor M1650 in different culture media and
agar well diffusion bioassays against Bacillus subtilis and Micrococcus luteus. (A) EIC for chaxamycins A—D
detected in the supernatant of liquid cultures of S. coelicolor M1650 (I) and S. coelicolor M1152 (ll, negative
control), cultivated in TSB-YEME (50:50 vol%) medium (a), R3 medium (b) and modified ISP2 medium
(c). Only chaxamycins A—C standards were available. Supernatants were also used to assess its bioactivity
against (B) B. subtilis and (C) M. luteus; carbenicillin 10 pg/ml (+) was used as positive control; growth
inhibition zones of B. subtilis and M. luteus were observed only when the supernatant of S. coelicolor
M1650 cultivated in TSB:YEME (la) and R3 (Ib) media was used, which is correlated with the presence
of chaxamycins observed in the EICs. Chaxamycin A m/z 638.29 [M — H]~; chaxamycin B m/z 622.29
[M — H]~; chaxamycin C m/z 654.29 [M — H]~; chaxamycin D m/z 682.29 [M — H]".
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medium, in which chaxamycins were detected, while no growth inhibition zones were ob-
served when using the supernatant of S. coelicolor M1152, negative control (Figure 2.9B
and C). Zones of inhibition were bigger when using the supernatant of S. coelicolor M1650
cultivated in TSB-YEME. This observation could be explained because chaxamycin D
has the strongest antibacterial activity among chaxamycins (Rateb et al., 2011a), and its
production was 10 times higher when S. coelicolor M1650 was cultivated in TSB-YEME
medium than in R3 medium.

2.4.6 Deletion of AHBA synthase gene (cxmK) of S. leeuwenhoekii
C34 and chemical complementation

Biosynthesis of ansamycin polyketides begins when the AHBA starting molecule is incor-
porated into the Loading Module of the PKS (Floss et al., 2011). AHBA is synthesised by
a specialised pathway that includes the enzyme AHBA synthase, which catalyses both
the transamination of UDP-3-keto-a-D-glucose at an early stage of the pathway and the
final aromatization of aminoDHS to AHBA, being essential for AHBA biosynthesis (Kang
etal., 2012). The genome of S. leeuwenhoekii C34 harbours one copy of that gene, cxmK,
which is located within the chaxamycin biosynthesis gene cluster. Its deletion in S. leeu-
wenhoekii C34 was performed to demonstrate that this gene is essential for chaxamycin
biosynthesis.

The deletion of cxmK gene was carried out by replacement with the kanamycin re-
sistance gene, neo, through double-crossover recombination, giving rise to S. leeuwen-
hoekii strain M1653. LC-MS/MS analysis of the samples taken from a culture of M1653 in
modified ISP2 medium resulted in the complete abolition of chaxamycin production (Fig-
ure 2.10A). To conclude that the abolition of chaxamycin production was solely due to
its inability to produce AHBA, because of the deletion of the cxmK gene, in trans ge-
netic complementation of S. leeuwenhoekii M1653 with plJ12852 was carried out, yield-
ing strain M1654. plJ12852 carries the gene cxmK with the constitutive ermE™ promoter
driving its transcription. However, no chaxamycins were detected in the supernatant of a
culture of S. leeuwenhoekii M1654 in modified ISP2 medium, therefore plJ12852 failed to
complement the AcxmK mutant (data not shown). Polar effects on the expression of other
AHBA biosynthesis genes located downstream to cxmK, due to the insertion of neo gene,
could explain this failure.

A second attempt to complement M1653 was by supplementing 0.36 mM of commercial
AHBA to a liquid culture of this strain in modified ISP2 medium. This led to a restoration of
the production of all chaxamycin species, as detected by LC-MS/MS (Figure 2.10B). Frag-
mentation pattern of chaxamycins A—D ions coincide with those found in the purified stan-
dards and S. leeuwenhoekii C34 wild-type (Figure 2.8C and D, respectively).

This result demonstrates that the cxmK gene is essential for the biosynthesis of AHBA
and chaxamycins A-D, being a further evidence that the chaxamycin biosynthesis gene
cluster was identified in S. leeuwenhoekii C34.
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Figure 2.10: Chemical complementation of S. leeuwenhoekii M1653 (AcxmK::neo) with AHBA. EIC and
MS/MS fragmentation patterns are shown for each chaxamycin species detected. (A) S. leeuwenhoekii
M1653; (B) S. leeuwenhoekii M1653 supplemented with 0.36 mM AHBA. Chaxamycin A m/z 638.29
[M — HJ7; chaxamycin B m/z 622.29 [M — H]~; chaxamycin C m/z 654.29 [M — H]~; chaxamycin D m/z
682.29 [M — H]".

2.4.7 Assessment of sensitivity of S. leeuwenhoekii C34 and
S. coelicolor strains to the presence of chaxamycins

The sensitivity of S. leeuwenhoekii C34 and S. coelicolor strains to the presence of chax-
amycins was tested using both the unconcentrated and concentrated supernatants of lig-
uid cultures of the chaxamycin producer, S. leeuwenhoekii C34 wild-type, and the non-
producer, S. leeuwenhoekii M1653. Liquid cultures were used due to the low availability
of chaxamycin standards.

Agar diffusion bioassays with paper filter discs were carried out using 10 pl of the un-
concentrated supernatant of a liquid culture of S. leeuwenhoekii C34 wild-type and M1653
strains, for assessing growth inhibition of a lawn of cells of S. leeuwenhoekii C34 wild-
type, S. leeuwenhoekii M1653 (AcxmK), S. coelicolor M1650, S. coelicolor M1152 and
M. luteus (Figure 2.11). Both, S. leeuwenhoekii C34 wild-type and M1653 growing on LA
medium presented very small growth inhibition zones when the supernatant of S. leeuwen-
hoekii C34 wild-type (that contains chaxamycins) was applied on the paper filter disc. This
was not observed when the supernatant of M1653 (that does not contain chaxamycins)
was used. After the third day, the diameter of those inhibition zones decreased, suggest-
ing that the presence of chaxamycins might be exerting inhibition of the early vegetative
growth that is overcame at latter growth stages. In the case of S. coelicolor strains, the
early vegetative growth was not affected by the presence of chaxamycins. This could
be explained because both S. coelicolor M1650 and M1152 contain a point mutation in
rpoB[C1298T] gene that confers resistance to rifampicin, a compound structurally related
to chaxamycins.

Growth inhibition zones of M. luteus were observed only when the supernatant of
S. leeuwenhoekii C34 wild-type was applied on the paper filter disc and not with the su-
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2. 48 h supernatant S. leeuwenhoekii C34 in modified ISP2

3. Modified ISP2 medium
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M. luteus

Figure 2.11: Agar diffusion bioassays with paper filter discs to test the sensitivity of S. leeuwenhoekii C34
and S. coelicolor strains to the presence of chaxamycins in supernatants of liquid culture (48 h) of S. leeu-
wenhoekii C34 wild-type and M1653. Lawns of cells were cultivated on either LA or SFM agar medium. Pa-
per filter discs were hydrated with 10 pl of: 1 = supernatant of S. leeuwenhoekii M1653; 2 = supernatant
of S. leeuwenhoekii C34 wild-type; 3 = modified ISP2 medium (negative control); 4 = 0.5 mg/ml apramycin
(positive control).

pernatant of M1653, which strongly suggests that the presence of chaxamycins A—D pro-
duced those inhibition zones. However, it cannot be ruled out that the presence of other an-
tibiotics produced by S. leeuwenhoekii C34, such as hygromycin A, 5"-dihydrohygromycin
A, chaxalactin A—C could be contributing to the growth inhibition zones observed.

A second agar well diffusion bioassays complemented the results showed above. Dif-
ferent volumes of 20 times concentrated supernatant (72 h) of either S. leeuwenhoekii C34
wild-type or M1653 were used to assess growth inhibition of a lawn of cells of S. leeuwen-
hoekii C34, S. leeuwenhoekii M1653 (AcxmK), S. coelicolor M1650, S. coelicolor M1152
and M. luteus (Figure 2.12). In general, the size of the inhibition zones observed when
using concentrated supernatant of S. leeuwenhoekii C34 wild-type were slightly larger
compared to those when concentrated supernatant of M1653 was used (Figure 2.12A). S.
leeuwenhoekii strains seemed to be more susceptible to inhibition by the concentrated
supernatant at earlier stages (second day) compared to the fourth day of cultivation on
SFM, since a decrease in the diameter of the inhibition zone was observed. S. coeli-
color strains appeared equally sensitive to both concentrated supernatants, and therefore
it is unlikely that chaxamycins are exerting inhibition on those strains, which is also sup-
ported by the fact that S. coelicolor M1650 is capable of producing chaxamycins. Growth
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Figure 2.12: Agar well diffusion bioassay to assess of the sensitivity of S. leeuwenhoekii C34 and S. coeli-
color strains to the presence of chaxamycins in concentrated supernatants of liquid culture of S. leeuwen-
hoekii C34 wild-type and M1653. Lawns of cells were cultivated on either LA or SFM agar medium. (A)
Each well contains increasing volumes of 20 times concentrated supernatants of either S. leeuwenhoekii
C34 wild-type or M1653 (72 h): 1 =20 pl; 2 =30 pl; 3 =50 pl and 4 = 75 pl; C is a control well with 75 pl
of methanol. (B) Bioassay with 50 pl of (unconcentrated) supernatant of liquid culture (72 h) of S. leeuwen-
hoekii C34 wild-type and M1653, not concentrated. M. luteus was used as indicator microorganism. 50 pl of
100 pg/ml apramycin and modified ISP2 medium were used as positive and negative controls, respectively.

M. luteus

inhibition zones of M. luteus are much larger when using concentrated supernatant of
S. leeuwenhoekii C34 wild-type than with concentrated supernatant of M1653, which is
correlated with presence of chaxamycins. Another control bioassay was performed using
M. luteus and unconcentrated supernatants of S. leeuwenhoekii C34 wild-type and M1653
(the same supernatants that were subsequently concentrated). Growth of M. luteus was
largely inhibited by the supernatant of S. leeuwenhoekii C34 wild-type, whereas the su-
pernatant of M1653 inhibited growth of M. luteus to a lesser extent, since M1653 does not
produce chaxamycin (Figure 2.12B). Other compounds that potentially could be produced
by S. leeuwenhoekii M1653 like hygromycin A, 5"-dihydrohygromycin A, chaxalactin A—C
or another unknown compound could be exerting growth inhibition of M. luteus.

The presence of chaxamycins does not seem to affect normal growth of S. leeuwen-
hoekii C34 and S. coelicolor strains in latter stages of growth. The inhibition mechanism
of chaxamycins needs to be elucidated.
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2.5 Discussion

The chaxamycin biosynthesis gene cluster has been bioinformatically identified, cloned
and heterologously expressed in S. coelicolor M1152 which led to the heterologous pro-
duction of all chaxamycin species. In addition, deletion of the cxmK gene in S. leeu-
wenhoekii C34 led to the abolition of chaxamycin production, and its restoration was
achieved after feeding a liquid culture of the AcxmK mutant, S. leeuwenhoekii M1653,
with AHBA. This information will be used to propose a putative biosynthesis pathway for
chaxamycins A—-D (Figure 2.13).

2.5.1 Function of the genes present in the chaxamycin biosynthesis
gene cluster of S. leeuwenhoekii C34

The function of the genes present in the chaxamycin biosynthesis gene cluster of S. leeu-
wenhoekii C34 have been assigned based on similarities with those homologues located
in other ansamycin-type biosynthesis gene clusters such as the rif of A. mediterranei
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Figure 2.13: Proposed biosynthesis of chaxamycins A—D in S. leeuwenhoekii C34. New bonds formed are
highlighted in green. Domain in lower case indicates that that domain should be inactive. Numbers in some
molecules indicate position of carbon atoms.
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S699, sare of Sal. arenicola CNS-205 and nat of Streptomyces sp. CS. In the following
sections the biosynthesis of AHBA as well as the extension, release and cyclisation of the
polyketide chain that gives rise to chaxamycins A—D will be discussed.

2.5.1.1 Biosynthesis of AHBA

AHBA is the precursor molecule of ansamycin-type polyketides (Kang et al., 2012). In
A. mediteranei, AHBA is synthesised through the aminoshikimate pathway, which occurs
parallel to the shikimate pathway (Floss et al., 2011). The chaxamycin biosynthesis gene
cluster encodes for eight genes, cxmG, cxmH, cxml, cxmK, cxmL, cxmM, exmN and cxmdJ,
predicted to encode for the AHBA biosynthesis pathway. These genes share high homol-
ogy and organisation with rifG—N and rifJ of A. mediterranei S699, which have been
studied and most of them with function experimentally verified (Floss et al., 2011) (Ta-
ble 2.1). This will allow the proposition of AHBA biosynthesis in S. leeuwenhoekii C34
(Figure 2.14).

The first step towards AHBA biosynthesis is performed by an oxidoreductase, CxmL
(homologue to RiflL) that catalyses the conversion of UDP-a-D-glucose into UDP-3-keto-
o-D-glucose. The aminotransferase, AHBA synthase CxmK (homologue to RifK), trans-
fers a nitrogen group from glutamine to UDP-3-keto-a-D-glucose, yielding UDP-3-amino-
3-deoxy-a-D-glucose; the phosphatase, CxmM (homologue to RifM) uses UDP-3-amino-
3-deoxy-a-D-glucose as substrate to give rise to D-kanosamine. D-kanosamine plays an
important role in this pathway, since it carries the nitrogen atom that is incorporated in the
AHBA molecule (Guo and Frost, 2002). D-kanosamine is converted into D-kanosamine-6-
phosphate by the enzyme D-kanosamine kinase CxmN (homologue to RifN) (Floss et al.,
2011).

Transformation of D-kanosamine-6-phosphate into 1-deoxy-1-imino-D-erythrose 4--
phosphate is carried out by a transketolase, followed by an isomerase. However the
chaxamycin biosynthesis gene cluster does not appear to encode for a transketolase (Ta-
ble 2.1). The rifamycin biosynthesis gene cluster of A. mediterranei S699 possesses two
genes, rif15A and rif15B, which encode for the subunits of a transketolase enzyme. A
knock-out of rifi5AB lost the ability to produce rifamycin B but accumulated rifamycin SV
and S instead (Yuan et al., 2011); both rifamycin SV and S are synthesised from AHBA,
which implies that other housekeeping transketolase enzymes, located elsewhere in the
genome of A. mediterranei S699, could take over such function (Floss et al., 2011); in
trans over-expression of rif15AB restored rifamycin B production in the mutant (Yuan
et al., 2011). The shared rifamycin/saliniketal biosynthesis gene cluster of Sal. arenicola
encodes for two transketolase subunits, sare 1272 and sare 1273, whose deletion led to
the abolition of the synthesis of AHBA (Wilson et al., 2010), suggesting that Sare_1272
and Sare_1273 are essential in the biosynthesis of that molecule.

The genome of S. leeuwenhoekii C34 encodes for two subunits of a transketolase,
sle_09700 and sle_09710 that might fulfil this role. Those genes are located 47.4 kb to
the right of the chaxamycin biosynthesis gene cluster, but contained within the genome
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insert of 145 kb of plJ12853 (Table Appendix H.2, genes marked in red). sle_09700 and
sle_09710 are homologous to genes rif15A (74%) and rif15B (70%) of A. mediterranei
S699 and to sare 1272 (71%) and sare 1273 (71%) of Sal. arenicola CNS-205, respec-
tively. The cloning of the AHBA genes rifG—N and rifJ in other microorganisms, such as
S. coelicolor and E. coli has led to the heterologous production of AHBA, which suggests
that the transketolase step can be performed by an alternative enzyme encoded else-
where in the genome since none of the cloned genes (rifG—N and rifJ) possess such
transketolase activity (Yu et al., 2001; Floss et al., 2011; Yuan et al., 2011).

The compound 1-deoxy-1-imino-D-erythrose 4-phosphate is the substrate of the en-
zyme aminoDAHP synthase, CxmH (homologue to RifH) that produces aminoDAHP, which
is then converted into aminoDHQ by CxmG (homologue to RifG). CxmdJ, an aminoDHQ de-
hydratase (homologue to Rifd), converts aminoDHQ into aminoDHS, which is finally taken
up by AHBA synthase, CxmK to yield the final product AHBA (Floss et al., 2011). AHBA
is then loaded into the chaxamycin PKS to begin the extension of the polyketide chain.

Cxml is a homologue of Rifl, an aminoQ dehydrogenase that catalyses the conversion
of aminoDHQ to aminoQ, with no obvious role in AHBA biosynthesis. Deletion of rifl in
A. mediterranei led to the an increase of AHBA production, from 350-400 mg/I to 450-500
mg/l, thus a salvage function has been proposed for the enzyme (August et al., 1998; Yu
et al., 2001).
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Figure 2.14: Proposed biosynthesis of AHBA in S. leeuwenhoekii C34. Information based on similarities
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2.5.1.2 Extension of the polyketide chain by the PKS

The chaxamycin PKS is composed of five subunits: CxmA, CxmB, CxmC, CxmD and
CxmE (Figure 2.7). CxmA harbours the first three modules, including the Loading Module
in which the extension of the chaxamycin polyketide chain starts.

The Loading Module of CxmA is a NRPS-PKS interface that contains three protein
domains: an A domain, usually found in NRPS, a KR and an ACP. Adenylation domains
are commonly found in the loading module of the rapamycin PKS (Park et al., 2010) and
in ansamycin-type PKS, as in RifA of rif, NatA of nat, and others that also recognise
AHBA as substrate (Admiraal et al., 2001; Wu et al., 2011). Alignment of the amino acid
sequence of NRPS-like A domains indicated that the AMP-binding pocket and the ATPase
motifs, both essential for its functionality, are highly conserved in the A domain of CxmA
(Figure Appendix H.7), suggesting that it might work similarly to its homologue in RifA
(Figure 2.15).

The mechanism on how the A domain of RifA works has been described by Admiraal et
al. (2001). In the rifamycin biosynthesis, the loading module of the PKS activates the un-
protonated form of AHBA starting molecule, AHB, with ATP, yielding an AHB-AMP species
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Figure 2.15: Proposed mechanism for AHBA loading into the Loading Module of the chaxamycin PKS. This
Figure was adapted from the proposed mechanism for substrate loading in the Loading Module of the
rifamycin PKS (Admiraal et al., 2001, 2002). For simplicity, only the Loading Module and Module 1 of the
chaxamycin PKS are shown. Lower case indicates that the domain should be inactive. Details in the main
text.



that is then linked to an ACP domain, located next to the A domain in the Loading Module;
this mechanism is analogous to the activation and covalent attachment of amino acids in
canonical NRPS modules, which is independent of coenzyme A ligase (Admiraal et al.,
2001). The A domain of CxmA might carry out the activation of AHBA, similarly as it oc-
curs in RifA; in this case, the unprotonated form of AHBA would be activated by the A
domain using ATP and then the AHB-AMP species generated would be linked to the ACP
domain of the Loading Module (Figure 2.15A, B and C). The KR domain of the Loading
Module, also located the Loading Module of CxmA, is predicted as reductase-incompetent
because the GxGxxG motif is incomplete and the WGxW motif is absent; both are essen-
tial for binding NADPH, which confer reductase activity (Figure Appendix H.6).

The extension of the polyketide chain carries on in Module 1, which is located right
after the Loading Module and harbours protein domains KS, AT, DH, KR and ACP (Fig-
ure 2.13). The AT domain of Module 1 is predicted to recognise (2S)-methylmalonyl-CoA,
which is covalently bonded to a serine located in its active site (Figure 2.15E). Then the
thiol group of the 4’ phosphopantetheine prosthetic group present in ACP domain of Mod-
ule 1, attacks the methylmalonyl moiety, previously bonded to the AT domain, resulting in
its transfer to ACP domain (Figure 2.15F). In the next step, the AHB moiety bonded to the
ACP domain of the Loading Module is transferred to the KS domain of Module 1, reac-
tion catalysed by this KS domain (Figure 2.15D—G). Claisen condensation between the
methylmalonyl moiety bonded to the ACP domain of Module 1, and the AHB intermediate
linked to the KS of Module 1 results in the formation of a diketide polyketide intermediate,
reaction that releases CO, from the methylmalonyl moiety, which also inverts the orien-
tation of the a-substituent from L to D (Keatinge-Clay, 2012) (Figure 2.15G—H). Finally,
the KR domain of Module 1 catalyses the reduction of the B-ketone group, present in the
AHB moiety of the diketide, resulting in a B-hydroxyl group (Figure 2.15H). Analysis of the
amino acid sequence of the KR domain of Module 1 indicates that it belongs to B1—type
KR (Keatinge-Clay, 2007), which implies that the final orientation of the a-methyl and the
B-hydroxyl groups are D and D, respectively. However, there is no structural evidence of
this configuration in the chemical structure of chaxamycin A to confirm whether this predic-
tion is correct or not, since the stereochemistry of the a- and - chiral centres are probably
lost during the formation of the naphthalenic ring by Cxm19 (see below).

Incorporation of malonyl-CoA by Module 2 and (2S)-methylmalonyl-CoA by Module 3,
results in the formation of a triketide and tetraketide, respectively (Figure 2.13). In the case
of the triketide, the B-ketone remains intact, since Module 2 lacks a KR that could perform
this task; Module 3 harbours a KR domain that was predicted as inactive, because of the
absence of the tyrosine residue in the catalytic triad (Figure Appendix H.6). The formation
of the tetraketide might involve a change in the orientation of the a-methyl from L to D
(Keatinge-Clay, 2012); however, there is no evidence of this modification in the structure of
chaxamycin A that supports this prediction, probably because of the subsequent formation
of the naphthalenic ring by Cxm19 (see below).

In rifamycin biosynthesis, before the rifamycin-tetraketide enters Module 4 to yield a
pentaketide, it undergoes an enzymatic reaction catalysed by Rif-Orf19, a
3-(3-hydroxyphenyl)-propionate hydroxylase, that is responsible for the formation of the
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naphthoquinone ring (Xu et al., 2005). The biosynthesis of another ansamycin-type
polyketide, naphthomycin, also involves the formation of a naphthoquinone ring that has
been demonstrated to be carried out by Nat2, encoded in nat of Streptomyces sp. CS,
which is a homologue of Rif-Orf19 (Wu et al., 2011). This process occurs while the
polyketide chain is being synthesised, in between modules 3 and 4 of the respective PKS
(Floss and Yu, 1999; Yu et al., 1999). A mechanism for the formation of the naphtho-
quinone ring in rifamycin biosynthesis has been proposed by Floss et al. (1999). In the
first step, a p-hydroxylation of the benzene ring in the AHB moiety of the tetraketide leads
to oxidation to yield a quinone, then a cyclization step occurs by Michael addition to yield
the naphthoquinone ring. The chaxamycin biosynthesis gene cluster also encodes for
Cxm19, a homologue of Rif-Orf19 and Nat2, that might carry out a similar process in the
chaxamycin tetraketide, giving rise to a tetraketide that has the structure of a
naphthoquinone ring (Figure 2.13, see step carried out by Cxm19).

In the chaxamycin biosynthesis, the KS domain of Module 4 catalyses Claisen conden-
sation between the tetraketide modified by Cxm19 and the methylmalonyl moiety, previ-
ously loaded into the ACP of Module 4 to form a pentaketide. The KR domain of Module
4 reduces the B-ketone to hydroxyl, which is then dehydrated by DH of the same Module,
leaving a double bond in the B,y-position (Figure 2.13). The position of this unsaturation in
the chaxamycin pentaketide is atypical; commonly, after the dehydration process carried
out by a DH domain of a PKS, the double bond lies in the typical position between the a,3-
carbons of the polyketide intermediate (Keatinge-Clay, 2012). This atypical position has
also been found in other ansamycin-type polyketides such as rifamycins (Xu et al., 2005),
naphthomycins (Wu et al., 2011) and ansamitocins (Taft et al., 2009). Only in the case of
ansamitocins, the shift of two double-bonds from the typical a,3- to the atypical B,y-position
has been experimentally demonstrated that was carried out by the DH of module 3 of the
ansamitocin PKS (Taft et al., 2009). Another example comes from the rhizoxin PKS from
the endosymbiont bacteria Burkholderia rhizoxinica of the rice-seedling-blight fungus Rhi-
zopus microsporus (Kusebauch et al., 2010). Here, the DH of module 7 of the trans-AT
PKS introduces the unsaturation with concomitant shift of the double-bond from the «,p-
position to the B,y-position (B,y-dehydration), which was observed in the final structure of
rhizoxin. Thus, it seems that the atypical position of the double bond found in the chaxam-
ycins could be formed by the action of the DH domain of Module 4 on the pentaketide, but
it remains to be experimentally demonstrated.

The following steps towards the biosynthesis of the chaxamycin polyketide chain are
sequentially carried out by Modules 5 to 8 that incorporate (2S)-methylmalonyl-CoA units,
giving rise to intermediates from a hexaketide to a nonaketide, respectively. The KR
domain of each of these Modules performs the reduction of the B-ketone group to -
hydroxyl. No dehydration reaction would be performed in those Modules, since their DH
domains are predicted as inactive. The final step of the extension of the chaxamycin
polyketide chain is performed in CxmE that contains Modules 9 and 10. Those Modules
add malonyl-CoA units to form the decaketide and undecaketide, respectively, that con-
tain o,B-unsaturations incorporated by KR and DH domains present in their respective
Modules. Afterwards, the undecaketide is released and cyclised (Figure 2.13).
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2.5.1.3 Release and cyclisation of the chaxamycin polyketide chain

In rifamycin biosynthesis it has been demonstrated that the amide synthase RifF, encoded
in the gene rifF, is a chain-termination enzyme that performs the release of the polyketide
chain with the concomitant formation of an intramolecular amide bond between the amino-
group of the AHBA moiety and the carbon atom of the last malonyl moiety incorporated by
Module 10, to yield a cyclic compound called proansamycin X. Proansamycin X is the base
molecule for the biosynthesis of all rifamycins (Yu et al., 1999). Knock-out of rifF gene in
A. mediterranei S699 results in a mutant strain that no longer synthesizes rifamycin B,
but analysis of the organic extract revealed the presence of a series of linear rifamycin
polyketide chains, from the pentaketide to the decaketide intermediates (Yu et al., 1999).

The chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 encodes for an
amide synthase, CxmF, that shares 76% identity with RifF (NCBI accession:
AACO01715.1) and with other amide synthases such as, Sare_1251 of sare gene cluster
(72%; NCBI accession: ABV97156.1) and NatF of nat gene cluster (55%; NCBI acces-
sion: ADM46361). CxmF possesses a catalytic triad composed of cysteine, histidine and
aspartate that is very conserved across amide synthases of different microorganisms
(Figure Appendix H.8). Thus, it is proposed that CxmF catalyses the release and cyclisa-
tion of the undecaketide to form a new molecule called prochaxamycin that is thought to
be the base molecule of all chaxamycin species (Figure 2.13). Although the structure of
prochaxamycin has not been clearly identified through HPLC-MS of liquid cultures of
S. leeuwenhoekii C34, probably because it would be rapidly converted into other chax-
amycin species, it has been carefully deduced from the sequential biosynthesis of the
chaxamycin polyketide chain. Prochaxamycin would be equivalent to pronaphthomycin,
the base molecule of the naphthomycins (Wu et al., 2011) and to proansamycin X, the
base molecule of the rifamycins (Yu et al., 1999). In addition, prochaxamycin enables
postulation of how chaxamycins A—D are synthesised.

2.5.1.4 Biosynthesis of chaxamycin A, C and D

The biosynthesis of chaxamyicn A starts with the dehydrogenation of the prochaxamycin
molecule at the C-8 position that generates a new bond in the naphthoquinone ring (Fig-
ure 2.13, see dehydrogenation reaction), which is in agreement with the structures of
chaxamycin A and C. A similar dehydrogenation step has been proposed for the synthesis
of rifamycin W from proansamycin X, which has been experimentally demonstrated (Yu
et al., 1999).

Cxm24, a SAM-dependent methyltransferase (not homologue to Rif-Orf14), that is likely
to perform the methylation of prochaxamycin at the C-3 position, which yields the first
known product of this biosynthetic route, chaxamycin A (Figure 2.13, C-3-methylation in
chaxamycin A is indicated). The C-methylation of the naphthoquinone chromophore is
apparently unique to ansamycin biosynthesis (Kang et al., 2012) and it has only been
detected in streptovaricin C, an ansamycin polyketide derived from acetate, propionate,
methionine, and AHBA precursors (Staley and Rinehart, 1991). The biosynthetic origin of
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this methylation has been assumed to come from methionine, which was confirmed by
feeding with [methyl-'3C]methionine precursor. Unfortunately, the biosynthesis gene clus-
ter of streptovaricins has not been identified and therefore comparative analysis of the
putative chaxamycin methyltransferase, Cxm24, with the methyltransferase, possibly lo-
cated within the streptovaricin gene cluster, is not possible. Furthermore, the nat? gene of
the nat gene cluster encodes for a chlorinating enzyme that chlorinates naphthomycin E at
an equivalent position with respect to the C-3-methylation observed in chaxamycins A-D,
this suggests that the C-3 position of prochaxamycin (equivalent to position C-4 in AHBA
molecule) could be a target for chlorination to produce chlorinated unnatural chaxamycin
derivatives (Wu et al., 2011).

The biosynthesis of chaxamycin C is believed to occur by a hydroxylation in position
C-35 of chaxamycin A (Figure 2.13, C-35-hydroxylation in chaxamycin C is indicated). Al-
though the chaxamycin biosynthesis gene cluster has been identified, there is not a clear
candidate that could perform this reaction. In the case of rifamycin biosynthesis, rifamycin
W is formed after a series of reactions on proansamycin X, one of those involves an
hydroxylation at C-34a position, which is located at an equivalent position to the C-35 hy-
droxylation of chaxamycin A. Xu et al. (2005) postulate that the C-34a alcohol of rifamycin
W may be incorporated by a P450-dependent monooxygenases like rif0, however, muta-
tional analysis of this gene did not give a conclusive result. Alternatively, they propose that
this reaction could be taken over by a P450 enzyme with relaxed substrate specificity. The
chaxamycin biosynthesis gene cluster encodes for several cytochromes P450 that could
perform this reaction.

Chaxamycin C is proposed as the substrate for the biosynthesis of chaxamycin D.
cxm23 of the chaxamycin biosynthesis gene cluster encodes for a cytochrome P450
monooxygenase that is a homologue to rif-orf5 of the rif gene cluster. Rif-Orf5 has been
experimentally verified as responsible for the polyketide backbone rearrangement of ri-
famycin W that gives rise to DMDARS (Xu et al., 2005). DMDARS contains a hydroxyfuran
ring, the same type of structure that is observed in chaxamycin D. Thus, Cxm23 was pro-
posed as a candidate that, as its homologue Rif-Orf5, oxidatively cleavages C-12—-C-29
double of chaxamycin C that leads to a rearrangement of the polyketide that forms the ob-
served ketal structure in chaxamycin D (Figure 2.13, see rearrangement of C-6-oxygen,
C-11 and C-11-ketone, C-12 and C-29 of chaxamycin C and D).

The biosynthesis of chaxamycin D finishes with an O-acetylation at C-25. In the biosyn-
thesis of rifamycin B, the conversion of DMDARSV to DMRSV involves the O-acetylation
of C-25, which is catalysed by an acetyltransferase encoded in rif-orf20 and may use acyl-
CoA substrates such as, propionyl-CoA or acetyl-CoA (Xiong et al., 2005). Cxm20, an O-
acyltransferase, shares high homology with Rif-Orf20 and it was hypothesised to catalyse
the C-25-0O-acetylation to yield chaxamycin D (Figure 2.13, C-25-oxygen in chaxamycin
D).
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2.5.1.5 Biosynthesis of chaxamycin B

The biosynthesis of chaxamycin B is proposed as an alternate pathway to the biosynthe-
sis of the rest of the chaxamycins. This pathway involves a dehydration of the C-8-hydroxyl
group of prochaxamycin, followed by a C-3-methylation of the intermediate by Cxm24 to
finally yield chaxamycin B. This is an analogue processes to that proposed for the conver-
sion of pronaphthomycin into naphthomycin E in Streptomyces sp. CS. Pronaphthomycin,
which is equivalent to proansamycin X and prochaxamycin, is thought to undergo a de-
hydration step to give rise to naphthomycin E, a compound that is similar to chaxamycin
B. Even though no obvious gene that would encode for a dehydratase has been identified
either in the nat gene cluster or in the chaxamycin biosynthesis gene cluster of S. leeuwen-
hoekii C34, a dehydration step would be required for the aromatization of the naphthalene
ring to generate naphthomycin E (Wu et al., 2011); a similar process is thought to occur
in the biosynthesis of chaxamycin B.

2.5.2 Prediction of the stereocontrol applied by KR domains over the
chaxamycin polyketide intermediates

When a KR domain reduces the B-ketone group of a polyketide intermediate, it exerts ste-
reocontrol on both the a-substituent (if present) and B-hydroxyl groups of that intermediate
and, if there is no other modification (dehydration, for example), the stereocontrol applied
by the KR is likely to remain in the final structure of the molecule synthesised. Bioinfor-
matic studies on the amino acid sequences of KR domains of known stereocontrol have
shown that the presence or absence of certain fingerprints allow the prediction of the likely
stereocontrol exerted by KR domains over the a-substituent and B-hydroxyl groups of a
polyketide intermediate (Keatinge-Clay, 2007). In the case of chaxamycin A, stereocontrol
exerted by KR domains located in Modules 4 to 8 can be determined analysing substituent
groups bonded to C-20 to C-29 (Figure 2.3).

According to Keating-Clay (2012), KR domains can be classified as A—, B— or C—
type. A—type KR domains generate a B-hydroxyl group with L-orientation (S configura-
tion for the chiral B-carbon); those KR domains have a conserved a tryptophan residue
to exert this type of stereocontrol. B—type KR domains generate a B-hydroxyl group with
D-orientation (R configuration for the chiral B-carbon); they have a conserved leucine-
aspartate-aspartate (LDD) motif, the leucine is occasionally replaced by valine or isoleu-
cine, the first aspartate can be replaced by several residues but, the second aspartate is
strictly conserved. C—type KR domains are reductase-incompetent since they lack the ac-
tive tyrosine residue. If a KR domain operates on an a-substituted polyketide, it can be
further classified based on the orientation of the a-substituent of the product of the re-
duction: a-substituent in D-orientation, then 7 is appended; a-substituent in L-orientation,
then 2 is appended, which yields A1—, A2—, B1— or B2—type KR domains that operate on
o-substituted intermediates (Figure 2.16).

Importantly, if the intermediate is immediately processed by an active DH present in the
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Figure 2.16: Classification of KR domains of PKS according to the stereocontrol exerted on the B-ketone
group and a-substituent of a polyketide intermediate. Figure adapted from (Keatinge-Clay, 2007, 2012).

same module then the stereocontrol of the KR cannot be inferred (cryptic) from the struc-
ture of the molecule due to the formation of an unsaturation in the o,p-carbons of that inter-
mediate. In most cases, the orientation of the a-substituent is maintained (Keatinge-Clay,
2012), since there are a few examples in which DH domains catalyse the isomerisation of
the unsaturation, and the position of the double bond shifts from the typical a,3-carbons to
the atypical B,y-carbons (Kusebauch et al., 2010); furthermore, there is a report in which
an atypical DH performs the epimerisation of the a-substituent (Keatinge-Clay, 2012).

The structure of prochaxamycin (which was deduced from the structure of chaxamycin
A) was broken down into its intermediates and their chiral centres (a-carbon and -carbon)
were analysed in order to assess the type of stereocontrol exerted by the KR domains of
the chaxamycin PKS (Figure 2.17). The configurations of the chiral centres were assigned
by using CIP rules as in Keatinge-Clay, 2012 (Figure 2.17A, in B see column KR type). The
stereocontrol applied by the KR domain of Module 1 on the diketide is likely lost during the
formation of the naphthalenic ring and, therefore, is cryptic. The same occurs in the case
of the KR domain of Module 4, since the DH domain is active and therefore it modifies
the stereochemistry of the pentaketide. Cryptic stereocontrol of KR domains of Modules 9
and 10 was also observed, since they are accompanied by active DH domains.

The KR domain of Module 5 was classified as A1—type, since the configuration of B-C-
27 and a-C-26 in the hexaketide is S and R, respectively. The KR domain of Module 6 is
B2—type, since the configuration of B-C-25 is R and the a-C-24 is S. The KR domain of
Module 7 is A2—type, since the configuration of the B-C-23 is S and the a-C-22 is S. The
KR domain of Module 8 is B1—type, since the configuration of the 3-C-21 is R and the
a-C-20is R.

Keatinge-Clay (Keatinge-Clay, 2007) defined a protocol to predict A— or B—type KR do-
mains based on fingerprints present in their amino acid sequences (Figure 2.16B, exam-
ples are contained in a blue box). Alignment of the amino acid sequences of KR domains
of Modules 0, 1, 3, 4, 5, 6, 7, 8, 9 and 10 of the chaxamycin PKS was performed to assess
the predictability and usefulness of this method to predict stereocontrol of KR domains
using the structure of chaxamycin A as example (Figure 2.17B). The results of the align-
ments indicate that the KR in the Loading Module is predicted as inactive since it lacks
the main tyrosine residue (Figure 2.17B, Fingerprint 4) among others. The KR domain of
Module 3 has the tyrosine residue mutated to serine (Figure 2.17B, Fingerprint 4) and
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CxmE_KR-9  HTAGV GV I SSASGVEGSAGQGNMAAANA 1.  LDD;5.NoP B1 N.d*
CxmE_KR-10 HTAGVADAGYV | SSVSGVEMGAGSGSMATANA 1. No LDD; 2. No W A N.d.*
C Predicted
KR domain  LDD loop Catalytic region Fingerprint KR type KR type*
1 2 3 45
o 111 150] | 11
Rif_KR7 HTAGVFDA SSASS IFMGAGSGGNMAAANA 1.NoLDD;2.F; 3.S A A2
Rif_KR10 HTAGVPDA SSVSAVEMGAGSGSYAAANA 1.NolLDD;2.F; 3.S A A2
CxmB_KR-5 HTAGVLDA SSVSGVEMAAGSSGSYAAANA 1.NoLDD;2.F; 3.S A IXE
CxmC_KR-7 HTAGVFDA SSASSLELGAGSGGYAAANA 1.NolLDD;2.F; 3.S A N.d.
CxmE_KR-10 HTAGVADA SSVSGVEMGAGSIGSY¥ATANA 1.NolLDD;2.F; 3.8 A N.d.*

Figure 2.17: Prediction of the stereocontrol exerted by KR domains on the chiral centres of chaxamycin
polyketide intermediates based on amino acid fingerprints. (A) Chirality of the a-carbon and B-carbon of
the polyketide intermediates in the proposed biosynthesis of chaxamycins. The chirality was assigned us-
ing CIP rules as in Keatinge-Clay, 2012. For simplicity, intermediates synthesised by Modules 4 to 10 are
shown. One example of the positions of the a-carbon and B-carbon in a polyketide intermediate are shown
in the yellow box. (B) Location of amino acid fingerprints. Alignment of the amino acid sequences of the
LDD loop and the catalytic region of a KR domain were assessed to predict its stereocontrol. Bold numbers
on the top of the alignment indicate the position of the fingerprints as in Keatinge-Clay, 2007. KR domains
of known stereocontrol are contained in a blue box as an example: Ery2, KR of module 2 of erythromycin
PKS is A1—type; Amp1, KR of module 1 of amphotericin PKS is A2—type; Avel, KR of avermectin PKS is
B1—type; Ery1. KR of module 1 of erythromycin PKS is B2—type. (C) Alignment of amino acid sequences
of non-canonical A2—type KR domains, described for the rifamycin PKS (orange box), with KR domains
of Modules 5, 7 and 10 of the chaxamycin PKS. *KR type assigned according to experimental evidence;
"not possible to identify, stereochemistry is likely lost after the formation of the naphthalenic ring; 2not pos-
sible to identify, stereochemistry modified by the DH domain in Module 4; 3based on chemical structure of
prochaxamycin; “not possible to identify, stereochemistry is modified by the DH of Modules 9 and 10 on the
decaketide and undecaketide, respectively; Sstereocontrol determined experimentally (You et al., 2013).
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therefore both are predicted as a non-functional, C1—-type KR. This is consistent with the
known chemical structure of chaxamycin A.

The KR domain of Module 1 is thought to reduce the ketone group of the AHBA moiety
in the diketide. Fingerprint analysis classifies it as B1—-type, however, there is no evi-
dence in the structure of chaxamycin A to confirm this prediction, since the stereochem-
istry of the chiral centres are probably lost during the formation of the naphthalenic ring by
Cxm19. The KR domain of Module 8, on the other hand, is predicted as B1—type, since it
possesses the LDD motif (Figure 2.17B, Fingerprint 1) and no proline residue in Finger-
print 5 (Figure 2.17B). This is consistent with the stereochemistry of the nonaketide.

The stereochemistry of the a-substituent and the B-hydroxyl in the heptaketide in Mod-
ule 6 indicates that KR domain is B2—type, but the prediction based on fingerprints sug-
gested B1-type. Although the LDD motif of the KR domain of Module 6 is not fully con-
served, since it possesses the leucine residue mutated to phenylalanine, but the invariant
second aspartate residue is present in this motif to classify it as B—type KR (Figure 2.16B,
Fingerprint 1). This KR domain also lacks proline residue in Fingerprint 5 (Figure 2.17B)
and therefore it was predicted as B1—type, according to this methodology.

According to the stereochemistry of the chiral centres of the hexaketide and octaketide,
KR domains of Module 5 and 7 are A1— and A2—-type, respectively. The absence of the
second, and most important, aspartate residue in the LDD motif confirms that they could
be classified as A—type, but no other Fingerprints were present in their sequences for
further classifications.

In the case of the rifamycin PKS, the prediction of the stereocontrol based on finger-
prints of Rif—KR7 and Rif—KR10 was not conclusive (You et al., 2013). In the case of Rif
—KR?7, the configuration of the chiral centres in the rifamycin intermediate (octaketide) in-
dicates that the configuration of the a-carbon and B-carbon was S and S, respectively,
classifying it as A2—type. However, the prediction of stereocontrol of Rif—KR7 based on
fingerprints allows its classification as A—type, since it lacks the LDD motif (Figure 2.17C,
Fingerprint 1), but no tryptophan (Fingerprint 2) nor histidine (Fingerprint 3) residues were
found to conclude the final classification of this domain (Figure 2.17C). On the other
hand, Rif—-KR10 of the PKS was accompanied by an active DH, then its stereocontrol
is cryptic. Rif—-KR7 and Rif—-KR10 were experimentally validated as A2—type (chirality
of a-carbon was S and B-carbon was S), since they produced a (2S5,3S)-2-methyl-3-
hydroxypentanoyl-ACP (You et al., 2013). Alignment of the amino acid sequence of Rif
—KR7 and Rif—-KR10 with the KR domains of Modules 5, 7 and 10 of the chaxamycin
PKS revealed that all of them did not have the diagnostic tryptophan residue in Finger-
print 2 nor histidine residue in Fingerprint 3 and instead, they had a phenylalanine and
a serine residue, respectively (Figure 2.17C). In the case of the chaxamycin PKS, finger-
prints found in the KR domain of Module 7 are identical to those found in the A2—type
Rif—KR7, which makes plausible its classification as A2—type and also is consistent with
the stereochemistry observed in the ocatketide intermediate. According to the structure of
chaxamycin A, the stereocontrol of the KR domain of Modules 5 is A1—-type and the KR
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of Module 10 is cryptic. Fingerprints found in the amino acid sequences of KR domains of
Modules 5 and 10 were not identical to those found in Rif—=KR7 and Rif—KR10, therefore
it is not conclusive whether or not they belong to the A2—type KR domains based on their
amino acid sequences (Figure 2.17).

Thus the predictability of the rules currently available for assigning stereocontrol on
these particular KR domains seems not infallible and needs further analysis.

2.5.3 Transcriptional regulation of the chaxamycin biosynthesis
gene cluster

The chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 encodes for two puta-
tive transcriptional regulatory proteins, CxmY and CxmZ (Table 2.1). CxmY is a protein of
433 amino acids that only possesses a “helix-turn-helix” (HTH; Pfam accession: PF00196)
domain in the C-terminus and no other domain. Most protein members that harbour HTH
domains function as sequence-specific DNA binding domains, such as in the NarL/FixJ
RRs (Galperin, 2010). BLASTp analysis using the amino acid sequence of CxmY revealed
that it shares homology with Rif-Orf36 of A. mediterranei S699 (43%; AAS07758) and Orf5
of Streptomyces sp. CS, a transcriptional regulator located in the nat gene cluster (47%;
NCBI accession: ADM46353), both possess the HTH domain at the C-terminus of the pro-
tein, but their function in the biosynthesis of rifamycins and naphthomycins have not been
determined, and the role of CxmY in the chaxamycin biosynthesis needs to be elucidated.

CxmZ is another regulatory protein of 246 amino acids encoded in the chaxamycin
biosynthesis gene cluster that harbours two domains: a “winged HTH” domain in the C-
terminus (Trans_reg_C family; Pfam accession: PF00486), which is found in OmpR/PhoB
RRs (Galperin, 2010), and a “receiver domain” in the N-terminus (Receiver_domain fam-
ily; Pfam accession: PF00072), which is present in RRs that receives the signal from the
sensor partner in a two-component systems. The “receiver domain” of CxmZ is a homo-
logue to that present in histidine kinase two-component systems, however, the conserved
aspartate residue present in typical RRs such as in PhoP of S. coelicolor, is mutated to
serine in CxmZ (box | in Figure Appendix H.10). In addition, CxmZ does not possess the
threonine residue that is also present in typical RRs (box Ill in Figure Appendix H.10),
which implies that CxmZ is unlikely to be phosphorylated as typical RRs. Instead, it would
belong to atypical RRs, since it does not contain all the conserved amino acid residues to
be phosphorylated as a typical receiver domain (Liu et al., 2013). In addition, no sensory
histidine-kinase protein was found encoded near to the chaxamycin biosynthesis gene
cluster.

In principle, atypical RRs can be activated by binding to the end product or late biosyn-
thetic intermediates of secondary metabolites, such as antibiotics (Liu et al., 2013). CxmZ
shares homology with several atypical RRs that act as transcriptional activators in biosyn-
thesis gene clusters, such as JadR1 of the jadomycin biosynthesis gene cluster of S. ven-
ezuelae (41%; Wang et al., 2009); Aur1P of the auricin biosynthesis gene cluster of S. au-
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reofaciens (41%; Novakova et al., 2005); Lanl of the landomycin biosynthesis gene cluster
of S. cyanogenus and Lndl of the landomycin E biosynthesis gene cluster of S. globisporus
(39% and 38%, respectively; Rebets et al., 2008). Protein alignment of these sequences
can be found in Figure Appendix H.10. The regulatory role of CxmZ in the biosynthesis of
chaxamycins needs to be experimentally determined.

2.5.4 Immunity and export of chaxamycins in S. leeuwenhoekii C34
and S. coelicolor

2.5.4.1 Export of chaxamycins

S. leeuwenhoekii C34 and S. coelicolor strains have shown resistance to the presence of
chaxamycins in bioassays experiments (Figures 2.11 and 2.12). In addition, since S. leeu-
wenhoekii C34 is able to excrete chaxamycins A—D into the supernatant, it implies the
existence of an excretion system as occurs with the rifamycins in A. mediterranei S699
to avoid the accumulation of the antibiotic inside the cell. The rifamycin biosynthesis gene
cluster encodes for a transporter RifP that belongs to the major facilitator superfamily
(MFS) drug:H* antiporter, encoded in the rifP gene. Partial silencing of rifP using an anti-
sense cassette resulted in a 70% decrease in the extracellular level of rifamycin B (Absaldn
et al., 2007). The expression of MFS drug antiporters is tightly regulated by transcriptional
regulators (Kumar et al., 2013) and indeed, rifP is likely repressed by a TetR-like transcrip-
tional regulator encoded by rifQ, which is immediately downstream to it.

The chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 and plJ12853
do not possess a homologue to rifP. Homologues to RifP were searched for in the rest
of the genome of S. leeuwenhoekii C34 by BLASTp analysis. Two homologue proteins
to RifP were found, Sle 08130 (NCBI accession: CQR60276; 60% identical to RifP)
and Sle_37020 (NCBI accession: CQR63162; 62% identical to RifP), which are located
249,321 nt to the right and 3,092,516 nt to the left of the chaxamycin biosynthesis gene
cluster, respectively. Homologue to RifQ, the transcriptional regulator that accompanies
RifP, was also searched for by BLASTp and Sle_37030 was found with the highest ho-
mology (43% identity; NCBI accession: CQR63163); interestingly, sle_37030 was located
immediately downstream to sle 37020 (a homologue to rifP), suggesting that the sys-
tem Sle_37020-Sle_37030 could be more related to the excretion system RifP-RifQ of
A. mediterranei S699.

As S. coelicolor M1650 produces chaxamycins, since it carries plJ12853, it should
encode for a chaxamycin excretion system, also a homologue to RifP, elsewhere in its
genome. One homologue of RifP was found in the S. coelicolor A3(2) genome, Sco4024
(62% identity; NCBI accession: CAC32364), which is a putative integral membrane efflux
protein and, as well as Sle_37020 and Sle_08130, Sco4024 belongs to the MFS (Pfam
accession: PF07690). Sal. arenicola CNS-205 also encodes for a protein containing a
MFS domain, Sare 2597 (57% identical to RifP, 62% to Sle_08130, 58% to Sle_ 37020,
61% to Sco4024; NCBI accession: ABV98438) that also occurs outside the sare biosyn-
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thesis gene cluster. MFS possess 14 transmembrane domains (Kumar et al., 2013) and
indeed, 14 transmembrane domains were predicted from the secondary structure for all
of these proteins (Figure Appendix H.11)

2.5.4.2 Immunity to chaxamycins

Chaxamycins and rifamycins are structurally related antibiotics. Rifamycin B is able to
inhibit bacterial growth through strong binding to the B-subunit of the DNA-dependent
RNA polymerase, encoded by the rpoB gene. Only one copy of this gene was found in
the genome of A. mediterranei, which is located downstream to the right end of the ri-
famycin biosynthesis gene cluster (964 nt downstream to rif-orf36 or 2,805 nt downstream
to rifJ). This RpoB (Ames_0654) features five residues in the rif | region, known to con-
fer rifampicin-resistance to it and to several organisms that harbour some of these five
residues (Campbell et al., 2001): glutamine (Q432), threonine (T434), isoleucine (1437),
aspartate (D438) and asparagine (N447) (Figure 2.18A, residues highlighted in red). The
cloning of ames_0654 gene into the rifampicin-sensitive Mycobacterium smegmatis con-
ferred rifampicin-resistance to that microorganism. In addition, three point mutations were
separately introduced in the rpoB gene of Myco. tuberculosis, which is rifampicin sensi-
tive: D430Q (variant 1), S436D (variant 2), and S445N (variant 3). Each variant of the
rpoB gene was sufficient to confer rifampicin resistance to Myco. smegmatis (Floss and
Yu, 2005).

The genome of S. leeuwenhoekii C34 encodes for one RpoB, Sle_29840 (77% identi-
cal to Ames_0654), as well as S. coelicolor A3(2), Sco4654 (76% identical to
Ames _0654) and Salinispora arenicola CNS-205, Sare 4325 (78% identical to
Ames_0654). The RpoB of S. coelicolor A3(2) is rifampicin-sensitive, but less than most
bacterial RNA polymerases (Chater, 1974). This RpoB possesses mutations in amino
acid residues 432, 434, 437 and 438 (positions in Ames_0654) by aspartate, asparagine,
leucine and serine, respectively, that would confer the rifampicin-sensitive phenotype
(Figure 2.18A). These mutations were also found in the respective residues of the RpoB
of S. leeuwenhoekii C34 and in the RpoB of the rifamycin-producer Sal. arenicola
CNS-205, excluding threonine 434 (positions in Ames_0654) that is present in the later
organism. The residue asparagine 447 (position in Ames_0654) was conserved across
those RpoB, which alone has been found to confer resistance to Myco. smegmatis (Floss
and Yu, 2005) (Figure 2.18A). The RpoB of M. luteus has all of the diagnostic residues
(Figure 2.18A) mutated making this strain fully rifampicin-sensitive and also
chaxamycin-sensitive, which is correlated with agar well diffusion bioassays (Fig-
ure 2.18B). In S. leeuwenhoekii C34, rpoB (nt 3,577,583 and 3,581,068) lies 1.29 Mb
away from the chaxamycin gene cluster (nt 1,211,049 to 1,289,829), and its product does
not have all the amino acid residues required for resistance to rifamycin at the expected
positions (Figure 2.18), instead it possesses the same amino acids as S. coelicolor A3(2)
RpoB, which is sensitive to rifamycin (Chater, 1974). Thus, it seems unlikely that
chaxamycin may exert its antibiotic activity by binding to RpoB.
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Ames_0654 403 I TPQTLINIRPIGAAIKEFFGTSQLSQFMQQTNP |IDGLTHKRRLNALGPGGL SRERAGMEVRDVHPSH470
Sare_4325 380 I TPQTLINIRPVVAAIKEFFGTSQLSQFMDQTNPLAGL THRRRLNALGPGGL SRERAGFEVRDVHPSH447
Sco4654(M1152) 398 | TPQTL INIRPVVAS|IKEFFGTSQLSQFMDQNNPLLGLTHKRRLNALGPGGL SRERAGFEVRDVHPSH465
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Figure 2.18: Alignment of amino acid sequences of bacterial RNA polymerase B-subunit (RpoB) to show
the residues that confer resistance to rifampicin to Amycolatopsis mediterranei S699. (A) Five residues
of Amycolatopsis mediterranei RpoB (Ames_0654), glutamine (Q432), threonine (T434), isoleucine (1437),
aspartate (D438) and asparagine (N447) (highlighted in red) are present in the rif | region which confer
resistance to rifampicin to several organisms (Campbell et al., 2001). S. coelicolor strain M1152 and the
chaxamycin producer M1650 have the corresponding residue D438 mutated from serine to leucine, which
confers rifampicin-resistance (residue in green) (Gomez-Escribano and Bibb, 2011). Sequences of RpoB
were obtained from NCBI (accession): Ames_0654 of A. mediterranei S699 (Q9L637), Sco4654 of S. coeli-
color A3(2) (CAB77428), Sare_4325 of Salinispora arenicola CNS-205 (ABW00107), Mlut_17250 of Micro-
coccus luteus (ACS31212) and Sle_29840 of S. leeuwenhoekii C34 (CQR62445); sequence of Sco4654
[S433L] was manually mutated, as in Gomez-Escribano and Bibb, 2011. (B) Agar well diffusion bioassays
using M. luteus as indicator microorganism with chaxamycin A, B and C standards.

2.5.5 Genetic targets for metabolic engineering of S. leeuwenhoekii
C34 towards increasing chaxamycin production

Chaxamycins are basically made up of AHBA, malonyl-CoA and (2S)-methylmalonyl-CoA
precursor units. Its biosynthesis also incorporates a methyl group into the C-3 position
of the naphthoquinone ring, using L-methionine as substrate. In particular, chaxamycin D
possesses an O-acetylation at oxygen C-25, which probably comes from acetyl-CoA (or
propionyl-CoA) (Xiong et al., 2005). To increase chaxamycin biosynthesis, two possible
hosts for metabolic engineering could be considered. One is the native strain, which has
shown to be amenable to genetic engineering, grows fast and is easy to work with. A
second alternative is S. coelicolor M1650, a chaxamycin producer that has the entire
gene cluster integrated into its genome; this strain has broader range of tools for genetic
engineering and has a well-studied genetics. Targets for metabolic engineering will be
discussed for both cases as follows.

77


http://www.ncbi.nlm.nih.gov/protein/Q9L637
http://www.ncbi.nlm.nih.gov/protein/CAB77428
http://www.ncbi.nlm.nih.gov/protein/ABW00107
http://www.ncbi.nlm.nih.gov/protein/ACS31212
http://www.ncbi.nlm.nih.gov/protein/CQR62445

2.5.5.1 Overview of the metabolic pathways involved in supplying the precursor
molecules for chaxamycin biosynthesis

The biosynthesis of AHBA starts when UDP-a-D-glucose is converted, through several
enzymatic steps, into D-kanosamine (Guo and Frost, 2002). The pool of UDP-a-D-glucose
is generated from a-D-glucose-6-phosphate, an intermediate of glycolysis, by the en-
zyme Pgm that converts a-D-glucose-6-phosphate into a-D-glucose-1-phosphate, which
is subsequently converted into UDP-a-D-glucose by the enzyme GalU. In addition, D-
kanosamine biosynthesis requires availability of L-glutamine, which is generated by the
enzyme GInA that uses nitrogen sources from the intake of nitrate.

Other pathways are those related to the biosynthesis of malonyl-CoA and (2S)-methyl-
malonyl-CoA, the biosynthetic units needed for the assembly of the chaxamycin polyketide
chain. Acetyl-CoA is generated from pyruvate, at the end of glycolysis, and represents a
metabolic node that can divert carbon flux into malonyl-CoA, by the action of the enzyme
complex Aac, and/or to citrate by the enzyme GItA. Therefore, carbon flux should be chan-
nelled from the acetyl-CoA node towards malonyl-CoA and away from citrate to promote
the accumulation of malonyl-CoA intermediate in the cell, which can be achieved by over-
expressing acc genes in S. leeuwenhoekii C34. (2S)-methylmalonyl-CoA could be syn-
thesised by three pathways, including Pcc, Mct and Mcm-Mce pathways, being the later
the most relevant source of (2S)-methylmalonyl-CoA in A. mediterranei S699 (Shao et al.,
2015). In this Mcm-Mce pathway, Mcm converts succinyl-CoA into (2R)-methylmalonyl-
CoA in a reversible reaction and Mce epimerises (2R)-methylmalonyl-CoA molecule into
(25)-methylmalonyl-CoA, which is the substrate recognised by PKSs.

2.5.5.2 Proposition of genetic modifications of S. leeuwenhoekii C34 oriented to
increase chaxamycin production

To redirect the carbon flux from glycolysis into D-kanosamine biosynthesis, aiming at in-
creasing the availability of UDP-a-D-glucose, the over-expression of the gene sle 66460
that encodes for a Pgm is proposed. pgm gene from S. coelicolor (sco7443) was
over-expressed in S. argillaceus to enhance production of the mithramycin antitumoral
compound, but the increase in concentration of mithramycin was low (Zabala et al.,
2013). They attributed this result to a decrease in the availability of malonyl-CoA precur-
sors generated from glycolysis, which are needed for mithramycin biosynthesis. Zabala
et al. (2013) proposed four genetic mutations to circumvent this problem: i)
over-expression of the S. coelicolor pgm, ii) over-expression of the native acc gene, iii)
inactivation of the glucose pyrophosphorylase gene, glgCa, which uses
a-D-glucose-1-phosphate towards storage of carbohydrates, and iv) inactivation of the
acyl-CoA:diacylglycerol acyltransferase gene aftAa that drains acetyl-CoA precursors to
triacylglycerides. These mutations combined increased the concentration of mithramycin
4.7 times. Therefore, in addition to the over-expression of the pgm gene of S. leeuwen-
hoekii C34 (sle_66460), the deletion of the S. leeuwenhoekii C34 glgCa gene
(sle_07310) is proposed. The over-expression of the genes that encode for the
acetyl-CoA carboxylase subunits (acc) of S. leeuwenhoekii C34 (sle_4760, sle 44630
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and sle_27560) could be other candidates that might lead to increased chaxamycin pro-
duction. In fact, the over-expression of acc genes of S. coelicolor has led to a significant
increase in actinorhodin production in that microorganism (Ryu et al., 2006).

Two strategies have been carried out to modify Mcm genes of the Mcm-Mce pathway,
aiming at increasing the availability of (2S)-methylmalonyl-CoA, needed for the production
of either erythromycin or rifamycin in Sacc. erythraea and A. mediterranei S699, respec-
tively. Overproduction of erythromycin by Sacc. erythraea was achieved by duplicating
Mcm genes, mutA, mutB, meaB and mutR, complemented with cultivation of Sacc. ery-
thraea in an oil-based medium (Reeves et al., 2007). On the other hand, insertional dis-
ruption of the gene that encoded for the (2S)-methylmalonyl-CoA mutase large subunit
(mutB2 or ram_39870) in A. mediterranei S699 led to an unexpectedly high level of ri-
famycin B production, comparable to that obtained with the rifamycin B over-producer
strain HP-130 (HP-130 is not a parental strain of S699) (Peano et al., 2014). To increase
chaxamycin production in S. leeuwenhoekii C34, the disruption of mutB (sle _13030) could
be considered as a first approach.

Apart from the genetic targets proposed, the modification of the composition of the cul-
ture medium is another strategy whose objective is to modify the metabolism of S. leeu-
wenhoekii C34 to improve chaxamycin production. Comparison of expression of genes
involved in carbon and nitrogen metabolism in the rifamycin SV producer A. mediterranei
U32 showed that the presence of 80 mM KNO; in the growth medium (glucose 1.0%, tryp-
tone 0.2%, yeast extract 0.1%, beef extract 0.1%, glycerol 1.0%, w/v, pH 7.0) promoted
biosynthesis of rifamycin SV and up-regulation of genes involved in its biosynthesis, such
as those devoted to the production of UDP-a-D-glucose (gall), L-glutamine (g/nA), AHBA
(rifL, rifK, rifMN, rifH, rifG and rifJ), proansamycin X (rifABCDEF) and also those for nitrate
uptake (nasAC and nasBD). In turn, genes that encode for enzymes that drain precursors
like malonyl-CoA (fatty acid synthase, fas) or (2S)-methylmalonyl-CoA (methylmalonyl-
CoA mutase, mcm), were down-regulated (Shao et al., 2015). Thus, one possibility is to
modify the chaxamycin production medium, trying the addition of KNO; to evaluate differ-
ences in antibiotics production with the current chaxamycin production medium, modified
ISP2.

Duplication of the chaxamycin biosynthesis gene cluster in the genome of S. leeuwen-
hoekii C34 is also a possible strategy since the entire cluster is cloned in plJ12853 that
possess the insertional site of ®C31. Amplification of a biosynthesis gene cluster might
be a common mechanism leading to increased antibiotic production in industrial strains
(Yanai et al., 2006). In this process, the resistance genes are also duplicated when they
are located within the biosynthesis gene cluster, which leads to enhance antibiotic resis-
tance (Yanai et al., 2006; Olano et al., 2008). In the case of the chaxamycin biosynthesis
gene cluster of S. leeuwenhoekii C34, no obvious chaxamycin resistance determinants
were found within the chaxamycin biosynthesis gene cluster nor in plJ12853, but possi-
ble transporters that might be involved in the self-resistance of S. leeuwenhoekii C34 to
chaxamycins were found in its genome. The role of these transporters needs to be elu-
cidated to duplicate them for an increased antibiotic resistance when increased levels of
chaxamycins would be reached.
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Strategies towards increasing chaxamycin production just in the native strain are ori-
ented to the creation of the so-called “super hosts”, by deletion of entire gene clusters
that compete for precursors pools or by incorporating point mutations in the genome that
have a pleiotropic effect on levels of secondary metabolite production (Gomez-Escribano
and Bibb, 2011). One successful example was the development of a S. coelicolor su-
per host, which begun with the deletion of four main endogenous gene clusters and
then point mutations were introduced in its genome in both, RNA polymerase B-subunit,
rpoB gene ([C1298T] that confers resistance to rifampicin) and ribosomal protein S12,
rpsL gene ([A262@G] that confers resistance to streptomycin). The heterologous produc-
tion of chloramphenicol and congocidine revealed dramatic increases in antibiotic produc-
tion compared with the parental strain. Similar mutations in homologous S. leeuwenhoekii
C34 genes (sle_29840 and sle_29790, respectively) could be introduced for a possible
pleiotropic enhancement of chaxamycin production in S. leeuwenhoekii C34.

S. leeuwenhoekii C34 is known to produce desferrioxamine E, hygromycin A and chax-
alactins (Rateb et al., 2011a,b), bioinformatic analysis has led to the identification of the
locus of these putative biosynthesis pathways, which could be deleted by means of gene
replacement. We propose the deletion of the locus of the desferrioxamine E biosynthe-
sis cluster, which is between nt 5,237,176 to 5,244,356, spanning genes sle 44550 to
sle_44600. In addition, deletion of the hygromycin A biosynthesis gene cluster could also
be carried out. This cluster spans a DNA region from nt 160,425 to 189,028 that includes
genes sle_01610 to sle_01870. The chaxalactin biosynthesis gene cluster is a third can-
didate to be deleted; this is located between nt 7,146,903 to 7,227,608 and comprises
genes sle_61390 to sle_61480 (identification is described in Chapter 3). Although the
biosynthesis of chaxalactins directly competes for the precursors pools with the chaxam-
ycin biosynthesis gene cluster, chaxalactins are not detected in modified ISP2 medium
and therefore its deletion would not make a significant impact.

Metabolic engineering strategies are stepwise and labour-intense processes that need
a broad and careful evaluation of the targets to be modified in the microorganism. Com-
putational tools like genome-scale metabolic models have been very successful in aiding
the prediction of non-intuitive genetic targets that might lead to an increase in the produc-
tion of chaxamycins. Currently, a genome-scale metabolic of S. leeuwenhoekii C34 that
will include both primary and secondary metabolism is being developed (Razmilic et al.,
in preparation) and will become another tool to guide metabolic engineering strategies in
S. leeuwenhoekii C34.
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2.6 Conclusions

1. A genomic DNA region of 80.2 kb (nt 1,210,347 to 1,290,550), found by bioinformatic
means, contains 27 genes that support chaxamycins A—D biosynthesis in S. leeu-
wenhoekii C34.

2. The domain architecture of the PKS subunits: CxmA, CxmB, CxmC, CxmD and
CxmE, found in the 80.2 kb region, is consistent with the structure of chaxamycin A
and, therefore, is related to chaxamycin biosynthesis.

3. Heterologous production of all chaxamycin species, achieved after cloning plJ12853
into S. coelicolor M1152, confirms that the identified gene cluster is functional and
does encode chaxamycin biosynthesis.

4. Feeding with exogenous AHBA to S. leeuwenhoekii M1653, a mutant of the AHBA
synthase gene (AcxmK) that does not produce chaxamycins A—D, restores chax-
amycin production, confirms a role for cxmK in AHBA synthesis and provides further
evidence that the identified gene cluster encodes chaxamycin biosynthesis.
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Chapter 3

Identification of the putative locus of
the chaxalactin biosynthesis gene
cluster in the genome of Sitreptomyces
leeuwenhoekii C34

3.1 Abstract

A putative chaxalactin biosynthesis gene cluster has been identified in the genome of
S. leeuwenhoekii C34 by bioinformatic means. Genome mining analysis led to the iden-
tification of a region of genomic DNA that spanned 80.7 kb (nt 7,146,903 to 7,227,608)
and was comprised of 24 genes: five PKS subunits, named cxIA, cxIB, cxIC, cxID and
cxIE, whose predicted domains architecture matched perfectly with that needed to explain
chaxalactins biosynthesis. From the proposed polyketide chain extension, chaxalactin A
was postulated as the first product of this pathway, followed by chaxalactin B and chax-
alactin C. A cytochrome P450 encoding-gene was found transcriptionally coupled to cx/A,
which is thought to be part of the cluster and hence it was named cx/F. CxIF is an unusual
cytochrome P450 that has mutated the absolutely conserved cysteine residue to alanine
and has been hypothesised to perform the hydroxylation of chaxalactin A that gives rise
to chaxalactin B probably aided by two Rieske domain-containing enzymes encoded in
sle_61490 and sle_61500 genes. Two methyltransferases encoding-genes, sle_61390 or
sle_61510 were predicted as O-methyltransferases and related to the O-methylation of
chaxalactin B that gives rise to chaxalactin C. The participation of all these genes in the
biosynthesis of chaxalactins remains to be experimentally determined.
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3.2 Introduction

Chaxalactins A—C (Figure 3.1) are a rare class of 22-membered macrolactone polyke-
tides synthesised by Streptomyces leeuwenhoekii C34. Chaxalactins display, through an
unknown mechanism, selective antimicrobial activity against Gram-positive bacteria over
Gram-negative bacteria (Vibrio parahaemolyticus and Escherichia coli). Chaxalactin A
displayed high antimicrobial activity against Bacillus subtilis with MIC value of 0.2 pg/ml,
chaxalactin B displayed high antimicrobial activity against Listeria monocytogenes and
Staphylococcus aureus with MIC values of 5.0 pg/ml and 0.2 pg/ml, respectively, and
chaxalactin C displayed high antimicrobial activity against Staph. aureus with MIC value
of 0.8 pg/ml (Rateb et al., 2011Db).

The group of 22-membered macrolactone polyketides comprises several compounds
such as cytovaricin from Streptomyces sp. H-230 (Kihara et al., 1981), phthoramycin from
Streptomyces sp. WK-1875 (Omura et al., 1988), compound A82548A and yokonolide
from S. diastatochromogenes B59 (Hayashi et al., 2001), ushikulides A and B from Strep-
tomyces sp. IUK-102 (Takahashi et al., 2005), atacamycins A—C from S. leeuwenhoekii
C38 (Nachtigall et al., 2011), labilomycin (or pulvomycin) from Streptoverticillium moba-
raense Tu 1063 (Wolf et al., 1978), etnangiene from the myxobacteria Sorangium cellulo-
sum (Nett and Kénig, 2007) and difficidin from B. subtilis (Zweerink and Edison, 1987). In
particular, atacamycins are synthesised by a relative strain to the S. leeuwenhoekii clade,
also isolated from the Atacama Desert (Alan Bull, personal communication).

The biosynthesis of chaxalactins is believed to be carried out by a type | PKS, different
from that involved in the biosynthesis of chaxamycins (Rateb et al., 2011b). The chemi-
cal structure of chaxalactins indicates that the backbone of the molecule is composed of
eight acetate and four propionate units, without using any specialised starting unit such
as AHBA, needed for chaxamycin biosynthesis. Hence, different biosynthetic origins are
proposed for these polyketides. The importance of chaxalactins lies in their strong and
selective activity against Gram-positive bacteria but weak activity against Gram-negative
bacteria (Rateb et al., 2011b). The aim of this work is the identification of the locus of the
chaxalactin biosynthesis gene cluster in the genome of S. leeuwenhoekii C34, by bioinfor-
matic means. This would allow the proposition of genetic modifications in the native strain,
aiming at the experimental identification of the chaxalactin biosynthesis gene cluster.

B OH H
C OH CH3

OH

Figure 3.1: Chemical structures of chaxalactins A—C.
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3.3 Materials and methods

3.3.1 Sequencing of the genome of S. leeuwenhoekii C34

High-quality genomic DNA was isolated from S. leeuwenhoekii C34 using standard pro-
cedures (Appendix F.1.3). Sequencing of the genome of S. leeuwenhoekii C34 was car-
ried out using two technologies: lllumina MiSeq (Department of Biochemistry, University
of Cambridge, Cambridge, UK) and PacBio RS Il SMRT (The Genome Analysis Centre
(TGAC), Norwich Research Park, Norwich, UK). The full process describing the assem-
bling and manual curation process to generate a consensus sequence has been reported
elsewhere (Gomez-Escribano et al., 2015). The consensus sequence of the genome
was processed with Prodigal (Hyatt et al., 2010) to identify protein-coding sequences,
which was automatically annotated with BASys (Van Domselaar et al., 2005) web server
(https://www.basys.ca/). Analysis and curation of the consensus sequence was carried out
with Artemis (Rutherford et al., 2000). All genome mining analysis were performed using
this DNA sequence (accession number: LN831790).

3.3.2 Bioinformatic analysis

BLAST searches (Altschul et al.,, 1997) were performed at the NCBI server
(http://blast.ncbi.nim.nih.gov/Blast.cgi). Local BLASTn, BLASTp or RPS-BLAST, against
a database of genome/genes or proteins of S. leeuwenhoekii C34 was performed using
NCBI package 2.2.26+ (Camacho et al., 2009) and SequenceServer (Priyam et al., in
preparation) on a MacBook Pro OS X version 10.7.5. DoBISCUIT (Database of BloSyn-
thesis clusters CUrated and InTegrated; Ichikawa et al., 2013) was used to obtain curated
and annotated versions of macrolide gene clusters. Conserved protein domains were
searched for using the CDD Search at NCBI (Marchler-Bauer et al., 2015) or the InterPro
web servers (Mitchell et al., 2015). Search for conserved motifs was aided by
ScanPROSITE web server (Sigrist et al., 2012).

3.3.2.1 RPS-BLAST for finding PKS domains

Proteins of S. leeuwenhoekii C34 that encode for PKS domains were extensively searched
for in its genome by using RPS-BLAST (Marchler-Bauer et al., 2015). A database of
conserved protein domains was downloaded from the NCBI website (zipped file named
“cdd.tar.gz” of 3.79 Gb, unzipped 27 Gb; ftp:/ftp.ncbi.nih.gov/pub/mmdb/cdd). This file
contains Hidden Markov Models as position-specific scoring matrix for the extent of each
domain consensus sequence.

A list of conserved protein domains present in PKS was obtained using the amino
acid sequence of the subunits of the pikromycin PKS as model (DoBISCUIT accession:
pikromycin). Each amino acid sequence of the pikromycin PKS was used as query in the
CDD Search at NCBI website (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?). The
output of this search was a list with all the SMART domains (Letunic et al., 2015) present
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in the pikromycin PKS (accession): AT (SM00827), ACP (SM00823), DH (SM00826),
ER (SM00829), KR (SM00822), KS (SM00825) and TE (SM00824). A file with the list
of these conserved domains was created and named “PKS_CDD.pn” (Appendix 1.1). A
custom RPS-database was created using these domains with the NCBI package 2.2.26+
(Camacho et al., 2009). The database was used to perform RPS-BLAST through all pro-
teins encoded in the genome of S. leeuwenhoekii C34. A xml file with the results of the
RPS-BLAST analysis was parsed using an algorithm developed in Python programming
language version 2.7 (https://www.python.org/download/releases/2.7/) and the BioPython
package version 1.65 (http://biopython.org/wiki/Download). The code developed is de-
tailed in Appendix I.1. The result of the search was a list of PKS domain-containing pro-
teins of S. leeuwenhoekii C34.

3.3.3 Generation of illustrations
Drawings of chemical structures were done in MarvinSketch version 6.2.0. Imaged version

1.47 (http://imagej.nih.gov/ij) and Inkscape version 0.91 (https://inkscape.org) were used
to create and edit drawings and illustrations.
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3.4 Results

3.4.1 Bioinformatic identification of the chaxalactin biosynthesis
gene cluster in the genome of S. leeuwenhoekii C34

Chaxalactins A—C (Figure 3.1) are 22-membered macrolactone polyketides produced by
S. leeuwenhoekii C34. Chaxalactin A is made up by 12 building blocks, likely incorpo-
rated by a type | PKS composed by one Loading Module and 11 extensor Modules (Fig-
ure 3.2). The information derived from the structure of chaxalactin A will allow the identifi-
cation of a putative chaxalactin PKS in the genome of S. leeuwenhoekii C34.

The Loading Module of the chaxalactin PKS would be in charge of incorporating the
propionate starting unit, which is likely derived from (2S)-methylmalonyl-CoA (Dewick,
2009) (green bonds in Figure 3.2). Eight out of 11 Modules are predicted to incorporate
acetate units derived from malonyl-CoA (orange bonds in Figure 3.2), and another 3 Mod-
ules are predicted to incorporate propionate units derived from (2S)-methylmalonyl-CoA
(blue bonds in Figure 3.2). Interestingly, the structure of chaxalactin A reveals that the
hydroxyl-group from the malonyl-CoA unit introduced by Module 7 in position C-9, was
fully reduced (red arrow in Figure 3.2). This indicates that at least three cis-acting do-
mains: KR, DH and ER should be present in Module 8 of the chaxalactin PKS. In addition,
the macrolide ring observed in the structure of chaxalactin A is likely catalysed by a TE
domain that is usually located at the C-terminus of the last Module of the PKS (Staunton
and Weissman, 2001). Thus, a PKS composed by 12 modules was searched for in the
genome of S. leeuwenhoekii C34 by RPS-BLAST analysis.

Five genes homologous to PKSs were found encoded in the genome of S. leeuwen-
hoekii C34: sle_ 61410, sle_61430, sle_61440, sle_61450 and sle_61460. The protein do-
mains predicted from the amino-acid sequences of these PKS-encoding genes showed an

Module 10
28 Module 11

. Loading Module

% Module 2

%, 03
26 o4  OH
Module6  OH yoqyie 4
Module 5

Figure 3.2: Biosynthesis origin of each extender unit present in chaxalactin A. Each extender unit is high-
lighted and accompanied by the module that adds that extender unit: (2S)-methylmalonyl-CoA starting unit
(green); malonyl-CoA (orange); (2S)-methylmalonyl-CoA (blue). The numbers represent the position of the
carbons and oxygen atoms in the molecule; letters Z and E indicate the configuration of the double bonds
(Rateb et al., 2011b). The red arrow indicates that bond C-9 hydroxyl-group is completely reduced, suggest-
ing the action of an enoylreductase domain in Module 8. Solid wedge indicates bond or group is projecting
out towards the viewer; dashed wedge indicates bond or group is projecting away from the viewer; a line
indicates that the bond is in the same plane.
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Figure 3.3: Domain architecture of the PKS found in the putative chaxalactin biosynthesis gene cluster. Con-
served domains were predicted with the CDD Search at NCBI web server (Marchler-Bauer et al., 2015). KSq
indicates that the domain has a conserved cysteine mutated to glutamine.

architecture identical to a type | PKS with one Loading Module, 11 extensor Modules and a
TE domain in the C-terminus of the last PKS subunit, consistent with the modules needed
to explain the biosynthesis of chaxalactin A (Figure 3.3). Thus, the PKS subunits encoded
in the genes mentioned above were named (NCBI accession): CxIA (CQR65597), CxIB
(CQR65598), CxIC (CQR65599), CxID (CQR65600) and CxIE (CQR65601), respectively
(Table 3.1). In addition, Module 8 present in CxID included KR, DH and ER domains nec-
essary for the full reduction of the hydroxyl group observed in position C-9, confirming that
this PKS is highly likely to be in charge of the biosynthesis of chaxalactin A.

On the other hand, chaxalactins B and C are thought to be derived from chaxalactin
A. The structure of chaxalactin B suggests that it is a product of a tailoring reaction that
involves a hydroxylation at position C-14 of chaxalactin A. In turn, a C-13 O-methylation
reaction at O-4 position of chaxalactin B would give rise to chaxalactin C. Therefore, it
makes sense that genes encoding for a hydroxylase and a methyltransferase enzyme
should be present near the chaxalactin PKS of S. leeuwenhoekii C34. Indeed, upstream
to the putative chaxalactin PKS genes, the gene sle 61400 encodes for a cytochrome
P450 that seems to be transcriptionally coupled to cx/A. Cytochromes P450 are usually
involved in hydroxylation reactions (Podust and Sherman, 2012) and therefore it is plau-
sible that sle 61400 is part of the cluster. Thus, the product of that gene was named
CxIF (NCBI accession: CQR65596). Downstream to cx/E there are two genes (NCBI ac-
cession): sle 61490 (CQR65604) and sle 61500 (CQR65605) that encode for Rieske
non-haem iron oxygenases, also involved in hydroxylation reactions (Que and Tolman,
2008), which could also be part of the cluster (Table 3.1).

In addition, two genes that encode for methyliransferases were found in the surround-
ings of the PKS genes (NCBI accession): sle 61390 (CQR65595), located upstream
to CxIF, and sle_61510 (CQR65606), located downstream to the Rieske-containing pro-
teins (Figure 3.4; Table 3.1). Three transport systems were found near the chaxalactin
PKS: a drug/metabolite transporter permease (sle_61320; CQR65588) and two ABC

80.7 kb (nt position 7,146,903 to 7,227,608)

le_61270

sle_61280

sle_61290
sle_61300

|
;
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sle_61410 (cxIA) sle_61430 (cxIB) sle_61440 (cxIC) sle_61450 (cxID) sle_61460 (cxIE)

Kb [l Polyketide synthase [l Cytochrome P450 [ Oxygenase B Cyclase Transposase/
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Figure 3.4: Proposed chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.
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transporters: sle_ 61350 (CQR65591) and sle_61360 (CQR65592). The putative trans-
porter encoded in sle_61320 was accompanied by a TetR regulatory protein (sle_61310;
CQR65587), located 5,390 nt upstream to cx/F.

The limits of the chaxalactin biosynthesis gene cluster were assigned based on the
presence of the genes that encoded for the necessary enzymes to explain the biosynthe-
sis of chaxalactin A-C (Figure 3.4). Thus, sle 61270, that encodes for a nitronate
monoxygenase, was assigned as the left end and sle_61510, that encodes for a methyl-
transferase, was established as right end of the cluster, spanning a DNA region of 80.7
kb (nt 7,146,903 to 7,227,608). Within this area, there are genes that encode for en-

zymes devoted to polyketide synthesis, tailoring reactions and transport.

Table 3.1: Proposed chaxalactin biosynthesis gene cluster and gene function.

Sle_ Cxl Amino Proposed function in chaxalactin Homologue (% identity)?

number name' acids biosynthesis

Sle_61270 323 Nitronate monooxygenase WP_030609607 Streptomyces
fulvoviolaceus (89%)

Sle_61280 324 Metal-dependent hydrolase/cyclase WP_030532061 Prauserella
rugosa (77%)

Sle_61290 553 Acyl-CoA synthetase WP_030609588 Streptomyces
fulvoviolaceus (80%)

Sle_61300 519 Acyl-CoA synthetase WP_011209630 Nocardia
farcinica (69%)

Sle_61310 198 TetR transcriptional regulator WP_020942979 Streptomyces
collinus (86%)

Sle_61320 334 Drug/metabolite transporter permease WP_020942978 Strepfomyces
collinus (82%)

Sle_61330 116 Transposase WP_030700290 Streptomyces
griseus (92%)

Sle_61340 136 Transposase WP_030700291 Streptomyces
griseus (94%)

Sle_61350 305 Sugar ABC transporter permease WP_029150345 Microbac-
terium indicum (64%)

Sle_61360 308 Sugar ABC transporter permease WP_029150344 Microbac-
terium indicum (56%)

Sle_61370 122 Transposase WP_031156398 Streptomyces
xanthophaeus (85%)

Sle_61380 128 Transposase WP_031156395 Streptomyces
xanthophaeus (86%)

Sle_61390 265 Tailoring: methyltransferase, C-13 O- ACY01395 Streptomyces

methyltransferase (chaxalactin C) platensis  subsp. rosaceus

(39%)

Sle_61400 CxIF 433 Tailoring: Cytochrome P450, C-14 hy- WP_009947734 Saccha-

droxylase (chaxalactin B) ropolyspora erythraea (37%)
Sle_61410 CxIA 5,869 Polyketide synthase (Module0®: KSg- WP_020871222 Streptomyces

ATmma-ACP; M1:  KS-ATmq-DH-KR-
ACP; M2: KS-AT ma-KR-ACP; M3: KS-
AT ma-DH-KR-ACP)
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Sle_ Cxl Amino Proposed function in chaxalactin Homologue (% identity)?

number name' acids biosynthesis

Sle_61430 CxIB 3,293  Polyketide synthase (M4: KS-ATya- WP_020871222 Streptomyces
DH-KR-ACP; M5: KS-ATnq-KR-ACP)  rapamycinicus (53%)

Sle_ 61440 CxIC 3,294  Polyketide synthase (M6: KS-ATyma- WP_020866322 Streptomyces
KR-ACP; M7: KS-AT,a-DH-KR-ACP)  rapamycinicus (54%)

Sle 61450 CxID 3,788  Polyketide synthase (M8: KS-ATyma- WP_020871230 Streptomyces
DH-ER-KR-ACP; M9: KS-ATnq-DH-  rapamycinicus (53%)
KR-ACP)

Sle 61460 CxIE 3,652  Polyketide synthase (M10: KS-ATyma- WP_020871231 Streptomyces
DH-KR-ACP; M11: KS-ATa-DH-KR-  rapamycinicus (50%)

ACP; End: TE)
Sle_61470 35 Transposase WP_030661962 Streptomyces
cellulosae (90%)
Sle_61480 103 Putative transposase WP_012268487 Streptomyces
sp. HK1 (43%)
Sle_61490 362 (2Fe-2S)-binding protein WP_031521245 Streptomyces
sp. NRRL F-5123 (42%)
Sle_61500 364 (2Fe-2S)-binding protein WP_030231892 Streptomyces
sp. NRRL S-350 (44%)
Sle_61510 277 Tailoring: methyltransferase, C-13 O- ACY01395 Streptomyces
methyltransferase (chaxalactin C) platensis subsp. rosaceus
(51%)

' Abbreviation assigned to those proteins that are highly likely to be part of the chaxalactin biosynthesis gene
cluster.

2 BLASTp analysis using the non-redundant GenBank database.

3 KSq indicates that the domain has a conserved cysteine mutated to glutamine.

3.4.2 Bioinformatic analysis of the PKS of the chaxalactin biosyn-
thesis gene cluster

3.4.2.1 Analysis of a reading frame-shift in the chaxalactin PKS

Before the release of the final version of the genome of S. leeuwenhoekii C34, the bioinfor-
matic search for the chaxalactin PKS was carried out using a draft version of the genome,
which resulted in the identification of 6 putative PKS genes that encoded for PKS sub-
units (sle_61410, sle_61420, sle_61430, sle 61440, sle 61450 and sle 61460). The
predicted domain architecture of those PKS subunits were similar to that needed to ex-
plain chaxalactins biosynthesis. However, the PKS domains predicted from Sle_61410
and Sle_61420 had an unusual architecture, specifically a broken KS domain was found
at the C-terminus of Sle_61410 and at the N-terminus of Sle_61420. This observation was
attributed to an unexpected reading frame-shift in the genome sequence of S. leeuwen-
hoekii C34 (Figure Appendix I.2A).

Alignment of all lllumina reads on the genome sequence of S. leeuwenhoekii C34 re-
vealed that the nucleotide sequence GTGGA had an extra guanine. This was carried out
using software: Burrows-Wheeler Aligner, Smith-Waterman (BWA-SW; Li and Durbin,
2010) for the alignment and SAMtools (Li et al., 2009) for the single nucleotide poly-
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morphisms identification (Juan Pablo Gomez-Escribano, personal communication). Thus,
the GTGGA sequence was corrected to GTGA (Figure Appendix 1.2B), fixing the read-
ing frame-shift. Then, the formerly predicted protein sequences, Sle 61410 (2,887 amino
acids) and Sle_61420 (2,953 amino acids) are part of a new protein, Sle_61410 (5,869
amino acids). This new Sle_61410 protein is part of the current version of the genome of
S. leeuwenhoekii C34 and the predicted PKS domain architecture from that protein was
as expected, without broken domains in it.

3.4.2.2 Sequence-based assessment of the functionality of the domains present in
the chaxalactin PKS

The amino acid sequences of the domains present in each module of the putative chax-
alactin PKS were analysed to predict their functionality. Active ACP domains possess a
serine residue that harbours the 4’-phosphopantetheine prosthetic group attachment site,
needed to shuttle extender units and polyketide intermediates from one module to the one
downstream. All 12 ACP domains of the putative chaxalactin PKS possess that serine
residue (Figure Appendix 1.3).

AT domains are capable of recognising the appropriate extender unit that will be linked
to the growing polyketide chain. The chaxalactin PKS possesses one AT domain in each of
the 12 Modules. Eight AT domains were predicted to recognise malonyl-CoA as substrate
since they contained the motifs GHS(I/V)G and HAFH, while 4 AT domains were predicted
to recognise (2S)-methylmalonyl-CoA, including that of the Loading Module, based on the
presence of the motifs GHSQG and YASH (Table 3.2). All these domains were also pre-
dicted as active AT because of the presence of the catalytic residues serine and histidine
in the first and second motif, respectively (Keatinge-Clay, 2012).

Table 3.2: Prediction of substrate specificity of AT domains in the chaxalactin PKS.

AT of Signature I"  Signature I Predicted Extender unit incorporated in
module substrate specificity chaxalactin A molecule
0 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
1 GHSLG HAFH Malonyl-CoA Malonyl-CoA

2 GHSLG HAFH Malonyl-CoA Malonyl-CoA

3 GHSLG HAFH Malonyl-CoA Malonyl-CoA

4 GHSLG HAFH Malonyl-CoA Malonyl-CoA

5 GHSVG HAFH Malonyl-CoA Malonyl-CoA

6 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
7 GHSVG HAFH Malonyl-CoA Malonyl-CoA

8 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
9 GHSIG HAFH Malonyl-CoA Malonyl-CoA

10 GHSQG YASH (2S)-Methylmalonyl-CoA (2S)-Methylmalonyl-CoA
11 GHSLG HAFH Malonyl-CoA Malonyl-CoA

If signature | and 1l are GHS(I/V)G and HAFH, then AT recognises malonyl-CoA as substrate; if Signature |
and Il are GHSQG and YASH, then AT recognises (2S)-methylmalonyl-CoA as substrate. Catalytic residues

are in bold.

' Based on Keatinge-Clay, 2012 (Keatinge-Clay, 2012).
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The linkage of the new extensor unit into the growing polyketide chain is catalysed by
KS domains by means of Claisen condensation (Dewick, 2009). Elongating KS domains
possess three residues that form the catalytic triad: a cysteine in the TACSSS motif, a
histidine in the EAHGTG motif and another histidine in the KSNIGHT motif (Keatinge-Clay,
2012; Fernandez-Moreno et al., 1992). The chaxalactin PKS possesses 12 KS domains
in total, of those, 11 are located from Module 1 to 11 and are predicted as elongating
KS domains because of the presence of the cysteine residue in the catalytic triad (Figure
Appendix 1.4). The KS domain of the Loading Module has the reactive cysteine residue
mutated to glutamine in the TACSSS motif, which is a common mutation found in KS
domains of the loading modules of PKSs. These KS domains are known as KSq domains.

Eleven KR domains were found in the chaxalactin PKS, distributed in Modules 1 to 11
(only the Loading Module lacks KR domain). KR domains are involved in the reduction of
the B-keto group of the polyketide intermediate using NADPH, leaving a B-hydroxyl group
as a result (Keatinge-Clay, 2012, 2007). Reductase-active KR domains can be inferred
by the presence of three diagnostic regions that should be present for binding NADPH: a
GxGxxG motif, a Swap linker and a WGxW motif (Garg et al., 2014). Also the presence of
the catalytic triad lysine, serine and tyrosine should also be present in active KR domains
(Reid et al., 2003). All the KR domains found in the chaxalactin PKS possess all the de-
scribed motifs to classify them as reductase-active, which is consistent with the structures
of chaxalactins A—C (Figure Appendix 1.5).

After the reduction of the B-keto group of the polyketide intermediate by a KR domain,
DH domains catalyse the dehydration of B-hydroxyl group of the same polyketide interme-
diate, leaving an unsaturation in the a,B position. Active DH domains possess in their
amino acid sequences the conserved motifs HxxxGxxxxP and D(A/V)(V/A)(A/L)(Q/H),
whose respective histidine and aspartate residues are part of the active site (Valenzano
et al., 2010). The structure of chaxalactin A contains unsaturations at positions C-23—C-22
(E), C-19-C-18 (E), C-17-C-16 (Z), C-11-C-10 (E), C-7-C-6 (E), C-5-C-4 (E), C-3—-C-
2 (E), and a full reduction at C-9—C-8. This evidence indicates that dehydration reactions
occurred on the polyketide intermediates catalysed by active DH domains of Modules 1,
3,4,7,8,9, 10 and 11 (Figure 3.2). The amino acid sequence of all these DH domains
show the presence of the catalytic dyad (Figure Appendix 1.6), hence they are predicted
as active domains, which is consistent with the structure of chaxalactin A.

Particularly, Module 8 possesses three cis-acting modifying domains: KR, DH and
ER. An ER domain is capable of reducing the a,B double bond that results from the re-
duction and dehydration of the B-ketone group by a KR domain and a DH domain, re-
spectively. ER domains use NADPH as cofactor and are able to modify the stereochem-
istry of the a-substituent. A conserved NADPH-binding motif, HXAx(G/T)GV(G/A)(M/S)A
is present in competent ER domains (Keatinge-Clay, 2012). After the enoyl-reduction
occurs, the configuration of the a-carbon of the polyketide intermediate is modified to
either, (2S)-configuration or (2R)-configuration. The presence of a conserved tyrosine
residue indicates that the ER domain leaves the a-carbon of the polyketide intermedi-
ate in (2S)-configuration (the a-substituent in L-orientation) (Keatinge-Clay, 2012; Kwan
et al., 2008). The amino acid sequence of the ER domain present in Module 8 possesses
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the NADPH-binding motif and lacks the conserved tyrosine residue (Figure Appendix 1.7),
suggesting that this domain is ER-competent and is likely to leave the a-carbon of the
polyketide intermediate in (2R)-configuration.
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3.5 Discussion

The putative chaxalactin biosynthesis gene cluster was identified in the genome of
S. leeuwenhoekii C34 by bioinformatic means. This cluster spans a region of 80.7 kb (nt
7,146,903 to 7,227,608) and is comprised of 24 genes whose hypothetical function will
be described based on the presence of conserved protein domains presented in Table
Appendix I.1.

3.5.1 Function of the genes present in the chaxalactin biosynthesis
gene cluster of S. leeuwenhoekii C34

The core of the proposed chaxalactin biosynthesis gene cluster is composed of 5 genes:
cxIA, cxIB, cxIC, cxID and cxIE that encode for PKS subunits involved in the elongation of
the chaxalactin polyketide chain.

3.5.1.1 Chaxalactin A is the unique product of the extension of the chaxalactin
polyketide chain by the PKS

The Loading Module of the chaxalactin PKS is comprised of domains KSq, AT and ACP. A
KSq domain is unable to catalyse the formation of a C-C bond as a normal elongating-
KS domain would do, instead, they are able to initiate the elongation of the polyketide
chain by catalysing the decarboxylation of acyl-CoA starting molecules (Long et al., 2002;
Keatinge-Clay, 2012). For example, the KSq of the monensin PKS catalyses the strict
decarboxylation of malonyl-CoA starting molecule, generating an acetyl-ACP required
to continue the elongation of the polyketide chain (Bisang et al., 1999); the KSq of the
pikromycin PKS catalyses the decarboxylation of a methylmalonyl-CoA molecule, gener-
ating a propionyl-ACP required to continue the elongation process (Witkowski et al., 1999;
Kim et al., 2004). In the case of the chaxalactin biosynthesis, the extension of the polyke-
tide chain would begin when the AT domain recognises the (2S)-methylmalonyl-CoA start-
ing molecule that is subsequently decarboxylated by the KSq domain, giving rise to the
propionate moiety observed in the structure of chaxalactin A. This molecule is passed
on to Module 1, in which a malonyl-CoA unit is incorporated into the growing polyketide
chain, forming a diketide intermediate. The B-ketone of this diketide is sequentially re-
duced and dehydrated by the KR and DH domains of Module 1, leaving an unsaturation
in the a,B-carbon position (C22-C23 of chaxalactin A structure; Figure 3.2).

A malonyl-CoA unit is linked to the diketide by Module 2, forming a triketide intermedi-
ate. The KR domain of Module 2 reduces the pB-ketone, leaving a B-hydroxyl group. Mod-
ules 3 and 4 have similar domain organisation: KS, AT, DH, KR and ACP, both AT domains
recognise malonyl-CoA units that are incorporated into the growing polyketide chain to
form tetraketide and pentaketide intermediates, respectively. These intermediates also un-
dergo the reduction and dehydration of their respective B-ketone, giving rise to o,-carbon
unsaturations. The pentaketide is passed on to Module 5 that incorporates a malonyl-CoA
unit that gives rise to a hexaketide. This Module harbours a KR domain that is in charge of
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reducing the B-ketone of the hexaketide. Then, Module 6 links a (2S)-methylmalonyl-CoA
extender unit to the growing polyketide chain to form a heptaketide, and its B-ketone group
is reduced by the KR domain of Module 6.

Module 7 incorporates a malonyl-CoA to originate an octaketide, whose B-ketone is
reduced and dehydrated by KR and DH domains, respectively. The AT domain of Module 8
incorporates a (2S)-methylmalonyl-CoA extender unit to produce a nonaketide. In addition
to the KR and DH modifying domains of Module 8, this Module possesses an ER domain
that is able to further reduce the double bond produced after the reduction and dehydration
of the B-ketone of the nonaketide. ER is also able to modify the stereochemistry of the
polyketide intermediate, which in all previous steps was governed by KR and DH domains.

Modules 9, 10 and 11 possess the same domain architecture: KS, AT, DH, KR and
ACP. Both AT domains of Modules 9 and 11 recognise malonyl-CoA while the AT of Mod-
ule 10 recognises the (2S5)-methylmalonyl-CoA extender unit. The incorporation of the
respective extender units by Modules 9, 10 and 11 give rise to decaketide, undecaketide
and dodecaketide intermediates, respectively. Then, these three intermediates undergo
the action of KR and DH domains, which leave an unsaturation in their respective o,f3-
carbon position. In the particular case of the undecaketide, the a-methyl group looses its
stereochemistry because of the dehydration step carried out by the DH domain, which can
be observed at the C-4 position in chaxalactin A (Figure 3.2).

The final step for the release and cyclisation of the chaxalactin dodecaketide interme-
diate implicates the catalytic action of a TE domain, which in the chaxalactin PKS is fused
to the C-terminus of Module 11. The mechanism by which this occurs involves a catalytic
triad composed of histidine, aspartate and serine residues (Tsai et al., 2001), which are
present in the chaxalactin TE domain (Figure Appendix 1.8). The aspartate residue sta-
bilises the histidine residue, which acts as the catalytic base that accepts the proton from
the serine residue, which attacks the dodecaketide-ACP substrate located on the last Mod-
ule of the PKS, yielding a dodecaketide-O-serine intermediate on the TE domain. The NH
of the residue next to the serine, may serve as the oxyanion stabilising residue. The pro-
posed mechanism of cyclisation would involve the attack of the C-21 hydroxyl group, a
secondary alcohol, to the C-1 of the dodecaketide intermediate, resulting the formation of
a cyclic intramolecular ester lactone bond that gives rise to chaxalactin A.

Thus, chaxalactin A is postulated as the first molecule synthesised of the group of the
chaxalactins.

3.5.1.2 Tailoring reactions are involved in the biosynthesis of chaxalactin B and
chaxalactin C

Conversely to chaxalactin A that is a direct product of the polyketide chain extension,

chaxalactin B and C are likely produced by tailoring or postsynthetic modifications made
on the structure of chaxalactin A: chaxalactin B is a 14-hydroxychaxalactin A and chax-
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alactin C is a 13-O-methylchaxalactin B, therefore chaxalactin B and chaxalactin C are
hypothesised as the second and third products of this biosynthesis route, respectively.

Postsynthetic modifications are likely to be carried out by, at least, the product of the
gene cxIF (sle_61400), a cytochrome P450 and either (or both) sle_61390 or sle_61510,
predicted as O-methyltransferases, part of the proposed chaxalactin biosynthesis gene
cluster. CxIF encodes for a cytochrome P450 monoxygenase, harbouring a CypX domain
(CDD accession: COG2124). Cytochromes P450 perform a variety of biological functions
such as, hydroxylation, epoxidation, decarboxylation, furan ring formation, among others
that generate diverse oxygenation patterns in secondary metabolites, with a high degree
of regio-selectivity and stereo-selectivity for the substrate they use (Podust and Sherman,
2012).

In essence, members of the family of cytochromes P450 are haem-containing proteins,
which means that coordinate a haem prosthetic group through a cysteine residue. A haem
prosthetic group consists of a ferrous iron atom (Fe?*) in the centre of a porphyrin ring
that uses O, for its activation (Que and Tolman, 2008). In addition to haem, bacterial
cytochromes P450 also require auxiliary redox partner proteins such as, small redox [2Fe-
2S] iron-sulphur ferredoxin and a FAD or FMN-containing reductase to shuttle the electron
to the cytochrome P450 haem iron and thus catalyse its biological function (Lamb and
Waterman, 2013). Cytochromes P450 have several conserved residue that make up the
haem-binding pocket: WxxxR in the C-terminus, the glutamate-asparagine-asparagine
triad present in ExxR and PERF motifs and a conserved cysteine residue in GxxxCxG;
also, a conserved threonine residue in A/G-GxxT that is related to oxygen binding (Sezutsu
et al., 2013). The cysteine residue in GxxxCxG motif is the only absolutely conserved
residue across all 15,000 cytochrome P450 sequences, and its role is to serve as an
axial ligand for the iron residue in the haem-binding region, along with the glutamate-
asparagine-asparagine triad (Lamb and Waterman, 2013).

The amino acid sequence of CxIF suggests that it is not a typical cytochrome P450
(Figure Appendix 1.9). CxIF was scanned for the conserved haem-binding motif in Scan-
PROSITE web server (Sigrist et al., 2012), but the result indicated that the motif was ab-
sent. Apparently, CxIF lacks the entire conserved GxxxCxG motif (Figure Appendix 1.9A,
motif V). Both, ExxR and PERF motifs were present, but in the case of the A/G-GxxT
motif, only the second glycine residue was conserved. Mutations in these positions of
the conserved A/G-GxxT motif have been observed in other cytochromes P450: the A/G
position showed a mutation to threonine, which has also been observed in the CalO2 en-
zyme (Uniprot accession: Q8KNDG6), a putative orsellenic acid P450 oxidase involved in
calicheamicin biosynthesis by Micromonospora echinospora (McCoy et al., 2009). The po-
sition of the threonine residue in the A/G-GxxT motif shows a mutation to asparagine that
has also been observed in the OxyB enzyme (Uniprot accession: Q8RN04), related to the
coupling of aromatic side chains in vancomycin biosynthesis by A. orientalis (Zerbe et al.,
2002).

Due to the increase in the number of sequenced genomes, several putative cytochrome
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P450-encoding enzymes that lack the conserved cysteine have been found, suggest-
ing that there could be potential exceptions to the rule. For example, in a putative cy-
tochrome P450 of Trichoderma reesei QM6a (NCBI accession: EGR45174) the cysteine
residue has been mutated to asparagine, while in a hypothetical protein of Magnaporthe
oryzae 70-15 (NCBI accession: EHA56235), the cysteine residue has been mutated to
phenylalanine (Chen et al., 2014). Whether these atypical cytochromes P450 are active
is unknown. Alignment of the amino acid sequences of those atypical cytochromes P450
with CxIF indicates that an alanine residue could be in the position of the cysteine in the
GxxxCxG motif (Figure Appendix 1.9B). In any case, the participation of CxIF in the hydrox-
ylation of chaxalactin A to give rise to chaxalactin B remains to be determined by in-frame
mutational analysis.

Sle_61490 and Sle_61500 are two enzymes encoded in genes located 1,372 nt and
3,811 nt downstream of cx/E, respectively. Each of these enzymes contain a Rieske do-
main in the N-terminus and therefore are likely to be oxygenases that incorporate hydroxyl
group into carbon-hydrogen bonds, using molecular oxygen as substrate and NAD(P)H
as the reductant (Que and Tolman, 2008). Rieske-containing proteins lack the haem pros-
thetic group present in cytochromes P450, but instead they possess a non-haem iron
atom that mediates the oxygenation reaction and also possess an iron—sulphur, [2Fe—
28], cluster that allows the storage of electrons (Ferraro et al., 2005).

Conserved motifs present in Rieske domain-containing proteins include the CxHxy7-
CxxH that binds the [2Fe-2S] cluster and the D/E-xHxxxxH motif that coordinates a non-
haem iron (Sydor et al., 2011). Both motifs are present in Sle_61490 and Sle_61500,
indicating that they are likely active oxygenases (Figure Appendix 1.10). Rieske domain-
containing enzymes perform the incorporation of one or two hydroxyl moieties in reactions
such as, dihydroxylation of double bonds in polyketides (Liu et al., 2015), oxidative cycli-
sation of natural products (Sydor et al., 2011) or monooxygenation of cholesterol (Capyk
et al., 2009). One example of the action of Rieske domain-containing enzymes comes from
the production of galbonolides A and B polyketides by S. galbus. The galbonolide biosyn-
thesis gene cluster (galABCDE) harbours a cytochrome P450 and a N-terminus Rieske
[2Fe—2S] domain-containing protein, encoded in galD and galE, respectively. Deletion
of galD resulted in the abolition of galbonolide A and B production, and in trans com-
plementation with galABCDE restored the production of these compounds. The authors
suggested that the dihydroxylation observed in the structures of galbonolide A and B is
likely incorporated by the GalDE system (Kim et al., 2014). The participation of Sle_61490
and Sle_61500 in aiding the hydroxylation step of chaxalactin A has to be experimentally
verified.

Four genes, sle 61270, sle_61280, sle_61290 and sle_61300 are located on the left
end of the chaxalactin biosynthesis gene cluster and encode for a nitronate monooxyge-
nase, a cyclase and two acyl-CoA synthetases, respectively. However, no obvious func-
tion in the chaxalactin biosynthesis has been attributed for these enzymes. For exam-
ple, Sle_61270 harbours the 2-nitropropane dioxygenase domain that is also present in
a homologous of Pseudomonas aeruginosa and with which shares 68% identity. The 2-
nitropropane dioxygenase of P aeruginosa, as well as others that contain the same protein
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domain, is devoted to catalyse the oxidative denitrification of nitroalkanes, widely used in
industry, to their corresponding carbonyl compounds and nitrites (Ha et al., 2006). Align-
ment of the amino acid sequences of these 2-nitropropane dioxygenases with Sle_ 61270
(Figure Appendix 1.11), showed that Sle_61270 has the catalytic histidine and all con-
served residues for interacting with FMN, implying that this enzyme has a function differ-
ent from that needed to explain chaxalactin biosynthesis and, therefore, this could not be
part of the cluster. In any case, the participation of the enzymes encoded in the four genes
mentioned in the biosynthesis of chaxalactins remains to be shown.

Sle_61390 and Sle_61510 are enzymes of 265 and 277 amino acids, respectively, that
harbour an AdoMet_MTases domain (Conserved Domain accession: CD02440). Accord-
ing to the InterPro database (Mitchell et al., 2015), both proteins harbour a PKS_MeTfrase
domain, usually found in PKSs (InterPro accession: IPR020803). The presence of the
AdoMet_MTases domain in Sle_61390 and Sle_61510 suggests that they are SAM-de-
pendent MTs. Three conserved motifs that are present in functional MTs were found in
both Sle_61390 and Sle_61510: motif | is (L/I/V)(V/L)(E/D)(V/)G(C/G)G(P/T)G that con-
tains the GxGxG sequence that is the nucleotide-binding site for the SAM substrate, motif
II'is (G/P)(T/Q)(A/Y/F)DA(Y/N/)(I/F)(L/V/C) in which the central aspartate residue is in-
variant and forms hydrogen bonds with both hydroxyls of the SAM ribose and motif Il is
LL(K/R)PGG(L/I/R)(I/L)(V/I/F/L)(L/1) whose central glycines are highly conserved and at
least one of them is present across all MTs (Schubert et al., 2003; Kagan and Clarke,
1994) (Figure Appendix 1.12).

SAM-dependent methyltransferases can be classified according to the atom at which
they deliver the methyl group (Schubert et al., 2003). Thus, there exist N-MTs, C-MTs
or O-MTs if they methylate a nitrogen, carbon or oxygen atom of a molecule, respec-
tively. The presence of certain residues in the amino acid sequence of PKS-MTs allows
their classification (Ansari et al., 2008). Ansari et al. (2008) propose that the presence of
the second glycine residue in motif | and the aspartate residue in motif || suggest that they
are likely O-MTs. Both Sle_61390 and Sle_61510, seem to fit these requirements and it
is proposed that both are O-MTs that could methylate chaxalactin B to give rise to chax-
alactin C (Figure Appendix 1.12). The participation of either Sle_61390 or Sle_61510 in
the biosynthesis of chaxalactins needs to be determined by mutational analysis in S. leeu-
wenhoekii C34.

3.5.2 Genes that might encode for transporters involved in the ex-
port of chaxalactins in S. leeuwenhoekii C34

The putative chaxalactin biosynthesis gene cluster harbours three genes related to trans-

port, located near the chaxalactin PKS (Table 3.1). Sle_61320 encodes for a DMT perme-
ase, Sle_61350 and Sle_61360 encode for sugar ABC transporter permeases.

Sle_61320 contains 2 EamA protein domains (Pfam accession: PF00892) with 10
transmembrane domains (10—TMS). According to Jack et al. (2001) Sle_61320 could be
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classified into the 10—TMS DME family, which is one member of the 14 families of trans-
porters of the DTM superfamily. EamA domain, formerly known as domain of unknown
function 6 was named after the O-acetyl-serine/cysteine export gene in E. coli and some
EamA domain-containing proteins have been characterized as nucleotide-sugar trans-
porters (Vastermark et al., 2011). Recently an EamA domain-containing protein of 8 trans-
membrane domains was experimentally verified as a riboflavin transporter in Rhizobium
leguminosarum (Garcia Angulo et al., 2013). The search for EamA domain-containing
proteins in the UniProt database and filtered by “Swiss-Prot Reviewed” showed that al-
most all enzymes retrieved from the search were related to sugar or amino acid transport,
none related to drug transport (short link: http://goo.gl/6P9SKR). In addition, the search for
an EamA domain-containing protein in all transporters located within a biosynthetic gene
cluster deposited in DoBISCUIT database (sequences sent by Ms. Akane Kimura from
DoBISCUIT) resulted in no-hit for this domain, suggesting that Sle_61320 might not be in-
volved in antibiotic transport and hence should not be part of the chaxalactin biosynthesis
gene cluster.

According to the NCBI CDD search (Marchler-Bauer et al., 2015), Sle_ 61350 and
Sle_61360 are related to carbohydrate and amino acid transport and both are ABC trans-
porter-domain containing proteins. The participation of these two enzymes and Sle_61320
in the transport of chaxalactins needs to be experimentally determined.

3.5.3 Metabolic engineering strategies for increased chaxalactin
production by S. leeuwenhoekii C34

Chaxalactins A—C are new antibiotics produces by S. leeuwenhoekii C34 that displayed
strong activity against Gram-positive bacteria, with MIC values of <1 ug/ml against Staph.
aureus and 3-6 pg/ml against L. monocytogenes and B. subtilis (Rateb et al.,
2011b). Other polyketides produced by S. leeuwenhoekii C34 are the chaxam-
ycins. Chaxamycin A is the main fermentation product of S. leeuwenhoekii C34 in
modified ISP2 liquid medium and in many other culture media (Rateb et al., 2011b). The
polyketide backbone of chaxamycin A is synthesised from extensor units derived of
malonyl-CoA and (2S)-methylmalonyl-CoA, which are the same as those used in chax-
alactin biosynthesis. This implies that there is competition for precursor molecules that
could be alleviated by deleting the 27 genes that are part of the chaxamycin biosynthesis
gene cluster, located within nt position 1,210,347 to 1,290,550 in the genome of
S. leeuwenhoekii C34.

Other biosynthetic routes like those for desferrioxamine E and hygromycin A, also com-
pete for metabolites derived from primary metabolism. Therefore, the deletion of the lo-
cus of the desferrioxamine E biosynthesis gene cluster, which is between nt 5,237,176 to
5,244,356 (sle_44550 to sle_44600) is proposed. In addition, deletion of the hygromycin
A biosynthesis gene cluster that is located from nt 160,425 to 189,028 (sle_01610 to
sle_01870) is also proposed.
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3.6 Conclusions

1. The domain architecture of subunits of the PKS: Sle 61410 (CxIA), Sle 61430
(CxIB), Sle 61440 (CxIC), Sle_61450 (CxID) and Sle 61460 (CxIE), is consistent
with the structure of chaxalactin A and, therefore, is related to chaxalactin
biosynthesis.

2. A stretch of genomic DNA of 80.7 kb (nt 7,146,903 to 7,227,608) contains the major-
ity of the genes to support chaxalactin A—C biosynthesis in S. leeuwenhoekii C34.
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Chapter 4

Wrapping-up: general conclusions and
perspectives of this thesis

In this thesis, three major achievements were accomplished: the development of genetic
manipulation procedures of S. leeuwenhoekii C34, the identification of the chaxamycin
biosynthesis gene cluster and the proposition of the putative locus of the genes related to
chaxalactin biosynthesis. In addition, questions related to the biosynthesis of both chax-
alactins and chaxamycins and other related to the genetics of S. leeuwenhoekii C34,
remain to be answered in future work.

The first challenge encountered in this work was the assessment of the use of molec-
ular tools for the genetic manipulation of S. leeuwenhoekii C34 for the identification of
biosynthesis gene clusters and for future improvement of chaxamycin and chaxalactin pro-
duction by metabolic engineering strategies, which require the deletion or over-expression
of genes. Many plasmids are used for routine cloning in actinomycetes and, some of
them use the integration systems from bacteriophages C31 and BT1. Bioinformatic anal-
ysis of the genome of S. leeuwenhoekii C34 revealed the presence of the canonical attB
sites recognised by the integrases of bacteriophages C31 and BT1, being this the first
evidence that the use of these site specific integration plasmids was feasible in S. leeu-
wenhoekii C34. Another enquiry was whether the methylation-deficient plasmid transfer
system, E. coli ET12567/pUZ8002, would effectively mobilise plasmid DNA into S. leeu-
wenhoekii C34, and whether the antibiotics commonly used to select for genetically mod-
ified bacteria do effectively kill S. leeuwenhoekii C34 wild-type. So, firstly, the antimicro-
bial susceptibility of S. leeuwenhoekii C34 to thiostrepton, apramycin, hygromycin B and
kanamycin was experimentally verified and its resistance to nalidixic acid, which is used
to kill E. coli strains, was shown.

In this context, plasmid transfer from E. coli ET12567/pUZ8002 into S. leeuwenhoekii
C34 was experimentally demonstrated using pSET152 that carries both an apramycin re-
sistance gene and an integration system that recognises the ®C31 attB site of S. leeuwen-
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hoekii C34. Apramycin resistant exconjugants were observed and colony PCR confirmed
that the integration of pSET152 in its genome was achieved. This result demonstrates
that S. leeuwenhoekii C34 was able to accept foreign DNA from the E. coli methylation-
deficient system. In addition, it remains to be elucidated whether S. leeuwenhoekii C34
has a methylation-restriction system as usually found in Streptomyces strains. Three pu-
tative methylation restriction systems were found in the genome of S. leeuwenhoekii C34:
Sle 04470 that has an Mrr_cat domain, and Sle_34180 and Sle 45620 that contain a
HNH_c domain. These protein sequences were homologous to those methylation-restric-
tion systems studied in S. coelicolor, which recognise Dam- and Hsd- methylation patterns
in foreign DNA: Sco4213, Sco4631 and Sco3262, respectively.

The effect of the presence of divalent chloride salts in the conjugation medium was
another topic covered in this thesis. The individual effect of MgCl, and CaCl, on the con-
jugation frequency (number of exconjugants per number of donor cells) was assessed
between E. coli ET12567/pUZ8002/pSET152 and S. leeuwenhoekii C34. Either, 120 mM
MgCl, or 60 mM CaCl, significantly increased the conjugation frequency compared to
no salt addition. Thus, it makes sense that conjugation performance could be further im-
proved by studying the effect of the interaction of different salt concentrations in the con-
jugation medium. However, the underlying mechanism that explains this improvement of
conjugation performance by the presence of divalent chloride salts is not clear.

De novo sequencing of the entire genome of S. leeuwenhoekii C34 was carried out,
combining lllumina MiSeq and PacBio RS Il SMRT sequencing technologies. lllumina
MiSeq is a well-established technology that yields sequencing reads of several hundred
bp, with very high accuracy, whereas PacBio is a relatively new sequencing platform that
yields sequencing reads of several thousand bp, with a higher error rate than that obtained
with lllumina. At the beginning of this work, a draft version of the genome of S. leeuwen-
hoekii C34 was kindly provided by Giles van Wezel and Genevieve Girard (University
of Leiden, The Netherlands), with which the first genome mining analyses were carried
out. They obtained the genome sequence assembled in 658 contigs, by using lllumina/-
Solexa 100-nt paired-end-reads. One limitation of this version of the genome was the
average contig size of the assembly, which was 12,546 bp, making difficult the identifi-
cation of gene clusters that were larger than 80 kb, such as those of chaxamycins and
chaxalactins.

The genomes of actinomycetes are difficult to assemble due to the presence of highly
repetitive sequences, especially in those regions that encode for PKSs or NRPSs. There-
fore, it makes sense that the combination of both sequencing technologies, Illumina MiSeq
and PacBio, would take advantage of their intrinsic features to obtain a more reliable se-
guence of the genome of S. leeuwenhoekii C34 than that obtained if each of these se-
quencing technologies were used in a separate fashion. Long sequencing reads of PacBio
were used to obtain longer contig length and then, the highly accurate short sequencing
reads of lllumina MiSeq were used to correct the PacBio assembly. Thus, using this ap-
proach, the genome of S. leeuwenhoekii C34 was obtained as a single contig, with ac-
curacy higher than 99% (0.03768% error). This type of procedure should be standard for
sequencing projects of actinomycetes that aim to identify large biosynthesis gene clusters
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with a high level of confidence.

The second challenge encountered in this work was the identification of the chaxam-
ycin biosynthesis gene cluster, which was carried out using a genome mining approach
that involved in silico identification of putative genes, heterologous expression and gene
deletion. The chemical structures of chaxamycins A—D aided the identification of a stretch
of genomic DNA of 27 genes that spanned 80.2 kb. This region contained genes devoted
to the biosynthesis of the starter molecule of chaxamycins, AHBA, 5 PKS subunits and
other genes encoding for enzymes related to tailoring reactions of the polyketide, consis-
tent with those required to explain chaxamycin biosynthesis.

It is important to mention that, in addition to finding the genes related to the biosyn-
thesis of chaxamycins, synteny analysis and local alignments were carried out to propose
putative ends of the chaxamycin biosynthesis gene cluster. Synteny analysis is a widely
used strategy that aims at the identification of highly conserved regions that flank a unique
stretch of DNA, which usually indicates the presence of a gene cluster. Local alignments of
a putative gene cluster are performed against other gene clusters that synthesise similar
compounds, which in this case were the rifamycin, naphthomycin and saliniketal biosyn-
thesis gene clusters. This approach looks for highly conserved DNA regions, complement-
ing the synteny analysis towards the identification of the ends of the cluster. Thus, these
strategies allowed the identification of a putative chaxamycin biosynthesis gene cluster of
80.2 kb, mentioned earlier.

For the heterologous expression experiment, a library of S. leeuwenhoekii C34 genomic
DNA was constructed, which was later screened for the proposed ends of the chaxamycin
biosynthesis gene cluster. This resulted in a vector, plJ12853, that contained an insert
of 145 kb of genomic DNA of S. leeuwenhoekii C34, which included the 80.2 kb region
(the 27 genes). plJ12853 was cloned into S. coelicolor M1152 (strain M1650), leading
to the production of all chaxamycin species. This shows that the genes necessary for
chaxamycin biosynthesis were present in the 145 kb DNA insert, and that S. coelicolor
M1152 was able to produce chaxamycins.

It cannot be ruled out that genes of the heterologous host could be taking over biosyn-
thesis reactions or transport steps in the chaxamycin biosynthesis and therefore, two im-
portant aspects of this result remain to be clarified in future work. First, the 145 kb-insert
of plJ12853 comprises 93 predicted coding sequences (PCS), of which 27 genes are
proposed as the chaxamycin biosynthesis gene cluster. Analysis of synteny and local
alignments strongly suggested that these 27 genes were related to chaxamycin biosyn-
thesis. However, out of the remaining 66 PCSs, only 2 could be involved in AHBA syn-
thesis: Sle_09700 and Sle_09710, which are outside of the 80.2 kb DNA region. These
two proteins are predicted as units of a transketolase enzyme, which are homologous to
those present in the rifamycin and saliniketal biosynthesis gene clusters, and at least in
the saliniketal biosynthesis the deletion of those homologous led to the abolition of AHBA
biosynthesis and saliniketals while this did not occur in the rifamycin biosynthesis. Thus,
it needs to be elucidated whether these two S. leeuwenhoekii C34 proteins are related to
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AHBA biosynthesis.

The second aspect that remains to be clarified in future work is the experimental verifi-
cation of the ends of the chaxamycin biosynthesis gene cluster. This could be carried out
using the plJ12853, S. coelicolor M1152 and PCR-targeting. PCR-targeting consists of
the replacement of a chromosomal sequence within a genomic insert in an artificial chro-
mosome or a cosmid of an actinomycete by a selectable marker that has been generated
by PCR using primers with 39 nt homology to the region to be replaced. The replacement
of the gene of interest by the selectable marker is performed using the A RED system of
E. coli. Then the selectable marker could be excised from the vector by the FLP recombi-
nase system, leaving a scar of 81 bp in the position where the replacement occurred. The
regions that flank the 80.2 kb in plJ12853 could be sequentially replaced by a selectable
marker, then excised and finally transferred to S. coelicolor M1152 to assess chaxamycin
production.

Another piece of important evidence that shows that the chaxamycin biosynthesis gene
cluster was identified in the producer strain was the deletion of the AHBA synthase gene,
cxmK, which led to the abolition of chaxamycin production by the strain M1653. This was
carried out to demonstrate that cxmK gene is essential for AHBA and chaxamycin biosyn-
thesis. Chemical complementation with commercial AHBA restored the production of all
chaxamycin species in S. leeuwenhoekii M1653, which implies that the chaxamycin PKS
was able to use exogenous sources of the precursor molecule to initiate the biosynthesis
of chaxamycins. Thus, it makes sense, that production of unnatural chaxamycins is feasi-
ble with the strain M1653, by feeding it with analogues of AHBA that, for example, contain
a chlorine or a fluorine atom in the C-4 position of AHBA. This position is important in
ansamycin-type antibiotics, since it is usually modified by a methylation (e. g. chaxam-
ycins, streptovaricins) or chlorination (e. g. naphthomycins) reaction, making this a pos-
sible target for modification. In addition, this kind of experiments must be correlated with
bioassays, aiming to obtain improved biological activity of these unnatural chaxamycins
compared to the ones produced by S. leeuwenhoekii C34 wild-type.

In addition, several targets for metabolic engineering have been proposed in this thesis
and they remain to be experimentally demonstrated that they actually increase chaxam-
ycin production in S. leeuwenhoekii C34. Thus, the chaxamycin biosynthesis gene cluster
leaves many open questions that require an intense workload to be answered. Some of the
open questions are: what is the role of regulatory genes cxmY and cxmZ in the biosyn-
thesis of chaxamycins? Which step of the chaxamycin biosynthesis is catalysed by the
cytochromes P450 encoded in the cluster? What is the locus of a chaxamycin transport
system in the genome of S. leeuwenhoekii C34? Among others.

The third challenge encountered in this thesis was the bioinformatic identification of the
putative biosynthetic genes that form the chaxalactin biosynthesis gene cluster of S. leeu-
wenhoekii C34. This bioinformatic search was aided by the chemical structure of chax-
alactins A—C, which allowed formulation of predictions such as the number of modules
and the minimum number of domains that the PKS should need and the possible tailoring

103



reactions involved in the production of chaxalactin B and chaxalactin C. From the results,
it was possible to conclude that five genes that encoded for PKS subunits (sle_61410,
sle 61430, sle 61440, sle 61450 and sle_61460), had a protein domain architecture con-
sistent with that predicted for the biosynthesis of chaxalactins. In addition, chaxalactin A
was proposed as the unique product of the synthesis of the PKS, since its whole structure,
contrary to chaxalactin B and chaxalactin C, obeys the logic of biosynthesis carried out by
a type | PKS. The structure of chaxalactin B and chaxalactin C are likely to be products of
post-synthetic modifications.

Several genes that encoded for cytochrome P450, Rieske domain-containing proteins
and methyltransferases were found in proximity to the PKS genes. In particular, one gene,
sle_61400 (cxIF), encoded for a cytochrome P450 which seems to be translationally cou-
pled to the first PKS subunit, sle_61410 (cxIA). This cytochrome P450 possesses almost
all conserved motifs found in a typical cytochrome P450, but it seems to lack the absolutely
conserved cysteine residue that coordinates the haem group. At first glance, cx/F would
encode for an inactive cytochrome P450, but protein alignment with other cytochromes
P450, from other organisms that also lack the conserved cysteine, suggests that there
might be an exception to the rule. Downstream to sle_61460 (cxIE) there are two genes
that encode for Rieske domain-containing proteins, sle_61490 and sle_61500. Rieske pro-
teins are known to introduce di-hydroxylation to the substrate where they act. Therefore,
the participation of cxIF, sle_61490 and sle_61500 in chaxalactin B biosynthesis remain
to be experimentally determined. Two genes, sle_61390 and sle_61510, encoded for ac-
tive O-methyltransferases, since they possess all the conserved motifs found in active
methyltransferases. These are likely to participate in the conversion of chaxalactin B into
chaxalactin C but this hypothesis needs to be verified experimentally.

The results presented in this thesis described the process aimed at the identification of
the biosynthetic genes involved in the production of chaxamycins and chaxalactins by the
novel species, S. leeuwenhoekii C34. Bioinformatic-based methodologies, combined with
wet-lab verifications were carried out to identify the chaxamycin biosynthesis gene clus-
ter. The establishment of genetic modification procedures of S. leeuwenhoekii C34 has
been reported and largely discussed in this thesis. The proposition of the locus of the pu-
tative chaxalactin biosynthesis gene cluster was also presented and supported with recent
knowledge in the area. Thus, the significance of this thesis is the use of different method-
ologies to exploit the potential of a microorganism producer of new antibiotics, which are
urgently needed because of the recurrent emergence of antibiotic-resistant bacteria with
concomitant outbreaks. Chile has a variety of environments and climates that harbour an
immense microbial diversity that are the potential producers of novel antibiotics, antifungal
or anticancer drugs as well as novel metabolites with other useful properties. For this rea-
son, more efforts in preserving ecosystems and bioprospecting initiatives should be made
to protect and study our microbial resources in a sustainable way.
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Appendix A

List of strains

Table A.1: List of strains used and generated in this work.

Strains Description Reference or
source
E. coli DH5a Strain used for routine cloning. Grant et al., 1990

E. coli TOP10

E. coli DH10B

E. coli ET12567/
puUZ8002

E. coli TOP10/
pR9406

S. leeuwenhoekii
C34

S. coelicolor M1152

S. coelicolor M1650

S. leeuwenhoekii
M1653

F- ®80/acZAM15 A(lacZYA-argF) U169 recA1 endA1
hsdR17(rc-, mk+) phoA supE44 thi-1 gyrA96 relA1 A

Strain used for routine cloning.

F- merA A(mrr-hsdRMS-mcrBC) ®80/acZAM15
AlacX74 nupG recA1 araD139 A(ara-leu)7697 galE15
galK16 rpsL(Strf) endA1 A-

Strain used for routine cloning.

F- endA1 recA1 galE15 galK16 nupG rpsL AlacX74
®80/acZAM15 araD139 A(ara-leu)7697 mcrA
A(mrr-hsdRMS-mcrBC) A-

Methylation deficient strain used for conjugation with
Streptomyces. pUZ8002 provides conjugation
machinery.

dam13::Tn9 (Chloramphenicol resistance) dem-6 hsdM
hsdR recF143 zjj-201::Tn10 galK2 galT22 ara14 lacY1
xyl-5 leuB6 thi-1 tonA31 rpsL 136 hisG4 tsx-78 mtll
ginV44, pUZ8002 (kanamycin resistance)

Strain used for routine cloning carrying conjugation
plasmid pR9406 (carbenicillin resistance)
Wild type strain

M145, Aact Ared Acpk Acda rpoB[C1298T] ([S433L])

M1152 carrying plJ12853

AcxmK::neo
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Grant et al., 1990

MacNeil et al., 1992;
puUZ8002, J. Wilson
and D. Figurski, un-
published

pR9406, A. Siddique
and D. Figurski, un-
published

Busarakam et al.,
2014

Gomez-Escribano
and Bibb, 2011

This work

This work



Continued. List of strains used and generated in this work.

Strains

Description

Reference or
source

S. leeuwenhoekii
M1654

S. leeuwenhoekii
M1655

S. leeuwenhoekii
M1656

S. leeuwenhoekii
M1660

S. leeuwenhoekii
M1661

Bacillus subtilis
EC1524

Micrococcus luteus
ATCC 4698

M1653 carrying pld12852

S. leeuwenhoekii C34 carrying pGUS

S. leeuwenhoekii C34 carrying plJ10740

S. leeuwenhoekii C34 carrying pSET152

S. leeuwenhoekii C34 carrying pGM1190

Indicator microorganism for bioassays

Indicator microorganism for bioassays

This work

This work

This work

This work

This work

Institute for Food Re-

search, Norwich, UK
ATCC
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Appendix B

List of plasmids

Table B.1: List of plasmids used and generated in this work.

Plasmid Description Reference or source

pBluescript I General cloning vector, ampR (ampicillin resistance) Alting-Mees and Short,

SK(+) 1989

pKC1132 Cloning vector, suicide, conjugative (oriT from RK2), Bierman et al., 1992
aac(3)IV (apramycin resistance)

pSET152 Cloning vector, conjugative (oriT from RK2), aac(3)IV Bierman et al., 1992
(apramycin resistance), integrative (®C31 attP)

pTC192-Km Source of neo (kanamycin resistance gene) Rodriguez-Garcia

et al., 2006

pGM1190 pSG5 derivative, self-replicative, temperature sensitive, tsr, Muth et al., 1989;
aac(3)1V (apramycin resistance), oriT, to terminator, Pijpa, pGM1190, G. Muth,
RBS, fd terminator unpublished

pESAC13 PAC vector (P1-phage replicon) for genomic library Sosio et al., 2000; pE-
construction; conjugative (oriT from RK2), integrative (#C31  SAC13, M. Sosio, un-
attP), tsr (thiostrepton resistance in Streptomyces), neo published
(kanamycin resistance in E. coli), P1 rep, sacBll

pGUS Promoterless gusA (B-glucuronidase gene, codon-optimised ~ Myronovskyi et al,,
for streptomycetes) in pPSET152. Used as a promoter 2011
detection vector

plJ10740 pGUS derivative with ermE™ promoter driving gusA Morgan Feeney, un-
transcription published

plJ10257 Expression vector for Streptomyces, with ermE* promoter, Hong et al., 2005
hyg (hygromycin B resistance), conjugative (oriT from RK2),
integrative (®BT1 attP)

plJ12850 Derivative of pGM1190 with This work

JFC010/JFC009-neo-JFC011/JFCO12 fragments; for
deletion of AHBA synthase (cxmK) in S. leeuwenhoekii C34
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Continued. List of plasmids used and generated in this work.

Plasmid Description Reference or source

plJ12851 Derivative of pKC1132 with This work
JFCO010/JFC009-neo-JFCO11/JFC0O12 fragments; for
deletion of cxmK in S. leeuwenhoekii C34

plJ12857 Derivative of pKC1132 with JFC010/JFC009 fragment; for This work
deletion of cxmK in S. leeuwenhoekii C34

plJ12858 Derivative of pKC1132 with JFC011/JFC012 fragment; for This work
deletion of cxmK in S. leeuwenhoekii C34

plJ12859 Derivative of pKC1132 with This work
JFC010/JFC009-JFC011/JFC012 fragment for the deletion of
cxmK in S. leeuwenhoekii C34

plJ12860 Derivative of pGM1190 with This work
JFC010/JFC009-JFC011/JFC012 fragment for the deletion of
cxmK in S. leeuwenhoekii C34

plJ12861 pBluescript Il SK(+) derivative with JFC026/JFC034 fragment This work
for cloning of exmK

plJ12852 plJ10257 derivative with cxmK for complementation of This work
AcxmK::neo mutant (M1653)

plJ12853 Derivative of pESAC13; contains 145 kb of S. leeuwenhoekii  This work

C34 chromosome including the chaxamycin biosynthesis
gene cluster

126



Appendix C

List of primers

Table C.1: List of primers used in this work.

Name Sequence 5’ — 3’ Notes
LFO44F  cgaagatccegtegatgatgt Amplify a region of 118 bp that results after the
integration of pSET152 at the ®C31 aitB site of S. leeu-
LFO45R  cacaacccctigtgtcatgtc wenhoekii C34 genome (Foulston and Bibb,
2010)
JFC009 titctagagaagccatcagccaggact — Amplify upstream flanking region of cxmK'; contain
JFC010  ttaagcttgtacgtccagcagetccagt  'estriction sites for Xbal and Hindlll, respectively
JFCO11 tttctagagctcggtctecgtcgtactg Amplify downstream flanking region of cxmK; contain
JFC012  ttggatccactgetectgetcgactacg restriction sites for Xbal and BamHl, respectively
JFC022  cgattcgaagagtgacagca Screening of genomic library for chaxamycin gene
JFC023  gttgtaggtggcgatttige cluster
JFC024 gcgaagagaagagcgaggt Screening of genomic library for chaxamycin gene
JFC025  cacacattgctcagatgcac cluster
JFCO026 agacatatgaacgcgcgacag Cloning of cxmK in plJ10257; contain restriction sites
JFC034 aagcttacgacctggtag for Ndel and Hindlll, respectively
F 2 tcgttcecteatttect
JFC03 giegticecteatiiceica For confirmation of deletion of AHBA synthase gene
JFCO033 gacctggtagccggtgtg
F t

JFC036 gacgagaacaccacgaagg To resolve a frame-shift within one of the PKS genes
JFC037 gaccaccggcactactgg

t t
JFC053 aageaggicageaggaica To verify the sequence between cxm24 and cxmY
JFC054 ttccggaagatgaacgtgac
27F tttgatcatggctca

agagitigateaiggeica Amplification of 165 rRNA gene

1492R tacggttaccttgttacgactt

cxmK is AHBA synthase gene of S. leeuwenhoekii C34.
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Appendix D

Maps of vectors and constructions

GenBank files of genetic constructions and vectors were generated manually in ApE software version
2.0.46 (http://biologylabs.utah.edu/jorgensen/wayned/ape/); drawings and manual annotation of plasmids
was done in SnapGene Viewer software (http://www.snapgene.com); final edition of the Figures was carried
out in Inkscape software version 0.91 (https://inkscape.org/en/).
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Figure D.1: Map of pBluescript Il SK(+). Set of enzymes that recognise unique cleavage sites are shown; blunt cutters are highlighted in green.
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Figure D.2: Map of pKC1132. Set of enzymes that recognise unique cleavage sites are shown; blunt cutters are highlighted in green.
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Figure D.5: Map of pGM1190. High-copy temperature-sensitive vector in streptomycetes, used for deletion of genomic regions in S. leeuwenhoekii C34. Set
of enzymes that recognise unique cleavage sites are shown; blunt cutters are highlighted in green.
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(Myronovskyi et al., 2011). Set of enzymes that recognise unique cleavage sites are shown; blunt cutters are highlighted in green. The GenBank file of the
sequence of this vector was kindly provided by Dr. Maksym Myronovskyi.
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Figure D.10: Construction of plJ12851. plJ12851 is a derivative of pKC1132 (Bierman et al., 1992) that
was initially constructed for the deletion of AHBA synthase gene (cxmK) in S. leeuwenhoekii C34. Two DNA
regions of about 1.7 kb that flank cxmK were PCR-amplified with primers JFC010/JFC009 (containing 5’
Hindlll and Xbal sites, respectively) and JFC011/JFC012 (containing 5’ Xbal and BamH] sites, respectively),
then these fragments were separately cloned into pKC1132, previously digested with Hindlll plus Xbal and
BamHI plus Xbal to yield plJ12857 and plJ12858, respectively. (A) plJ12859 results from cloning the 1.7 kb
fragment contained in plJ12858 into plJ12857. (B) Finally, plJ12851 results from cloning the neo cassette
(1.3 kb in length) obtained from the digestion of pTC192-Km with Xbal; the 1.3 kb band was purified from a
1% agarose gel and cloned into plJ12859, previously digested with Xbal. Relevant restriction enzyme sites
are shown.
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Figure D.11: Construction of plJ12850. plJ12850 is a derivative of pGM1190 (Muth et al., 1989), con-
structed for the deletion of AHBA synthase gene (cxmK) in S. leeuwenhoekii C34, using double-crossover
recombination to replace cxmK with the kanamycin resistance gene, neo. Two DNA regions that flank cxmK
were previously cloned into plJ12859 as JFC09/JFC10-JFC11/JFC12 and excised from it by digestion with
Hindlll, BamHI and Clal, the later enzyme was used to allow the purification of the fragment JFC09/JFC10-
JFC11/JFC12 (3.4 kb), which was similar in length to the backbone vector (about 3.4 kb). (A) The fragment
JFC09/JFC10-JFC11/JFC12 was purified from a 1% agarose gel and cloned into pGM1190, previously di-
gested with Hindlll, BamHlI, to yield plJ12860. (B) plJ12850 results from cloning the neo cassette (1.3
kb length) obtained from the digestion of pTC192-Km with Xbal; the 1.3 kb band was purified from a 1%
agarose gel and cloned into plJ12860, previously digested with Xbal. Relevant restriction enzyme sites are
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Appendix E

Media, solutions and buffers recipes

All formulation recipes for media, solutions and buffers preparation are listed in alphabetic order.

E.1 Agar media recipes

DNA medium contains per 200 ml distilled water (Kieser et al., 2000):
Difco Nutrient Agar ..., 469

ISP2 agar medium contains per litre of distilled water (Shirling and Gottlieb, 1966):

Yeastextract ........c.oeiiiiiiiiiii i 49
Maltextract ... 109
GIUCOSE . e 49
AQar 209

LA medium contains per litre of distilled water (Sambrook et al., 1989):

Tryptone ..o 109
Yeastextract ........cc.ouiiiiiiiiiiii it 59
NaCl 109
AQar 159

Dissolve the ingredients, except agar, in the distilled water and pour 200 ml into 250 ml Erlenmeyer
flasks each containing 2 g agar. Close the flasks and autoclave.
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SFM agar medium contains per litre of tap water (Hobbs et al., 1989):

AQar 20g
Mannitol ... 20g
Soyaflour ... 209

Soya flour was purchased from the local supermarket. The brand used in this work was Mi tierra from
Nutrisa - Nutricion y Alimentos S. A., Santiago, Chile. Its composition per 100 g is listed as follows:

Proteins ... ... 50.09
Fats .o 1.0¢9
Carbohydrates ............c.coiiiiiiiiiiia... 30.0g
Sodium .. 0.010g
Magnesium ... 0.300 g
Phosphorus ... i 0.730 g
Potassium ... 24709
IrON 0.010g
COPPEr e 0.001 g
Calcium ... 0.320 g
ZiNC .o e 0.005¢g

R2-S medium based on the original recipe (Hopwood and Wright, 1978; Okanishi et al., 1974). The recipe
to prepare R2 medium (Kieser et al., 2000) has been modified and does not include sucrose. Prepare 800
ml of distilled water with the following components:

KoSO, v 0.25¢g
MgCl, - 6H,O ..o 10.12 g
GIUCOSE .. 109
Casaminoacids ...........cocviiiiiiiiiiiiin. 0.1g

In an Erlenmeyer flasks add 2.2 g of agar plus 80 ml of the solution and autoclave. At the time of using,
melt the medium and add the following autoclaved solutions in the order listed:

KH,PO,4 (0.5%) oo 1ml
CaCl, - 2H,0 (3.68%) «vviveeeeieiiiee i 8 ml
L-proling (20%) . ....ccveiriiii i 1.5 ml
TES buffer (5.73%) «..vvveiieii e 10 ml
Trace element solution ..................ooilt, 0.2ml
NaOH (IN) ..o 0.5ml

TES buffer (5.73%) was previously adjusted to pH 7.2; it is not strictly necessary to use sterile NaOH 1N
solution; the recipe to prepare trace elements solution is in the solutions section (Appendix E.4).
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E.2 Liquid media recipes

2xYT medium contains per litre of distilled water (Kieser et al., 2000):

Tryptone ..o 16 g
YeastExtract ... 109
NaCl . 59

ISP2 medium contains per litre of distilled water (Shirling and Gottlieb, 1966):

Yeastextract ........coooiiiiiiiiiiiii it 49
Malt extract ... 109
GIUCOSE .. 49

LB medium contains per litre of distilled water (Sambrook et al., 1989):

Tryptone ..o 109
Yeastextract ........c.ooiiiiiiiii it 59
NaCl o 109

Modified ISP2 medium contains per litre of distilled water (Rateb et al., 2011a):

Yeastextract .........cocoiiiiiiiiiiiiii it 49
Maltextract ......... ..o 109
Glycerol . ..o 10g

Adjust to pH 7.2 by adding NaOH.

R3 medium contains per litre of distilled water (Shima et al., 1996):

GIUCOSE ..ot 109
Yeast Extract ... 5.0¢9
Casaminoacids ............cvviiiiiiiiiiii, 01g
L-Proling ... e 39
MCl, - B8H,O ..o 109
CaCly, -2H,0 .o 49
KoSO, o 02¢
KHoPOy e 0.05¢
TES 5649
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Supplement the medium with 0.2 ml of trace elements solution per 200 ml of solution (Appendix E.4). Ad-
just to pH 7.2 by adding NaOH.

SOB and SOC media contains per litre of distilled water (Hanahan, 1983):

Tryptone ..o 209
Yeastextract ........cooiiiiiiiiiiii it 59
NaCl (10mM) ... 0.584 g
KCI(25mM) ...t 0.186 g
MgCl, - 6H,O (10mM) ... 2.033¢g
MgSO, - 7H,O (10 mM) ............oooiintt. 2.467 g
Glucose (20 mM) for SOConly ............... 3.603 g

Adjust to pH 7.0 by adding NaOH.

TSB medium contains per litre of distilled water (Kieser et al., 2000):

Tryptone soya broth .............................. 30g

YEME medium contains per litre of distilled water (Kieser et al., 2000):

Yeastextract .........cocvuiiiiiiiiiiii it 39
Peptone ... ..o 59
Maltextract ... 39
GIUCOSE .. 10g
SUCIOSE it 340 g

After autoclaving add 2 ml of autoclaved 2.5 M MgCl, solution.

E.3 Solution recipes for microbiology

Solutions used for microbiology were prepared as follows: register weight of an empty 15 ml conical cen-
trifuge tube (X, g); add an amount of the chemical into the tube and register weight (X, g), do this inside
a fume hood since some chemical powder are toxic. Calculate the exact weight of the chemical previously
added by subtracting X,—X;, and add the volume of solvent needed to reach the desired concentration. Fi-
nally, filter the solution through a 0.22 um filter and aliquot in sterile 1.5 ml Eppendorf tubes. Store at -20
°C. Use a water bath set at 37 °C for thawing.

E.3.1 Antibiotic solutions

Apramycin solution. Apramycin sulphate Sigma cat. no. A2024 was dissolved in distilled water at a final
concentration of 50 mg/ml.
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Carbenicillin solution. Carbenicillin disodium salt Invitrogen cat. no. 10177-012 was dissolved in distilled
water at a final concentration of 50 mg/ml.

Chloramphenicol solution. Chloramphenicol Calbiochem cat. no. 220551 was dissolved in absolute
ethanol at a final concentration of 50 mg/ml.

Kanamycin solution. Kanamycin Gibco cat. no. 11815-024 was dissolved in distilled water at a final con-
centration of 50 mg/ml. It is recommended to use it with low concentrations of salts; for example, 60 mM
CaCl, or 60 mM MgCl, have been used without compromising antibiotic effectiveness.

Hygromycin B solution. Hygromycin B from Streptomyces hygroscopicus was purchased from Sigma
cat. no. 238813 in phosphate buffer solution (PBS) at a concentration of 50 mg/ml. The solution was
aliquoted in 1.5 ml Eppendorf tubes and wrapped in aluminium foil to protect the solution from the light
(hygromycin B is light-sensitive). Use in agar or liquid culture solutions with low salt concentrations; for ex-
ample 10 mM CacCl, or 10 mM MgCl,, were used without compromising antibiotic effectiveness, but 60 mM
CaCl, or 60 mM MgCl, must not be used.

Nalidixic acid solution. Nalidixic acid Sigma cat. no. N8878 was dissolved in 0.3 M NaOH solution at a
final concentration of 25 mg/ml.

Thiostrepton solution. Thiostrepton Sigma cat. no. T8902 was dissolved in DMSO solution at a final con-
centration of 50 mg/ml.

E.3.2 Other solutions

IPTG. IPTG Fermentas cat. no. R0392 was dissolved in distilled water at a final concentration of 0.1
M. Molecular weight of IPTG is 238.3 g/mol.

Lysozyme solution. Lysozyme from chicken egg Sigma cat. no. L6876 was dissolved in distilled water at a
final concentration of 50 mg/ml.

X-Gal solution. X-Gal Fermentas cat. no. R0404 was dissolved in DMSO solution at a final concentration
of 20 mg/ml. Eppendorf tubes were wrapped with aluminium foil to protect from light.

E.4 Buffer and solution recipes

List of solution stocks used to prepare buffers and other solutions.

EDTA ... 0.25MpH 8
NaCl ... 1M
NaOH ....... ... 1N
Tris-HCI ... 2MpH8
SDS (from supplier) ..o, 20%
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Compound (molecular weight): EDTA (372.24 g/mol); NaCl (58.44 g/mol); potassium acetate (98.14
g/mol); SDS (288,37 g/mol); TRIS (121.14 g/mol).

N3 buffer contains 3 M potassium acetate (or sodium acetate). Adjust to pH 5.5 with acetic acid.

Normal saline solution contains 0.9% w/v NaCl in distilled water.

P1 buffer contains per 50 ml of distilled water:

EDTA (stock solution) .............coooiiiiint, 2mi
Tris-HCI (stock solution) ....................... 1.25 ml
Water ... 46.75 ml

The final concentration of each component is: 10 mM EDTA; 50 mM Tris-HCI.

P2 buffer contains per 50 ml of distilled water:

NaOH (stock solution) ............cccoviiinin... 10 ml
SDS (stock solution) ..........ccooviiiiiiiit, 2.5ml
Water ..o 37.5 ml

The final concentration of each component is: 200 mM NaOH; 1% SDS.

SET buffer contains per 50 ml of distilled water:

NaCl (stock solution) .......................... 3.75 ml
EDTA (stock solution) .............coooiiiiiiiat, 5mi
Tris-HCI (stock solution) ....................... 0.50 ml
Water ... 40.75 ml

The final concentration of each component is: 75 mM NaCl; 25 mM EDTA; 20 mM Tris-HCI.

STET buffer contains per 50 ml of distilled water:

SUCOSE (8% W/V) vt 49
EDTA (stock solution) ............c.cooviiiin... 10 ml
Tris-HCI (stock solution) ....................... 1.25 ml
Triton X-100 (5% VAV) oo 2.5ml

The final concentration of each component is: 50 mM EDTA; 50 mM Tris-HCI.
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Trace elements solution contains per litre of distilled water (Kieser et al., 2000):

ZnCly oo 40 mg
FeCly -6HO ..o 200 mg
CuCly, - 2H,0 oo 10 mg
MNCly - 4H,O ..o 10 mg
Na,B,O; - 10H,O ..o 10 mg
(NH4)gM0;054 - 4H,O oo 10 mg

Store at 4 °C.

Tris-EDTA buffer contains per litre of distilled water (Kieser et al., 2000):

EDTA (stock solution) ..........c.ccooiiiiiiiat, 4 mi
Tris-HCI (stock solution) .......................... 5mi

The final concentration of each component is: 1 mM EDTA; 10 mM Tris-HCI.
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Appendix F

Protocols used in this work

Media, solutions and buffer recipes are detailed in Appendix E.

F.1

F.1.1

Extraction of plasmid, PAC and genomic DNA

Boiling extraction of plasmid DNA (on small scale)

. Set overnight cultures of E. coli strains in 1.5 ml Eppendorf tubes with 1 ml LB, supplemented with

relevant antibiotics.

Centrifuge at 10,000 rpm for 5 min and discard supernatant.

3. Resuspend cell pellet in 200 pl STET buffer.

Add 10 pl 25 mg/ml lysozyme inside the cap of the Eppendorf tube and vortex the mixture for 1 min
at room temperature.

Place the samples in boiling water for 45 sec.

6. Centrifuge at 10,000 rpm for 5 min and remove cell debris with a toothpick from the bottom of the

Eppendorf tube.
Add 250 pl isopropanol and carefully mix by inversion. Let stand for 15 min at room temperature.

Centrifuge at 20,000 rpm for 20 min and discard supernatant.

9. Open the tubes and let them dry for 30 min.

. Add 50 pl distilled H,O and gently shake for 15 min. Keep at 4 °C.

F.1.2 PAC DNA extraction protocol

1.

2.

Set up an overnight culture of E. coli DH10B harbouring PAC DNA in 10 ml LB with relevant antibiotics
at 37 °C and 250 rpm.

Centrifuge culture at 4,000 rpm for 5 min at room temperature.
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10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

Discard supernatant and resuspend cell pellet in 300 ul of P1 solution. Transfer the resuspended cell
pellet into a 2 ml Eppendorf tube.

Add 350 pl of P2 solution and incubate for 2 min at room temperature.
Neutralise with 450 pl of N3 solution and incubate on ice for 10 min.
Centrifuge at 13,000 rpm for 3 min at room temperature.

Transfer the supernatant to a new 2.0 ml Eppendorf tube.

Add 350 pl of neutral phenol:chloroform:isoamyl alcohol (25:24:1; Sigma-Aldrich cat. no. P3803) and
mix briefly for 10 sec.

Centrifuge at 13,000 rpm for 10 min at room temperature.

Transfer supernatant to a new 2.0 ml Eppendorf tube.

Add 300 pl of chloroform and mix briefly for 10 sec.

Centrifuge at 13,000 rpm for 10 min at room temperature.

Transfer supernatant to a new 1.5 ml Eppendorf tube.

Add 600 pl of pre-cooled isopropanol and mix. Keep on ice for 20 min at -20 °C.
Centrifuge at 13,000 rpm for 10 min at 4 °C.

Discard supernatant and wash with 300 pl 70% ethanol.

Centrifuge at 13,000 rpm for 10 min at room temperature.

Discard supernatant and let the sample dry for 15—30 min (do not dry too much) and dissolve in 50
ul Tris-EDTA buffer.

Keep at 4 °C overnight before use.

F.1.3 Isolation of Streptomyces genomic DNA

. Start a culture of S. leeuwenhoekii C34 in 50 ml TSB medium at an appropriate temperature for the

strain in use, 250 rpm, until reaching high cell density (usually about 48 h).

Aliquot the culture in 5 ml volumes in 15 ml conical centrifuge tubes and centrifuge at 3,500 rpm for
10 min.

Discard the supernatant and resuspend in 5 ml 20% glycerol and store at -20 °C until isolation of
genomic DNA.

Thaw cells and centrifuge at 3,500 rpm for 10 min and discard glycerol.

5. Resuspend cell pelletin 5 ml SET buffer and add 150 pl of 50 mg/ml lysozyme and incubate at 37 °C

for 2 h. Mix briefly every 30 min.

6. Add 300 pl of 20% SDS solution (from supplier).
7. Add 75 pl proteinase K (Fermentas E00491-1ML) and incubate at 60 °C for 1.5 h until the mixture

10.
11.
12.

becomes translucent.

. Add 2 ml of 5 M NaCl and mix slowly. Here DNA will precipitate.

Fill up the conical centrifuge tube with chloroform (analytic grade).
Mix by inversion in a rotary mixer for 30 min.
Centrifuge the sample at 4,000 rpm for 20 min

Carefully collect the first phase of the solution with a snipped and sterile tip. Register the collected
volume.
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13.

14.
15.
16.
17.
18.

Add the same volume of isopropanol as that registered in the previous step and mix by inversion,
briefly.

Add 1 ml of 70% ethanol to a sterile 2.0 ml Eppendorf tube.

With a Pasteur pipette make a hook to fish out the DNA. Transfer the DNA to the tube with ethanol.
Centrifuge at 4.000 rpm, 1 min.

Carefully pipet-out the supernatant. Dry the samples at 60 °C (do not dry too much).

Depending on the yield of the process, resuspend in 20—100 pl Tris-EDTA buffer.

F.2 Preparation of competent cells and transformation of

E. coli

F.2.1 E. coli calcium chloride competent cells protocol

. Start an overnight culture of E. coli TOP10 or DH5a in 5 ml of LB at 37 °C.

Inoculate 50 ml of fresh LB, in 250 Erlenmeyer flasks, with 1 ml (1/50) of E. coli from the overnight
culture. Incubate at 37 °C and 250 rpm until an OD measured at 600 nm between 0.2-0.3 is reached.

3. Place culture on ice for 10 min.

4. Centrifuge culture in 50 ml conical centrifuge tubes at 3,000 rpm at 4 °C for 10 min.

5. Remove supernatant and resuspend cell pellet in 12.5 ml (1/4) 0.1 M MgCl, and place the resus-

pended pellet on ice for 5 min.

6. Centrifuge at 4 °C and 4,000 rpm for 10 min.

7. Remove supernatant and resuspend cell pellet in 2.5 ml (1/20) 0.1 M CaCl, and place the resus-

Note.

pended pellet on ice for 20 min.

Centrifuge at 4 °C and 4,000 rpm for 10 min. Remove supernatant and resuspend cell pellet in 1 ml
(1/50) of 85% 0.1 M CaCl, solution plus 15% glycerol.

The solution 85% 0.1 M CaCl, plus 15% glycerol contains, for culture of 50 ml of initial volume: 42.5
ml 0.1M CacCl, plus 7.5 ml glycerol 80%.

Aliquot the resulting suspension in 100 pl in sterile 0.6 ml Eppendorf tubes and store at -80 °C until
use.

F.2.2 E. coli electrocompetent cells protocol

o g

. Start an overnight culture of E. coli strain in 5 ml of LB at 30 °C or 37 °C with (or without) relevant

antibiotics and stir at 250 rpm.

Early the next morning, inoculate 50 ml of fresh LB, supplemented with (or without) relevant antibi-
otics, with 1 ml (1/50) of E. coli from the overnight culture. Incubate at 30 °C or 37 °C at 250 rpm until
OD measured at 600 nm between 0.5—0.7 is reached. Place glycerol solution on ice for further use.

Place the culture on ice for 10 min.
Centrifuge culture in 50 ml conical centrifuge tubes at 4,000 rpm for 5 min at 4 °C.
Remove supernatant and resuspend cell pellet in 20 ml (1/2.5) 10% glycerol (kept on ice).

Centrifuge at 4 °C and 4,000 rpm for 5 min.
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Remove supernatant and resuspend cell pellet in 20 ml (1/2.5) 10% glycerol (kept on ice).

Centrifuge at 4 °C and 4,000 rpm for 5 min.

9. Remove supernatant and resuspend cell pellet in 1 ml 10% glycerol (kept on ice).

Prepare 100 pl aliquots in 0.6 ml Eppendorf tubes (previously autoclaved) and store at -80 °C.

F.2.3 Chemical transformation of E. coli

. Thaw calcium chloride competent E. coli TOP10 or DH5a. stock on ice.

Mix 100 pl of calcium chloride competent E. coli with 10 ul of purified plasmid or ligation mixture in a
1.5 ml Eppendorf tube and keep on ice for 30 min. Use freeze tips.

3. Incubate in a water bath at 42 °C for 45 sec and then place on ice for 1 min.

Add 900 pl SOC medium and incubate at 37 °C at 250 rpm for 1 h.

5. Spread volumes of 200 pl, 150 pl and 90 pl on LA plates supplemented with a volume of carbenicillin,

Note.

X-Gal and IPTG to reach a final concentration of 0.1 mg/ml, 0.1 mM and 40 pg/ml, respectively.
Add IPTG, X-Gal and carbenicillin after autoclaving LA, when reaching about 40 °C.

Incubate plates at 37 °C overnight and screen for the desired transformant.

F.2.4 Transformation of E. coli by electroporation

. Thaw electrocompetent E. coli TOP10 stock on ice.

Mix 100 pl of electrocompetent E. coli with 10 pl of purified plasmid or ligation mixture in a 1.5 ml
Eppendorf tube and keep on ice for 30 min. Use freeze tips.

Place the mixture in a freeze electroporation cuvette (0.2 cm gap width) and carry out electroporation
in BioRad GenePulser at 2,500 V. Use freeze cuvette.

Immediately add 900 pl ice-cold LB and incubate for 1 h at 37 °C.

5. Spread volumes of 200 pl, 150 pl and 90 pl on LA plates supplemented with relevant antibiotics.

6. Incubate at 37 °C overnight and screen for the desired transformant.

F.3

F.3.1

General procedures for cultivation and genetic ma-
nipulation of Streptomyces strains

Spore stock preparation

Protocol adapted from http://openwetware.org/wiki/Streptomyces:Protocols/Spore_Prep and Kieser et al.,

2000.

1.

Streak out a colony of S. leeuwenhoekii C34 or S. coelicolor onto fresh SFM agar plate, using a
sterile cotton bud. Incubate at 30 °C until full sporulation is reached.
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Optional.
5.

Prepare the filtration system. Stuff a 10 ml syringe with hydrophilic cotton as indicated in
Figure F.1A. Introduce the plunger inside the barrel, leaving the plunger seal at the top of the bar-
rel. Wrap the filtration system with aluminium foil and autoclave. Do not touch the adaptor throughout
the process.

After the cells reached full sporulation, flood the plates with 2 ml 20% glycerol and gently rub the
surface of the plate with a cell spreader made with a Pasteur pipette (Figure F.1B).

. Transfer the solution (20% glycerol plus spores and debris) with a snipped tip into a clean 1.5 ml

Eppendorf tube and apply vortex, briefly (Figure F.1C).
Place the Eppendorf tube in an ultrasonic bath sonicator at 40,000 Hz for 3 min.

Pour the contents of the Eppendorf tube into the filtration system (suggestion: place the syringe with
its adaptor inside a clean 1.5 ml Eppendorf tube while the plunger is separated from the barrel).

Expel the solution from the filtration system into a sterile Eppendorf tube.

7. Store the spore stock at -20 °C.

A |
=TT 1T 170101 : ﬂ
T%—* | ;
Adaptor
Hydrophilic Barrel Plunger Plunger
cotton seal
B c = D

Spore
solution

Pasteur pipette

Spores +
debris

Spores + debris
20% glycerol Spore lawn

Figure F.1: Schematic representation of the process for preparing spore stocks of S. leeuwenhoekii C34 or
S. coelicolor. (A) Filtration system; (B) separation of the spores from the surface of the plate; (C) temporary
storage of spores plus debris solution; (D) filtration of spore solution.

F.3.2 Preparation of seed cultures of Streptomyces strains

. Before starting, coat the internal wall of a 250 ml Erlenmeyer flask with Sylon CTTM (5% dimethyldi-

chlorosilane in Toluene; Supelco catalogue number 33065-U) and allow to dry overnight. This step is
required to deter the mycelium from sticking to the glass.

Place a stainless steel spring at the bottom of each flask to improve aeration. Autoclave the flask.

Add 25 ml of liquid medium to the flasks and inoculate with 1-108 spores. Modified ISP2 was used as
chaxamycin production medium for S. leeuwenhoekii C34 (Rateb et al., 2011a) and R3 medium was
used for S. coelicolor.

Incubate at 30 °C for 24 h or 48 h at 250 rpm.

5. Pour the contents of the flask into a 50 ml conical centrifuge tube and centrifuge at 4,000 rpm at room

temperature. Discard the supernatant.

Wash the cell pellet twice in normal saline solution and resuspend in fresh production medium to
begin the experiment.
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F.3.3 Conjugation between E. coli ET12567 strains and S. leeuwen-

hoekii C34

. Set up an overnight culture of E. coli ET12567, carrying either pUZ8002 or pR9406 (helper plasmids)

and the plasmid to be transferred, in 5 ml LB supplemented with relevant antibiotics. Leave the culture
at 37 °C and 250 rpm.

Early the next morning, sub-culture E. coli in 10 ml LB supplemented with relevant antibiotics at 37 °C
and 250 rpm until reaching an OD measured at 600 nm of 0.3—0.4.

. Centrifuge the culture at room temperature and 3,000 rpm, discard the supernatant and wash the cell

pellet in 10 ml LB. Repeat this process twice. Resuspend the cell pellet in 0.3 ml LB.

Heat-shock 1-108 spores of S. leeuwenhoekii C34 in 0.5 ml of 2xYT medium (recipe in Appendix E.2)
at 50 °C for 10 min. Cool to room temperature.

5. Centrifuge at room temperature and 10,000 rpm for 5 min and discard supernatant.

6. Resuspend the spores with the E. coli suspension and mix gently.

7. Spread 0.1 ml of the conjugation solution with a glass bacterial cell spreader on SFM agar medium,

supplemented with 10 mM CaCl, and 10 mM MgCl, and without antibiotics. Let the surface of the
plates dry at room temperature.

Incubate for 20—24 h at 30 °C.

9. Overlay with 1 ml of nalidixic acid plus relevant antibiotic solution, per plate (see Table F.1; Kieser

10.

Controls.

et al., 2000). For example when overlaying with apramycin, the solution would be: 25 pl apramycin
plus 20 ul nalidixic acid plus 955 pl sterile water.

Let the surface of the plate to dry and incubate at 30 °C.

Spread 0.1 ml of the conjugation solution onto SFM agar medium and overlay the next day with just
nalidixic acid.

F.3.4 Transference of PAC DNA from E. coli ET12567 into S. coeli-

Step 1

Note

color (Tri-parental mating)

Tri-parental mating using three E. coli strains to mobilise PAC clones from E. coli DH10B into E. coli
ET12567.

. Sub-culture overnight cultures of E. coli DH10B containing the PAC clone (pESAC13 derivative,

kanamycin resistance in E. coli, thiostrepton resistance in Streptomyces), E. coli TOP10 containing
the self-transmissible helper plasmid pR9604 (carbenicillin resistant) and E. coli ET12567 (recipient)
(chloramphenicol resistant) into fresh 10 ml LB and grow them into exponential phase.

The strains have different growth rates, so carry out a trial experiment under local conditions first.

. Wash the cultures twice with fresh LB liquid medium (using centrifugation to pellet the cells), to

remove residual antibiotics.

3. Resuspend each pellet in 50 pl of fresh LB.

Pour LA plates lacking antibiotics for the tri-parental mating. Pilli are very fragile and it has been
mentioned that they shear off in liquid culture.

Spot 10 to 20 pl of each strain onto the same location on the LA plate so that the three strains are
mixed together. Wait for the spots to dry in and incubate at 37 °C overnight for tri-parental conjugation.

Next day, prepare LA plates containing chloramphenicol, kanamycin and carbenicillin to select for
E. coli ET12567 derivatives containing the PAC clone and the helper plasmid (pR9604).
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7.

Step 2

10.

11.

Streak the overnight incubated spots from the LA conjugation plates onto the LA plates containing
kanamycin, carbenicillin and chloramphenicol to obtain single colony exconjugants of E. coli ET12567
containing the pESAC13 derivative and pR9604.

After overnight incubation, inoculate a few of the resulting colonies into LB containing chlorampheni-
col, kanamycin and carbenicillin and carry out PCR analysis to confirm the presence of the PAC
clone.

Conjugation between E. coli ET12567 containing pESAC13 derivatives and pR9604, and S. coelicolor
strains.

Follow the conjugation protocol described in Appendix F.3.3, but instead of plating out the conjugation
mixture on a SFM agar plate, use R2-S agar medium.

After flooding the R2-S agar conjugation plate with thiostrepton and nalidixic acid, wait for a few days
to observe putative exconjugants. Streak the colonies onto DNA agar supplemented with thiostrepton
plus nalidixic acid. If they survive, streak out again onto SFM agar supplemented with nalidixic acid.

Carry out PCR analysis to confirm that the entire PAC clone has been transferred to the S. coelicolor
recipient, which is resistant to thiostrepton.

Table F.1: Concentration of antibiotics used to select for transformed S. leeuwenhoekii C34 and S. coelicolor
strains. Preparation of antibiotic solutions are listed in Appendix E.3.1.

Antibiotic (stock concen- Final concentration of antibiotic in 25 Amount of stock solution (ul)

tration mg/ml) ml agar plates (ug/ml) after overlaying

Apramycin (50) 50 25
Hygromycin B (50) 40 20
Kanamycin (50) 50 25!
Thiostrepton (50) 60 302
Nalidixic acid (25) 20 20

' In this work, this concentration was only used for S. leeuwenhoekii C34.
2 In this work, this concentration was only used for S. coelicolor.

F.4

Bioassays against Bacillus subtilis and Micrococcus
luteus

. Set up a overnight culture of B. subtilis and M. luteus in 10 ml LB. Incubate at 37 °C at 250 rpm.

Very early the next morning, take 1 ml of the previous culture and inoculate 50 ml LB. Do this for each
microorganism. Incubate at 30 °C at 250 rpm until an OD measured at 600 nm of 0.6 is reached. It
takes about 4 h for B. subtilis and about 7 h for M. luteus, although it depends on the density of the
pre-inoculum.

Once the desired OD measured at 600 nm is reached, centrifuge the cultures and resuspend in 3 ml
LB. Measure OD measured at 600 nm of the concentrated cells.

. Melt LA (previously autoclaved) and let it cool to about 40 °C; then, add a volume of either B. subtilis

or M. luteus such that the OD measured at 600 nm is 0.0125 in the medium. Quickly, mix by gentle
manual stirring since agar would start to solidify.

5. Pour LA with B. subtilis or M. luteus onto square Petri dishes and wait until the agar becomes solid.

6. Using sterile forceps, take a tip and with the back of it make wells on the agar; these wells will contain

the sample for testing antimicrobial activity.
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Fill each well with 50 ul of sample. Use either, 100 ug/ml apramycin or 100 pg/ml carbenicillin as
positive control; use culture medium as negative control.

Refrigerate the plates at 4 °C for 45 min—1 h to allow liquid sample to diffuse through the agar. The
surface of the plate must always be facing upwards.

Incubate the plates for 1 or 2 days at 30 °C, plate must be facing upwards.

F.5 Measurement of chaxamycins in liquid cultures of

S. leeuwenhoekii C34 and S. coelicolor M1650

Chaxamycin A, chaxamycin B and chaxamycin C standards were kindly provided by Dr. Mostafa Rateb and
Prof. Marcel Jaspars (University of Aberdeen, Scotland).

Optional.

. Samples of 1 ml of liquid culture of S. leeuwenhoekii C34 or S. coelicolor strains were withdrawn from

the flasks at different times and collected in 1.5 ml Eppendorf tube.

. Samples were centrifuged twice at 13,000 rpm at 4 °C for 10 min, and the supernatant was carefully

transferred into new Eppendorf tubes. An aliquot of 0.5 ml of the supernatant was placed in an HPLC
vial.

The mycelial pellet from the first centrifugation step was extracted with 0.5 ml of methanol, centrifuged
at 13,000 rpm at 4 °C for 10 min, and 0.3 ml of the methanol extract was mixed with 0.3 ml water in
an HPLC vial.

Samples were analysed on a Shimadzu LC-MS system equipped with a NexeraX2 liquid chromato-
graph (LC30AD) fitted with a Prominence photo diode array detector (SPD-M20A) and an LCMS-IT-
ToF mass spectrometer.

Five pl of sample was injected in a Kinetex XB-C18 2.6 um 100 A 50x2.10 mm column (part no. 00B-
4496-AN, Phenomenex, USA) fitted with a KrudKatcher Ultra HPLC in-line filter (part no. AF0-8497,
Phenomenex, USA).

The elution flow rate was set to 0.6 ml per min with a gradient of 0.1% v/v formic acid in water
(mobile phase A) and methanol (mobile phase B) as follows (minute, % of B reached at that minute):
0 min, 2% B; 1 min, 2% B; 8 min, 100% B; 9.3 min, 100% B; 9.5 min, 2% B; 11.2 min, 2% B for
equilibration. The column was kept at 40 °C.

Chaxamycin were detected through mass spectrometry in negative ionization mode (more sensitivity
for chaxamycin detection was observed in this mode than in positive ionization mode).

Purified chaxamycin A, chaxamycin B and chaxamycin C standards were used in each run.

Data acquisition and analysis were performed with LCMSsolutions version 3 (Shimadzu); spectra
visualisation was also performed with Mass++ version 2.7.2 (http://www.first-ms3d.jp/english/). The
[M —H]™ ions detected for the chaxamycin species were: chaxamycin A m/z 638.29 [M — H]~; chaxam-
ycin B m/z 622.29 [M — H]~; chaxamycin C m/z 654.29 [M — H]~; chaxamycin D m/z 682.29 [M — H]".
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Appendix G

Supplementary information of Chapter
One: Establishment of practical
procedures for growth and genetic
manipulation of Streptomyces
leeuwenhoekii C34
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Table G.1: Putative DNA sequences of attB sites in S. leeuwenhoekii C34.

attB site DNA sequence 5’ —3’

®C31-Sco CGGTGCGGGTGCCAGGGCGTGCCCTTGGGCTCCCCGGGCGCGTACTCCAC
®C31-Sle CGGTGGGGGTGCCAGGGGGTGCCCTTGGGCTCTCCGGGCGCGTACTCCAC
®BT1-Sco TCCTTGACCAGGTTTTTGACGAAAGTGATCCAGATGATCCAGCTCCACAC
®BT1-Sle TCCTTGATCAGATTTTTGACGAAAGTGATCCAGATGACCCAGCTCCACAC

attB recognised by ®C31 (Rausch and Lehmann, 1991) and ®BT1 (Gregory et al., 2003) integrases in
S. coelicolor (Sco) and putatively in S. leeuwenhoekii C34 (Sle). Differences are underlined.
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Figure G.1: Verification of insertion of pSET152 in the genome of S. leeuwenhoekii strain M1660, obtained
from optimised conjugation conditions. Lane L is 100 bp DNA ladder (cat. no. N3231S); lanes 1—-14 are
S. leeuwenhoekii M1660 exconjugants; lane C is genomic DNA from S. leeuwenhoekii C34 wild-type.
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No antibiotics Kanamycin Apramycin Thiostrepton Hygromycin B

SFM
No salt addition

SFM
60 mM CaCl,

SFM
60 mM MgCl,

Figure G.2: Evaluation of the effectiveness of antibiotics to prevent growth of S. leeuwenhoekii C34 in
presence of either 60 mM CaCl, or 60 mM MgCl,. S. leeuwenhoekii C34 was cultivated on SFM supple-
mented with 60 mM CaCl, plus antibiotic at a concentration typically used: 100 pg/ml kanamycin, 50 pg/ml
apramycin, 50 pg/ml thiostrepton and 50 pg/ml hygromycin B; plates were incubated at 30 °C for three days.
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Table G.2: rRNA methyltransferases of S. leeuwenhoekii C34.

Protein Organism Protein name (NCBI accession) Domains (Pfam accession)
code
Tsr S. azureus 23S rRNA [adenosine(1067)-2-0]- TSNR_N (PF04705)
methyltransferase (P18644)
SpoU_methylase (PF00588)
Sle_55160 S. leeuwenhoekii C34 Uncharacterized tRNA/rRNA  SpoU_sub_bind (PF08032)
methyltransferase (CQR64973)
SpoU_methylase (PF00588)
Sle_38790 S. leeuwenhoekii C34 Uncharacterized tRNA/rRNA  SpoU_sub_bind (PF08032)
methyltransferase (CQR63338)
SpoU_methylase (PF00588)
Sle_55570 S. leeuwenhoekii C34 Uncharacterized tRNA/rRNA  SpoU_methylase (PF00588)
methyltransferase (CQR65014)
Sle_35420 S. leeuwenhoekii C34 rRNA methylase (CQR63003) SpoU_methylase (PF00588)
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Table G.3: APHs of S. leeuwenhoekii C34. Pfam accession of the APH domain: PF01636.

Protein Organism Protein name (NCBI accession) Domains (CDD accession)
code
Sle_01670 S. leeuwenhoekii C34 APH homologue to Hyg21 of the hy- AAA_33 (PF13671)
gromycin A biosynthesis gene clus-
ter of S. hygroscopicus (CQR59629)
(Dhote et al., 2008)
Sle_14060 S. leeuwenhoekii C34 Aminoglycoside phosphotransferase PKc_like  super  family
(CQR60868) (COG3173)
Sle_15890 S. leeuwenhoekii C34 Aminoglycoside phosphotransferase PKc_like super  family
(CQR61051) (COG3173)
Sle_24140 S. leeuwenhoekii C34 Aminoglycoside phosphotransferase APH_ChoK_like_1
(CQR61875) (CD05155)
PKc_like  super  family
(COG3173)
Sle_54290 S. leeuwenhoekii C34 Aminoglycoside phosphotransferase PKc_like super  family
(CQR64886) (COG3173)

ACAD10_N-like (CD05154)
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found on the next page.
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Figure G.3: Phylogenetic tree of protein sequences of characterised APHs and those homologues en-
coded in the genome of S. leeuwenhoekii C34. Sequences of characterised APHs were obtained from
Wright and Thompson, 1999 and Ramirez and Tolmasky, 2010. Neighbour-joining tree was created with
MEGAG6 (Tamura et al., 2013), using maximum likelihood as statistical test (other parameters: Gap/miss-
ing data treat = partial deletion; site coverage cutoff (%) = 95; bootstrap method with 1000 replications;
rates among sites = Gamma distributed with Gamma-parameter of 1; Hall, 2013). Image of the phylogenetic
tree was generated with Interactive Tree Of Life (iTOL) on-line tool (Letunic and Bork, 2011) and edited in
Inkscape. Sle_14060, Sle_15890, Sle_24140 and Sle_54290 belong to the APH family enzymes of amino-
glycoside phosphotransferase (Pfam accession: PF01636) and contain the PKc_like super family domain
that is a protein-kinase catalytic domain (CDD accession: CD05120). The list of sequences used can be

APH(2")-llla
Sle_24140
APH(7")-la
Sle_14060

APH(6)-la

_[ APH(6)-Ib
— Cph
_[ Vph

Sle_54290
Sle_15890

] APH(9)-la
_[ APH(9)-Ib
APH(6)-Ic

l: APH(6)-Id

Sle_01670
APH(4)-la
APH(4)-Ib
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List of APH enzymes used to build a phylogenetic tree (Figure Appendix G.3).

AHP Organism Protein name Protein
accession

APH(4)-1a Escherichia coli Hygromycin-B 4-O-kinase P00557

APH(4)-1b Burkholderia pseudomallei Hygromycin phosphotransferase Q52501

APH(6)-la Streptomyces griseus Streptomycin 6-kinase P08077

APH(6)-1b Streptomyces glaucescens Streptomycin 6-kinase P18622

APH(6)-Ic Klebsiella pneumoniae Streptomycin 3"-kinase P13082

APH(6)-Id Escherichia coli Aminoglycoside 6”-phosphotrans- Q7ATJ6
ferase

APH(9)-la Legionella pneumophila Spectinomycin phosphotransferase 006916

APH(9)-1b Streptomyces netropsis Spectinomycin phosphotransferase  P72441

APH(3’)-la Escherichia coli Aminoglycoside  3’-phosphotrans- P00551
ferase

APH(3)-1b Escherichia coli Aminoglycoside  3’phosphotrans- P14509
ferase

APH(3’)-lc Klebsiella pneumoniae Aminoglycoside  3’-phosphotrans- Q79AN4
ferase

APH(3)-lla Klebsiella pneumoniae Aminoglycoside  3’-phosphotrans- P00552
ferase

APH(3)-1lb Pseudomonas aeruginosa Aminoglycoside  3’-phosphotrans- Q9HWR2
ferase

APH(3’)-llc Stenotrophomonas maltophilia  Aminoglycoside  3’-phosphotrans- ES5LCRS3
ferase

APH(3’)-1lla Enterococcus faecalis Aminoglycoside 3’- POA3Y5
phosphotransferase

APH(3’)-1Va Bacillus circulans Aminoglycoside  3’-phosphotrans- P00553
ferase

APH(3’)-Va Streptomyces fradiae Aminoglycoside  3’-phosphotrans- P00555
ferase

APH(3’)-Vb Streptomyces ribosidificus Aminoglycoside  3’-phosphotrans- P13250
ferase

APH(3’)-Vc Micromonospora chalcea Aminoglycoside-O-phosphoryl- Q53558
transferase

APH(3’)-Vla  Acinetobacter baumannii Aminoglycoside  3’-phosphotrans- P09885
ferase

APH(3’)-VIb Klebsiela pneumoniae - N.a.’

APH(3)-Vlla  Campylobacter jejuni Aminoglycoside  3’-phosphotrans- P14508
ferase

APH(2")-la Staphylococcus aureus Bifunctional AAC/APH POAOCO

APH(2")-1b Enterococcus faecium Aminoglycoside phosphotrans- Q9EVD7
ferase

APH(2")-1la Escherichia coli Aminoglycoside phosphotrans- Q93ET9
ferase

APH(2")-llla Enterococcus gallinarum Gentamicin resistance protein P96762
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Continued. List of APH enzymes used to build a phylogenetic tree.

AHP Organism Protein name Protein  ac-
cession

APH(2")-IVa  Enterococcus casseliflavus APH(2")-Id 068183

APH(2")-le Enterococcus casseliflavus Aph(2”)-le Q58M16

APH(2")-If Campylobacter jejuni Bifunctional aminoglycoside modify- Q4VR94
ing enzyme

APH(3")-la Streptomyces griseus Streptomycin 3"-kinase P18150

APH(3")-lb Pseudomonas syringae APH(3”) streptomycin phospho- Q7BKK6
transferase

APH(3")-Ic Mycobacterium fortuitum APH(3")-lc QO0ZNJ3

APH(7")-la Streptomyces hygroscopicus Hygromycin-B 7”-O-kinase P09979

Vph? Streptomyces vinaceus Viomycin phosphotransferase P18623

Cph? Streptomyces capreolus Capreomycin phosphotransferase Q53826

Sle_01670° Streptomyces leeuwenhoekii Putative hygromycin A phospho- AOAOF7VKS8
transferase

Sle_14060* Streptomyces leeuwenhoekii Putative aminoglycoside phospho- AOAOF7VQN4
transferase

Sle_15890* Streptomyces leeuwenhoekii Putative aminoglycoside phospho- AO0AOF7VVP4
transferase

Sle_24140* Streptomyces leeuwenhoekii Putative aminoglycoside phospho- AO0AOF7VPY5
transferase

Sle_54290* Streptomyces leeuwenhoekii Putative aminoglycoside phospho- AQ0AOF7W6MO

transferase

' Sequence not available.
2 Other type of APH.

3 Putative hygromycin A APH, based on homology with Hyg21, an O-phosphotransferase present in S. hy-
groscopicus NRRL 2388 (Dhote et al., 2008).
4 Putative APH encoded in the genome of S. leeuwenhoekii C34.
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AAC(6')-Is
AAC(6')-1j
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AAC(6')-Iv
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AAC(6')-31
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Figure G.4: Phylogenetic tree of protein sequences of characterised AAC and those homologues encoded
in the genome of S. leeuwenhoekii C34. Sequences of characterised AACs were obtained from Ramirez
and Tolmasky, 2010. The sequences of proteins of S. leeuwenhoekii C34 were selected based on the pres-
ence of the following Pfam domains (accession), found in AACs: acetyltransf 1 (PF00583), acetyltransf_3
(PF13302), acetyltransf_7 (PF13508), acetyltransf_8 (PF13523), acetyltransf 10 (PF13673) and domain of
unknown function 4111 (PF13427). Neighbour-joining tree was created with MEGA6 (Tamura et al., 2013),
using maximum likelihood as statistical test (other parameters: Gap/missing data treat = partial deletion; site
coverage cutoff (%) = 95; bootstrap method with 1000 replications; rates among sites = Gamma distributed
with Gamma-parameter of 1; Hall, 2013). Image of the phylogenetic tree was generated with Interactive Tree
Of Life (iTOL) on-line tool (Letunic and Bork, 2011) and edited in Inkscape. The list of sequences used can
be found on the next page.
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List of AAC enzymes used to build a phylogenetic tree (Figure Appendix G.4).

AAC Organism Protein name Protein
accession
AAC(3)-la Escherichia coli N-acetyltransferase Q849Y5
AAC(3)-Ib Pseudomonas aeruginosa Aminoglycoside 3’-N-acetyltransferase Q51407
AAC(3)-lc Pseudomonas aeruginosa N-acetyltransferase Q83V16
AAC(3)-Id Salmonella newport Aminoglycoside acetyltransferase Q6SIX1
AAC(3)-le Salmonella enterica Aminoglycoside (3) acetyltransferase Q6S741
AAC(3)-lla Escherichia coli Aminoglycoside-(3)-N-acetyltransferase ATYKW2
AAC(3)-llb Serratia marcescens Aminoglycoside N-(3’)-acetyltransferase Il Q01515
AAC(3)-llc Escherichia coli Aminoglycoside N-(3’)-acetyltransferase Q03634
AAC(3)-llla Pseudomonas aeruginosa Aminoglycoside N-(3’)-acetyltransferase Il P29808
AAC(3)-IlIb Pseudomonas aeruginosa Aminoglycoside N-(3’)-acetyltransferase Il Q51405
AAC(3)-lllc Pseudomonas aeruginosa Aminoglycoside N-(3’)-acetyltransferase Il Q51406
AAC(3)-IVa Salmonella sp. Aminoglycoside N-(3’)-acetyltransferase IV P08988
AAC(3)-Vla  Enterobacter cloacae Aminoglycoside N-(3’)-acetyltransferase Q47030
AAC(3)-Vlla  Streptomyces rimosus Aminoglycoside N-(3’)-acetyltransferase VIl  P30180
subsp. paromomycinus
AAC(3)-Vllla  Streptomyces fradiae Aminoglycoside N-(3’)-acetyltransferase  P29809
VI
AAC(3)-IXa  Micromonospora chalcea Aminoglycoside N-(3’)-acetyltransferase IX  P29810
AAC(3)-X Streptomyces griseus Aminoglycoside 3-N-acetyltransferase Q54216
AAC(2)-la Providencia stuartii Aminoglycoside 2’-N-acetyltransferase Q52424
AAC(2’)-Ib Mycobacterium fortuitum Aminoglycoside 2’-N-acetyltransferase Q49157
AAC(2))-Ic Mycobacterium tuberculosis ~ Aminoglycoside 2’-N-acetyltransferase POWQGS8
AAC(2)-Id Mycobacterium smegmatis Aminoglycoside 2’-N-acetyltransferase P94968
AAC(2)-le Mycobacterium leprae Aminoglycoside 2’-N-acetyltransferase Q9CD24
AAC(6’)-lam  Stenotrophomonas mal- Aminoglycoside N-(6’)-acetyltransferase | B2FQI3
tophilia
AAC(6')-la Citrobacter koseri Aminoglycoside N-(6’)-acetyltransferase | P10051
AAC(6')-1b Klebsiella pneumoniae Aminoglycoside N-(6’)-acetyltransferase | P19650
AAC(6")-1b’ Pseudomonas fluorescens Aminoglycoside N-(6’)-acetyltransferase Q79E71
AAC(6)-Ic Serratia marcescens Aminoglycoside N-(6’)-acetyltransferase | Q54441
AAC(6')-le Enterococcus faecalis Aac(6’)-le-aph(2)-la protein AOA0C6DW?77
AAC(6’)-If Enterobacter cloacae Aminoglycoside N-(6’)-acetyltransferase | Q03635
AAC(6)-1g Acinetobacter haemolyticus Aminoglycoside N-(6’)-acetyltransferase | Q44057
AAC(6’)-1h Acinetobacter baumannii Aminoglycoside N-(6’)-acetyltransferase | Q43899
AAC(6)-li Enterococcus faecium N-acetyltransferase Q47764
AAC(6’)-] Acinetobacter sp. genomo- Aminoglycoside N-(6’)-acetyltransferase | Q44245
species 13

AAC(6')-1k Acinetobacter sp. CIP-A165  Aminoglycoside N-(6’)-acetyltransferase | Q44246
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Continued. List of AAC enzymes used to build a phylogenetic tree.

AAC Organism Protein name Protein
accession
AAC(6')-Ip Citrobacter freundii Aminoglycoside acetyltransferase (6’) | P94629
AAC(6')-1q Klebsiella pneumoniae Aminoglycoside 6’-N-acetyltransferase 068484
AAC(6')-Im Escherichia coli Aminoglycoside acetyltransferase Q93ET8
AAC(6)-I Enterobacter aerogenes Aminoglycoside N-(6’)-acetyltransferase | P50858
AAC(6)-Ir Acinetobacter sp. genomo- Aminoglycoside N-(6’)-acetyltransferase | 052241
species 14
AAC(6')-Is Acinetobacter variabilis Aminoglycoside N-(6’)-acetyltransferase | 052242
AAC(6’)—Isa  Streptomyces albulus Kanamycin acetyltransferase Q764C8
AAC(6’)-1t Acinetobacter sp. genomo- Aminoglycoside N-(6')-acetyltransferase | 052243
species 16BJ
AAC(6’)-lu Acinetobacter sp. genomo- Aminoglycoside N-(6')-acetyltransferase | P00557
species 17BJ
AAC(6)-Iv Acinetobacter sp. 631 Aminoglycoside N-(6’)-acetyltransferase | 052245
AAC(6’)-lw Acinetobacter sp. 640 Aminoglycoside N-(6’)-acetyltransferase | 052246
AAC(6’)-1x Acinetobacter sp. BM2722 Aminoglycoside N-(6’)-acetyltransferase | 052247
AAC(6)-ly Salmonella enteritidis Aminoglycoside N-(6’)-acetyltransferase | Q9R381
AAC(6)-1z Stenotrophomonas mal- Aminoglycoside N-(6’)-acetyltransferase | Q9RBW?7
tophilia
AAC(6’)-lad  Salmonella typhimurium Aminoglycoside N-(6’)-acetyltransferase | Q75ZP9
AAC(6’)-lae  Pseudomonas aeruginosa Aminoglycosides acetyltransferase Q76FR4
AAC(6)-1af Pseudomonas aeruginosa Aminoglycoside 6’-N-acetyltransferase C4ATGI5
AAC(6’)-lai Pseudomonas aeruginosa N-acetyltransferase B6D9B6
AAC(6)-1bs Pseudomonas aeruginosa 6’-N-acetyltransferase Q7BH78
AAC(6')-1by Serratia sp. Aminoglycoside 6’-N-acetyltransferase Q79DM5
AAC(6’)-1b; Enterobacter cloacae Aminoglycoside 6’-N-acetyltransferase Y11946'
AAC(6’)-1bg Enterobacter cloacae Aminoglycoside 6’-N-acetyltransferase Y119471
AAC(6’)-1bg Pseudomonas aeruginosa Aminoglycoside 6’-N-acetyltransferase Q9R977
AAC(6’)-lb11  Salmonella typhimurium Aminoglycoside 6’-N-acetyltransferase Q8GLI5
AAC(6’)-29a  Pseudomonas aeruginosa 6’-N-aminoglycoside acetyltransferase | Q9AIK9
AAC(6’)-29b  Pseudomonas aeruginosa 6’-N-aminoglycoside acetyltransferase Q9AIK8
AAC(6')-31 Pseudomonas putida 6’-N-aminoglycoside acetyltransferase QOVTT5
AAC(67)-32 Pseudomonas aeruginosa 6’-N-aminoglycoside acetyltransferase ABN6U3
AAC(6°)-33 Pseudomonas aeruginosa Aminoglycoside 6’-N-acetyltransferase C7F6Y4
AAC(6’)-130  Salmonella enterica 6’-N-aminoglycoside acetyltransferase Q7WTV9
AAC(6’)-lid Enterococcus durans Aminoglycoside acetyltransferase Q70E71
AAC(6)-lih Enterococcus hirae Aminoglycoside acetyltransferase Q70E72
AAC(6)-1b- Enterobacter cloacae Aminoglycoside acetyltransferase A7UMSH
Suzhou
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Continued. List of AAC enzymes used to build a phylogenetic tree.

AAC Organism Protein name Protein
accession
AAC(6)-1b- Acinetobacter baumannii Aminoglycoside acetyltransferase B8Y9I3
Hangzou
AAC(6’)—SK  Streptomyces kanamyceticus  Aminoglycoside 6’-N-acetyltransferase Q75PS3
AAC(6’)-1la Pseudomonas aeruginosa 6’-N-acetyltransferase Q51409
AAC(6’)-1lb Pseudomonas fluorescens 6’-N-acetyltransferase Q51734
AAC(6’)-llc Enterobacter cloacae 6’-N-acetyltransferase Q6DT23
AAC(6’)-1b- Escherichia coli 6’-N-acetyltransferase Q6SJ71
cr
AAC(6)-le- Staphylococcus aureus Bifunctional AAC/APH POAOCH
APH(2")-la
ANT(3”)-li- Serratia marcescens Aminoglycoside (3”) adenylyltransferase-a- Q8VQN?7
AAC(6’)-1ld minoglycoside (6’) acetyltransferase
AAC(6’)- Pseudomonas aeruginosa AAC(6°)-30/AAC(6)-1b’ Q70E84
30/AAC(6')-
Ib’
AAC(3)- Pseudomonas aeruginosa Aminoglycoside 3-N-acetyltransferase/ami- Q8RPU6
Ib/AAC(6’)- noglycoside 6’-N-acetyltransferase
Ib”
Sle_07250%>  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7VP36
Sle_21330%  Streptomyces leeuwenhoekii  Aminoglycoside 2'-N-acetyltransferase AOAOF7VZH8
Sle_25120%  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7VU34
Sle_31050%  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7W0Q9
Sle_32000%>  Streptomyces leeuwenhoekii ~ Uncharacterized N-acetyltransferase YjdG ~ AOAOF7WO0Z7
Sle_34810%2  Streptomyces leeuwenhoekii ~ GCN5-Related N-Acetyltransferase AOAOF7VZHS8
Sle_36060%  Streptomyces leeuwenhoekii ~ GCN5-Related N-Acetyltransferase AOAOF7W234
Sle_36300%2  Streptomyces leeuwenhoekii  Protein PhnO AOAOF7VTR9
Sle_37840%  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7VXQ1
Sle_38990%  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7VXZ7
Sle_39270%  Streptomyces leeuwenhoekii  Uncharacterized N-acetyltransferase YjdG ~ AOAOF7W2Z8
Sle_41460%>  Streptomyces leeuwenhoekii  Blasticidin-S acetyltransferase AOAOF7VVAO
Sle_46130%>  Streptomyces leeuwenhoekii  UPF0256 protein SAV_5428 AOAOF7W4X6
Sle 538902  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7W6J7
Sle_55470%  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7VWR6
Sle_58210%2  Streptomyces leeuwenhoekii  Acetyltransferase ECA0875 AOAOF7W5Y4
Sle_60180%  Streptomyces leeuwenhoekii  Acetyltransferase ECA0875 AOAOF7VY95
Sle 616602  Streptomyces leeuwenhoekii  Acetyltransferase ECA0875 AOAOF7W8NO
Sle_64060%  Streptomyces leeuwenhoekii  Acetyltransferase AOAOF7W1LA
Sle_66910%>  Streptomyces leeuwenhoekii  UPF0256 protein SAV_5428 AOAOF7W2A1

' Protein sequence translated from DNA in ExPASy Translate Tool (http://web.expasy.org/translate/).
2 Putative AAC encoded in the genome of S. leeuwenhoekii C34.
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http://www.uniprot.org/uniprot/A0A0F7VWR6
http://www.uniprot.org/uniprot/A0A0F7W5Y4
http://www.uniprot.org/uniprot/A0A0F7VY95
http://www.uniprot.org/uniprot/A0A0F7W8N0
http://www.uniprot.org/uniprot/A0A0F7W1L1
http://www.uniprot.org/uniprot/A0A0F7W2A1
http://web.expasy.org/translate/

SCO04213 409 [LIVKLT|P[TEFEHL IRQLFEAIGMEAWNTQA SKDEGVDIAVAS - KDPVFNGEC I 1|QAKR|
SAV_3309 382 |L|YDMD|P|| AFENLVAELFRAMGMQAVTTQR- - - - - SNDGGVD|VDALDPAP | RGGK | V KR|
Ecoli_Mrr 163 |LILQVS|P|SRFEV I VLDVLHRL|GlYGGHRDDLQRVGGTGDGG DGV I S - LDKLGL EKVYV/QAKR
Sle_04470 165 |-|- ALDPDEFEHAVAALCVRDGCR - - - -EAEVVGGAGDL|GAD|VLAVAPD - - -GRRVV IQCKR

Consensus
L--LDP-EFEHLVA-LF-+-GM-A--TQA--VGGSGDGGVDVVAS-PDP--GGKVV+QAKRY
--------- E/D
SC04213 SK- -L|VIGVESVQALAGVV - EHKRAAKGV[L | TTSWFGRASHD|FARQHGRLQL | EGPELKYL | 523
SAV_3309 RN - -T|VPPTAVRDLY|GTV -QDAGANKGV|L V[TTSGFGPGSHT|IFANGK-PLELVSGSELVDLL 495
Ecoli_Mrr QN - - TIVGRPELQAFY|GAL - AGQKAKRGV|F | [T TSG|F[TSQARDFAQSVEGMVLVDGERLVHLM 281
Sle_04470 GDGTT|VGSQDLQRFGGTCFAVHGADVAVIVV[TTSAFTAPAIDYARQC -Gl VCVDGEALRAW- 276

Consensus I .

-N--TVG---+QA+YGTV-A--GA-KGVL+TTSGF+ - -+HDFARQ--GLVLVDGEELV-L -

B * * *
SCO04631 473 - - -RGAVLKRCQKRICENPECAGH - PTELTKAGL P I LQVDHVNDLAKG - -GPDVPWNMI ALICIPNCHAL KT 535

SC03262 61 ------------- RCM- -YCGDS - - - - - - - -|-|- LGTD IDHFKP I ARDPLSAF I WANHF L ACISHCNSNK - 103
Ecoli_McrA 194 -MVKAWI LQQSKG IC[E - -NIC[GKN - APFYLNDGNPYLEVHHV I PLSSG- -GADTTDNICVALICIPNCHRELH 256
Sle_ 34180 256 ------------- TICIE - - ACGFDFEATYGPRGAGY | ECHH|| VPLHEAGEGRTKL SD|L AL I[CANCHRMIH 309

Sle_45620 69 PLTRRALFARDGgRIC

Consensus . .

---R-A-L-R--GRCE--YCGG- - - -- Y---G-PY+EVDHVIPL+RG--GADVWDN - VALCPNCHR - KH

--YCGG- - - ------[]- VATSVDHV | PRSRG - - GKHVWDNVVASCRRCNHVK - 121

Figure G.5: Alignment of putative proteins of S. leeuwenhoekii C34 that encode for a methylation-restriction
DNA system. The amino acid sequences were identified by CDD Search at NCBI (Marchler-Bauer et al.,
2015), aligned in ClustalX (Thompson et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). Bioin-
formatic analysis of the S. leeuwenhoekii C34 genome revealed the presence of at least 3 putative methyla-
tion restriction-systems: Sle_04470, Sle_34180 and Sle_45620 (NCBI accessions: CQR59909, CQR62879
and CQR64020, respectively), homologous to those reported in S. coelicolor: Sco4213, Sco4631 and
Sco3262 (NCBI accessions: NP_628388, NP_628792 and NP_627474) (Gonzéalez-Ceron et al., 2009). (A)
Mrr_cat domain containing proteins (Pfam accession: PF04471), found in type Il restriction enzymes con-
taining the characteristic F-E-X24.42-1-(D/E)-Xx12.15-(Q/E/S/A)-x-K-R-xg.13-(D/E) motif (contained in red boxes)
as in Mrr restriction enzyme of E. coli K-12 (NCBI accession: NP_418771). (B) HNH_c domain containing
proteins (CDD accession: CD00085), found in HNH nuclease known to restrict 5-methylcytosine-modified
DNA, as McrA of E. coli (NCBI accession: NP_415677), HNH possesses the characteristic histidine, as-
paragine, histidine/asparagine catalytic triad (red stars) and four cysteines, which form a putative zinc finger
(cysteines contained in red boxes).
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http://www.ncbi.nlm.nih.gov/protein/CQR59909
http://www.ncbi.nlm.nih.gov/protein/CQR62879
http://www.ncbi.nlm.nih.gov/protein/CQR64020
http://www.ncbi.nlm.nih.gov/protein/NP_628388
http://www.ncbi.nlm.nih.gov/protein/NP_628792
http://www.ncbi.nlm.nih.gov/protein/NP_627474
http://pfam.xfam.org/family/pf04471
http://www.ncbi.nlm.nih.gov/protein/NP_418771
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cd00085
http://www.ncbi.nlm.nih.gov/protein/NP_415677
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Table H.1: Summary of similarity between proteins encoded by the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 and those encoded in

other ansamycin-type biosynthesis gene clusters.

CDS

Protein
length

Highest identity'

Rifamycin (rif)?

Saliniketal/rifamycin
(sare)?

Naphthomycin (nat)*

Rubradirin (rub)®

Ansamitocin (asm)°®

Geldanamycin
(gdm)’

Sle_10440

693

Alpha-galactosidase
(melibiase),  highly
conserved but
no Streptomyces
coelicolor ho-
molog; Strepto-
myces cellulosae
(WP_030676983.1);
599/694 (86)

Sle_10430

326

Peptidase,
conserved,
identity;
myces
Sco6773

highly
71%
Strepto-
coelicolor

Sle_10420

261

GDSL-like lipase/a-
cylhydrolase,  very
highly ~ conserved,
92% identity; Strep-
tomyces coelicolor
Sco6774

Sle10410

201

Carboxymuconolacto-
ne decarboxylase,
highly conserved
but no  Strepto-
myces coelicolor ho-
molog; Streptomyces
sp. NRRL F-4835
(WP_030971727.1);
167/191 (87)

Sle10400

398

Metallo-beta-
lactamase, very
highly conserved,
84% identity; Strep-
tomyces coelicolor
Sco6776

Cxm1

138

Hypothetical pro-
tein;  Streptomyces
turgidiscabies
(WP_006375853.1);
55/71 (77)



http://www.ncbi.nlm.nih.gov/protein/664449974?report=genbank&log$=prottop&blast_rank=2&RID=YMUAHJ1R014
http://www.ncbi.nlm.nih.gov/protein/CAB39706.1
http://www.ncbi.nlm.nih.gov/protein/CAB39707.1
http://www.ncbi.nlm.nih.gov/protein/664449974?report=genbank&log$=prottop&blast_rank=2&RID=YMUAHJ1R014
http://www.ncbi.nlm.nih.gov/protein/CAB39709.1
http://www.ncbi.nlm.nih.gov/protein/WP_006375853.1

LLL

Continued. Summary of similarity between proteins encoded by the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 and those encoded in
other ansamycin-type biosynthesis gene clusters.

CDS Protein | Highest identity’ Rifamycin (rif)? Saliniketal/rifamycin Naphthomycin (nat)* | Rubradirin (rub)® Ansamitocin (asm)® Geldanamycin (gdm)”

length (sare)®

CxmS 327 Dehydrogenase; RifS - Putative | Sare1242 - Oxidore- Orf6 -
Amycolatop- NADH-dependent ductase domain pro- Oxidoreductase-
sis mediterranei | dehydrogenase tein  (ABV97147.1); like  (AAY46807.1);
(KDO09658.1); (AAS07752.1); 246/325 (76) 36/132 (27)

260/327 (80) 255/322 (79)

CxmT 323 Oxidoreductase; RifT - NADH- | Sare1243 - Oxidore-
Streptomyces katrae | dependent de- | ductase domain pro-
(WP_030301473.1); hydrogenase tein (ABV97148.1);
204/326 (63) (AAC01707.1); 190/322 (59)

41/265 (53)

Cxm4 397 Cytochrome Orf0 - Cytochrome | Sare1245 - Cy- | Orf0 - Cytochrome | RubF4 - Puta- | Asm30 - Cytochrome | GdmP - P450
P450; Actino- | P450-like protein | tochrome P450 | P450-like protein | tive cytochrome | P450 (AAM54108.1); | (PikC subfamily)
madura  rifamycini | (AAC01709.1); (ABV97150.1); (ADM46355.1); P450 (CAI94704.1); | 63/202 (31) (AAO06929.1);
(WP_026404209.1); 320/397 (81) 320/397 (81) 269/397 (68) 190/408 (47) 149/391 (38)
324/397 (82)

CxmA 5616 AMP-dependent syn- | RifA - Rifamycin | Sare1246 - AMP- | NatA -  Polyke- | RubA - Putative | AsmD - Polyke- | GdmAIl - Polyketide
thetase and ligase; | PKS (AAC01710.1); | dependent syn- | tide synthase | PKS (CAI94682.1); | tide Synthase | synthase; modules
Salinispora arenicola | 1936/2678 (72) thetase and ligase | (ADM46356.1); 2207/3714 (59) (AAM54078.1); 4-5 (AAO06917.1);
(WP_012181459.1); (ABV97151.1); 3425/5078 (67) 1488/2991 (50) 1395/2703 (52)
3525/4669 (75) 3525/4669 (75)

CxmB 5363 Rifamycin PKS; | RifB - Rifamycin | Sare1247 - Beta- | NatC - Polyke- | RubB - Putative | AsmD - Polyke- | GdmAIl - Polyketide
Salinispora arenicola | PKS (AAC01711.1); | ketoacyl  synthase | tide synthase | PKS (CAI94713.1); | tide Synthase | synthase; modules
(WP_019902108.1); 3854/5166 (75) (ABV97152.1); (ADM46358.1); 2550/4688 (54) (AAM54078.1); 4-5 (AAO06917.1);
3969/5273 (75) 3969/5273 (75) 3560/5315 (67) 1208/2218 (54) 1485/2730 (54)

CxmC 1820 Rifamycin PKS; | RifC - Rifamycin | Sare1248 - Beta- | NatC - Polyke- | RubB - Putative | AsmD - Polyke- | GdmAIl - Polyketide
Amycolatop- PKS (AAC01712.2); | ketoacyl  synthase | tide synthase | PKS (CAI94713.1); | tide Synthase | synthase; modules
sis mediterranei | 1365/1823 (75) (ABV97153.1); (ADM46358.1); 993/1787 (56) (AAM54078.1); 4-5 (AAO06917.1);
(WP_013222549.1); 1329/1844 (72) 1126/1779 (63) 910/1749 (52) 950/1823 (52)
1361/1827 (74)

CxmC 1820 Rifamycin PKS; | RifC - Rifamycin | Sare1248 - Beta- | NatC -  Polyke- | RubB - Putative | AsmD - Polyke- | GdmAIl - Polyketide
Amycolatop- PKS (AAC01712.2); | ketoacyl  synthase | tide synthase | PKS (CAI94713.1); | tide Synthase | synthase; modules
sis mediterranei | 1365/1823 (75) (ABV97153.1); (ADM46358.1); 993/1787 (56) (AAM54078.1); 4-5 (AAO06917.1);
(WP_013222549.1); 1329/1844 (72) 1126/1779 (63) 910/1749 (52) 950/1823 (52)
1361/1827 (74)

CxmD 1773 Polyketide syn- | RifD - Rifamycin | Sare1249 - Beta- | NatC -  Polyke- | RubB - Putative | AsmD - Polyke- | GdmAIl - Polyketide
thase; Strepto- | PKS (AAC01713.1); | ketoacyl  synthase | tide synthase | PKS (CAI94713.1); | tide Synthase | synthase; modules

myces albogriseolus
(AHD24377.1);
1313/1864 (70)

1281/1788 (72)

(ABV97154.1);
1252/1817 (69)

(ADM46358.1);
1082/1778 (61)

967/1777 (54)

(AAM54078.1);
899/1731 (52)

45 (AAO0B917.1);
936/1808 (52)



http://www.ncbi.nlm.nih.gov/protein/641475011?report=genbank&log$=prottop&blast_rank=2&RID=YMWSR6FZ015
http://www.ncbi.nlm.nih.gov/protein/AAS07752.1
http://www.ncbi.nlm.nih.gov/protein/157915720
http://www.ncbi.nlm.nih.gov/protein/66474479
http://www.ncbi.nlm.nih.gov/protein/WP_030301473.1
http://www.ncbi.nlm.nih.gov/protein/2792311
http://www.ncbi.nlm.nih.gov/protein/157915721
http://www.ncbi.nlm.nih.gov/protein/WP_026404209.1
http://www.ncbi.nlm.nih.gov/protein/2792313
http://www.ncbi.nlm.nih.gov/protein/157915723
http://www.ncbi.nlm.nih.gov/protein/304633708
http://www.ncbi.nlm.nih.gov/protein/84617344
http://www.ncbi.nlm.nih.gov/protein/21449376
http://www.ncbi.nlm.nih.gov/protein/28192614
http://www.ncbi.nlm.nih.gov/protein/WP_012181459.1
http://www.ncbi.nlm.nih.gov/protein/2792314
http://www.ncbi.nlm.nih.gov/protein/157915724
http://www.ncbi.nlm.nih.gov/protein/304633709
http://www.ncbi.nlm.nih.gov/protein/84617322
http://www.ncbi.nlm.nih.gov/protein/21449346
http://www.ncbi.nlm.nih.gov/protein/28192602
http://www.ncbi.nlm.nih.gov/protein/WP_019902108.1
http://www.ncbi.nlm.nih.gov/protein/2792315
http://www.ncbi.nlm.nih.gov/protein/157915725
http://www.ncbi.nlm.nih.gov/protein/304633711
http://www.ncbi.nlm.nih.gov/protein/84617353
http://www.ncbi.nlm.nih.gov/protein/21449346
http://www.ncbi.nlm.nih.gov/protein/28192602
http://www.ncbi.nlm.nih.gov/protein/WP_013222549.1
http://www.ncbi.nlm.nih.gov/protein/41581822
http://www.ncbi.nlm.nih.gov/protein/157915726
http://www.ncbi.nlm.nih.gov/protein/304633711
http://www.ncbi.nlm.nih.gov/protein/84617353
http://www.ncbi.nlm.nih.gov/protein/21449346
http://www.ncbi.nlm.nih.gov/protein/28192602
http://www.ncbi.nlm.nih.gov/protein/WP_013222549.1
http://www.ncbi.nlm.nih.gov/protein/41581822
http://www.ncbi.nlm.nih.gov/protein/157915726
http://www.ncbi.nlm.nih.gov/protein/304633711
http://www.ncbi.nlm.nih.gov/protein/84617353
http://www.ncbi.nlm.nih.gov/protein/21449346
http://www.ncbi.nlm.nih.gov/protein/28192602
http://www.ncbi.nlm.nih.gov/protein/AHD24377.1
http://www.ncbi.nlm.nih.gov/protein/2792317
http://www.ncbi.nlm.nih.gov/protein/157915727
http://www.ncbi.nlm.nih.gov/protein/304633711
http://www.ncbi.nlm.nih.gov/protein/84617353
http://www.ncbi.nlm.nih.gov/protein/21449346
http://www.ncbi.nlm.nih.gov/protein/28192602
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Continued. Summary of similarity between proteins encoded by the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 and those encoded in
other ansamycin-type biosynthesis gene clusters.

CDS Protein | Highest identity’ Rifamycin (rif)? Saliniketal/rifamycin Naphthomycin (nat)* | Rubradirin (rub)® Ansamitocin (asm)® Geldanamycin (gdm)”

length (sare)®

CxmE 3488 Polyketide synthase; | RifE - Rifamycin | Sare1250 - Ac- | NatC - PKS | RubB - Putative | AsmD - Polyke- | GdmAIll - Polyketide
Salinispora arenicola | PKS (AAC01714.1); | yltransferase (ADM46358.1); PKS (CAI94713.1); | tide Synthase | synthase; modules
(WP_028678212.1); 2434/3497 (70) (ABV97155.1); 2189/3571 (61) 1825/3557 (51) (AAM54078.1); 4-5 (AAO06917.1);
2468/3522 (70) 2463/3521 (70) 1154/2199 (52) 1357/2757 (49)

CxmF 269 N- RifF - Amide syn- | Sare1251 - N- | NatF - Amide | RubF - Putative | Asm9 - Amide Syn- | GdmF - amide syn-
acetyltransferase/ami- | thase (AAC01715.1); | acetyltransferase synthase amide synthase | thase (AAM54087.1); | thase; RifF homolog
de synthase; | 194/256 (76) (ABV97156.1); (ADM46361.1); (CAI94702.1); 105/258 (41) (AAO06919.1);
Amycolatopsis 185/257 (72) 158/289 (55) 125/267 (47) 107/273 (39)
vancoresmycina
(WP_004559807.1);

189/257 (74)

CxmG 368 Aminodehydroquinate | RifG - Aminodehy- | Sare1253 - 3- | NatG - 3- | RubG - Putative | Orf10 - Aminodehy- | Orf2 - Aminodehy-
synthase;  Amyco- | droquinate synthase | dehydroquinate Syn- | dehydroquinate aDHQ synthase | droquinate Synthase | droquinate synthase
latopsis mediter- | (AAC01717.1); thase (ABV97158.1); | synthase (CAI94724.1); (AAC14006.1); (AAY46803.1);
ranei U32 | 290/341 (85) 284/341 (83) (ADM46363.1); 266/332 (80) 246/335 (73) 243/332 (73)
(YP_003762846.1); 266/336 (79)

293/347 (84)

CxmH 406 Phospho-2-dehydro- RifH - Amin- | Sare1254 - | NatH - DAHP | RubH - Putative
3-deoxyheptonate al- | oDAHP synthase | 3-deoxy-7- synthase aDAHP synthase
dolase; Amycolatop- | (AAC01718.1); phosphoheptulonate (ADM46364.1); (CAI94725.1);
sis vancoresmycina | 290/427 (68) synthase 272/441 (62) 295/397 (74)

(WP_004559804.1); (ABV97159.1);
311/413 (75) 291/391 (74)

Cxml 268 Shikimate dehy- | Rifl - Aminoquinate | Sare1274 - Shiki- | Natl - Shiki- | Rubl -  Putative
drogenase; Actino- | dehydrogenase mate dehydrogenase | mate/quinate oxidoreductase
madura rifamycini | (AAC01719.1); substrate bind- | dehydrogenase (CAI94690.1); 18/44
(WP_026404009.1); 202/261 (77) ing domain protein | (ADM46365.1); (41)

213/266 (80) (ABV97179.1); 186/268 (69)
144/265 (54)

CxmK 386 AHBA synthase; | RifK - AHBA syn- | Sare1255 - Glu- | NatK - AHBA | RubK - Putative | Orf6 - AHBA syn- | Orf5 - AHBA syn-
Amycolatop- thase (AAC01720.1); | tamine—scyllo- synthase AHBA synthase | thase (AAC13997.1); | thase (AAY46806.1);
sis mediterranei | 330/388 (85) inositol transaminase | (ADM46366.1); (CAI94689.1); 270/365 (74) 281/385 (73)
(AAA75105.1); (ABV97160.1); 313/384 (82) 293/384 (76)

329/388 (85) 321/388 (83)

CxmL 358 Oxidoreductase; RifL - Putative | Sare1256 - Oxidore- | NatL - Oxidoreduc- | RubL - Putative | Orf7 - Oxidoreduc- | Orf6 -

Strepto- oxidoreductase ductase domain pro- | tase (ADM46367.1); | oxidoreductase tase (AAC14003.1); | Oxidoreductase-

myces  sp. 192
(ADI56541.1);
269/356 (76)

(AAS07754.1);
268/357 (75)

tein  (ABV97161.1);
265/357 (74)

232/359 (65)

(CAI94690.1);
199/345 (58)

203/365 (56)

like (AAY46807.1);
207/362 (57)



http://www.ncbi.nlm.nih.gov/protein/WP_028678212.1
http://www.ncbi.nlm.nih.gov/protein/2832264
http://www.ncbi.nlm.nih.gov/protein/157915728
http://www.ncbi.nlm.nih.gov/protein/304633711
http://www.ncbi.nlm.nih.gov/protein/84617353
http://www.ncbi.nlm.nih.gov/protein/21449346
http://www.ncbi.nlm.nih.gov/protein/28192602
http://www.ncbi.nlm.nih.gov/protein/WP_004559807.1?report=genpept
http://www.ncbi.nlm.nih.gov/protein/2792319
http://www.ncbi.nlm.nih.gov/protein/157915729
http://www.ncbi.nlm.nih.gov/protein/304633714
http://www.ncbi.nlm.nih.gov/protein/84617342
http://www.ncbi.nlm.nih.gov/protein/21449355
http://www.ncbi.nlm.nih.gov/protein/28192604
http://www.ncbi.nlm.nih.gov/protein/YP_003762846.1
http://www.ncbi.nlm.nih.gov/protein/2792321
http://www.ncbi.nlm.nih.gov/protein/157915731
http://www.ncbi.nlm.nih.gov/protein/304633716
http://www.ncbi.nlm.nih.gov/protein/84617361
http://www.ncbi.nlm.nih.gov/protein/3056886
http://www.ncbi.nlm.nih.gov/protein/66474475
http://www.ncbi.nlm.nih.gov/protein/WP_004559804.1
http://www.ncbi.nlm.nih.gov/protein/2792322
http://www.ncbi.nlm.nih.gov/protein/157915732
http://www.ncbi.nlm.nih.gov/protein/304633717
http://www.ncbi.nlm.nih.gov/protein/84617362
http://www.ncbi.nlm.nih.gov/protein/WP_026404009.1
http://www.ncbi.nlm.nih.gov/protein/2792323
http://www.ncbi.nlm.nih.gov/protein/157915752
http://www.ncbi.nlm.nih.gov/protein/304633718
http://www.ncbi.nlm.nih.gov/protein/84617330
http://www.ncbi.nlm.nih.gov/protein/AAA75105.1
http://www.ncbi.nlm.nih.gov/protein/2792324
http://www.ncbi.nlm.nih.gov/protein/157915733
http://www.ncbi.nlm.nih.gov/protein/ADM46366.1
http://www.ncbi.nlm.nih.gov/protein/84617329
http://www.ncbi.nlm.nih.gov/protein/974609
http://www.ncbi.nlm.nih.gov/protein/66474478
http://www.ncbi.nlm.nih.gov/protein/ADI56541.1
http://www.ncbi.nlm.nih.gov/protein/41581810
http://www.ncbi.nlm.nih.gov/protein/157915734
http://www.ncbi.nlm.nih.gov/protein/304633720
http://www.ncbi.nlm.nih.gov/protein/84617330
http://www.ncbi.nlm.nih.gov/protein/3056883
http://www.ncbi.nlm.nih.gov/protein/66474479
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Continued. Summary of similarity between proteins encoded by the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 and those encoded in
other ansamycin-type biosynthesis gene clusters.

CDS Protein | Highest identity’ Rifamycin (rif)? Saliniketal/rifamycin Naphthomycin (nat)* | Rubradirin (rub)® Ansamitocin (asm)® Geldanamycin (gdm)”

length (sare)®

CxmM 232 Phosphoglycolate RifM -  Putative | Sare1257 - AHBA | NatM - Phosphatase | RubM - Puta- | Orf8 - Phosphatase | Ahbalb -
phosphatase; phosphatase synthesis asso- | (ADM46368.1); tive phosphatase | (AAC14004.1); Phosphatase-like
Amycolatop- (AAC01721.1); ciated protein | 187/231 (81) (CAI94691.1); 140/204 (69) (AAY46808.1);
sis rifamycinica | 193/232 (83) (ABV97162.1); 146/215 (68) 151/213 (71)
(KDN20697.1); 185/232 (80)

191/232 (82)

CxmN 307 Kanamycin kinase; | RifN - D- | sare1275 - ROK | NatN - Glucose ki- | RubN - Putative ki- | Asm22 - Kinase | Orf3 - Kinase-like
Streptomyces katrae | kanosamine ki- | family protein | nase (ADM46369.1); | nase (CAI94692.1); | (AAM54100.1); (AAY46804.1);
(WP_030293822.1); nase (AAC01722.2); | (RifN AHBA  ki- | 194/292 (66) 159/298 (53) 122/226 (54) 150/253 (59)
225/295 (76) 164/230 (71) nase) (ABV97180.1);

157/290 (54)

Cxm18 295 N5,N10- Orf11 - Putative Orf1 - Hypo-
methylene  tetrahy- | flavin-dependent thetical protein
dromethanopterin oxidoreductase (CAI94678.1);
reductase; Amyco- | (AAC01735.3); 88/269 (33)
latopsis mediterranei | 204/295 (69)

(WP_013222573.1);
204/295 (69)

Cxm19 533 3-(3-hydroxyphenyl) Orf19 - Putative | Sare1268 - | Nat2 - FAD- | RubP1 - Putative | Asmi11 - Oxyge- | GdmM -  Similar
propionate hy- | 3-(3-hydroxylphenyl) Monooxygenase dependent ox- | hydroxyphenylpropi- nase (AAM54089.1); | to RIif19; putative
droxylase; Strep- | propionate hydroxy- | FAD-binding idoreductase onate (CAI94716.1); | 86/273 (32) FAD-dependent
tomyces katrae | lase (AAG52989.1); | (ABV97173.1); (ADM46370.1); 305/522 (58) monooxygenase
(WP_030293823.1); 388/519 (75) 405/518 (78) 367/540 (68) (AAO06920.1);
429/526 (82) 279/531 (53)

Cxm20 402 Acyltransferase; Orf20 - Putative | Sare1262 - Con-

Salinispora arenicola | polyketide as- | served PKS associ-

(WP_029537705.1); sociated protein | ated protein PapA5

253/407 (62) (AAG52990.1); (ABV97167.1);
252/404 (62) 249/407 (61)

Cxm21 63 Ferredoxin; Strepto- Sare1261 - Protein
myces  chartreusis of unknown function
(WP_010040569.1); DUF1271 (SCO7676
43/63 (68) ferredoxin)

(ABV97166.1);
22/64 (34)

Cxm22 393 Cytochrome  P450; | Orf4 - Putative cy- | Sare1260 - Cy- | Orf0 - Cytochrome | RubF4 - Puta- | Asm30 - Cytochrome | GdmP - P450
Streptomyces tochrome P450 | tochrome P450 | P450-like protein | tive cytochrome | P450 (AAM54085.1); | (PikC subfamily)
sp. NRRL S-118 | oxidoreductase (ABV97165.1); (ADM46355.1); P450 (CAI94704.1); | 45/186 (24) (AAO06929.1);

(WP_031068103.1);
258/399 (65)

(AAC01728.1);
221/403 (55)

154/394 (39)

143/404 (35)

121/410 (30)

177/409 (43)



http://www.ncbi.nlm.nih.gov/protein/KDN20697.1
http://www.ncbi.nlm.nih.gov/protein/2792325
http://www.ncbi.nlm.nih.gov/protein/157915735
http://www.ncbi.nlm.nih.gov/protein/304633721
http://www.ncbi.nlm.nih.gov/protein/84617331
http://www.ncbi.nlm.nih.gov/protein/3056884
http://www.ncbi.nlm.nih.gov/protein/66474480
http://www.ncbi.nlm.nih.gov/protein/WP_030293822.1
http://www.ncbi.nlm.nih.gov/protein/41581821
http://www.ncbi.nlm.nih.gov/protein/157915753
http://www.ncbi.nlm.nih.gov/protein/304633722
http://www.ncbi.nlm.nih.gov/protein/84617332
http://www.ncbi.nlm.nih.gov/protein/21449368
http://www.ncbi.nlm.nih.gov/protein/66474476
http://www.ncbi.nlm.nih.gov/protein/WP_013222573.1
http://www.ncbi.nlm.nih.gov/protein/41581823
http://www.ncbi.nlm.nih.gov/protein/84617318
http://www.ncbi.nlm.nih.gov/protein/WP_030293823.1
http://www.ncbi.nlm.nih.gov/protein/AAG52989.1
http://www.ncbi.nlm.nih.gov/protein/157915746
http://www.ncbi.nlm.nih.gov/protein/304633723
http://www.ncbi.nlm.nih.gov/protein/84617354
http://www.ncbi.nlm.nih.gov/protein/21449357
http://www.ncbi.nlm.nih.gov/protein/28192605
http://www.ncbi.nlm.nih.gov/protein/WP_029537705.1
http://www.ncbi.nlm.nih.gov/protein/157915740
http://www.ncbi.nlm.nih.gov/protein/WP_010040569.1
http://www.ncbi.nlm.nih.gov/protein/157915739
http://www.ncbi.nlm.nih.gov/protein/WP_031068103.1
http://www.ncbi.nlm.nih.gov/protein/AAC01728.1
http://www.ncbi.nlm.nih.gov/protein/157915738
http://www.ncbi.nlm.nih.gov/protein/304633708
http://www.ncbi.nlm.nih.gov/protein/84617344
http://www.ncbi.nlm.nih.gov/protein/21449353
http://www.ncbi.nlm.nih.gov/protein/28192614
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Continued. Summary of similarity between proteins encoded by the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 and those encoded in
other ansamycin-type biosynthesis gene clusters.

CDS

Protein
length

Highest identity’

Rifamycin (rif)?

Saliniketal/rifamycin
(sare)®

Naphthomycin (nat)*

Rubradirin (rub)®

Ansamitocin (asm)®

Geldanamycin (gdm)’

Cxm24

355

Methyltransferase;
Streptomyces

sp. CNH189
(AGH68906.1);
230/356 (65)

Orfl4 - C-27 O-
methyltransferase
(AAC01738.1); 22/87
(25)

Asm7 -
transferase
(AAM54085.1);
53/224 (24)

Methyl-

CxmY

433

Transcriptional
regulator;  Strepto-
myces albogriseolus
(AHD24357.1);
289/430 (67)

Orf36 -  Putative
regulatory pro-
tein  (AAS07758.1);
182/416 (44)

Sare1270 -
scriptional
lator, LuxR
(ABV97175.1);
177/416 (43)

Tran-
regu-
family

Orf5 - Transcrip-
tional regulator
(ADM46353.1);
184/384 (48)

RubRg2 - Putative
transcription  regu-
lator (CAI94711.1);
113/332 (34)

CxmZ

246

Hypothetical
- Response
ulators

Streptomyces
sp. NRRL B-1347
(WP_030679122.1);
177/242 (73)

protein
reg-
OmpR;

CxmJ

168

3-dehydroquinate
dehydratase; Strep-
tomyces katrae
(WP_030293833.1);
130/147 (88)

RifJ - Aminodehydro-
quinate dehydratase
(AAS07762.1);
133/153 (86)

Sare1277 - 3-
dehydroquinate
dehydratase
(ABV97182.1);
113/140 (81)

NatJ - Aminode-
hydroquinate
dehydratase
(ADM46373.1);
104/130 (80)

RubJ -  Putative
aDHQ dehydratase
(CAI94721 1);
108/147 (73)

Asm23 - amin-
oDHQ Dehydratase
(AAM54101.1);
94/127 (74)

Orf4 -
dehydratase
(AAY46805.1);
98/144 (68)

aDHQ

Sle_10090

35

Hypothetical pro-
tein Strepto-
myces griseus
(WP_030700217.1);
21/31(68)

Sle_10080

138

Membrane-bound
lytic murein trans-
glycosylase D Thi-
olapillus  brandeum
(WP_041070258.1);
22/54(41)

Sle_10070

181

Hypothetical pro-
tein Strepto-
myces  sclerotialus
(WP_030622736.1);
52/100(52)



http://www.ncbi.nlm.nih.gov/protein/AGH68906.1
http://www.ncbi.nlm.nih.gov/protein/2792343
http://www.ncbi.nlm.nih.gov/protein/21449353
http://www.ncbi.nlm.nih.gov/protein/AHD24357.1
http://www.ncbi.nlm.nih.gov/protein/41581814
http://www.ncbi.nlm.nih.gov/protein/157915748
http://www.ncbi.nlm.nih.gov/protein/304633706
http://www.ncbi.nlm.nih.gov/protein/84617351
http://www.ncbi.nlm.nih.gov/protein/WP_030679122.1
http://www.ncbi.nlm.nih.gov/protein/WP_030293833.1
http://www.ncbi.nlm.nih.gov/protein/41581824
http://www.ncbi.nlm.nih.gov/protein/157915755
http://www.ncbi.nlm.nih.gov/protein/304633726
http://www.ncbi.nlm.nih.gov/protein/84617358
http://www.ncbi.nlm.nih.gov/protein/21449369
http://www.ncbi.nlm.nih.gov/protein/66474477
http://www.ncbi.nlm.nih.gov/protein/WP_030700217.1
http://www.ncbi.nlm.nih.gov/protein/WP_041070258.1
http://www.ncbi.nlm.nih.gov/protein/WP_030622736.1
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Continued. Summary of similarity between proteins encoded by the chaxamycin biosynthesis gene cluster of S. leeuwenhoekii C34 and those encoded in
other ansamycin-type biosynthesis gene clusters.

CDS Protein | Highest identity’ Rifamycin (rif)? Saliniketal/rifamycin Naphthomycin (nat)* | Rubradirin (rub)® Ansamitocin (asm)® Geldanamycin (gdm)”
length (sare)®
Sle_10060 | 36 Hypothetical pro-

tein Strepto-
myces griseus
(WP_037680680.1);
21/24(88)

This Table summarises the similarity of the proteins encoded in the chaxamycin biosynthesis gene cluster (cxm) of S. leeuwenhoekii C34 with those present in other ansamycin-type biosynthesis
gene clusters. BLASTp (Altschul et al., 1997) analysis was carried out using the NCBI non-redundant database or using specific coding protein sequences of ansamycin-type biosynthesis gene
clusters to infer possible chaxamycin biosynthesis reactions by comparison with known biosynthesis pathways. The information given in each cell of the Table is: annotated function, species and its
accession number in parentheses; identical residues/total residues considered in the alignment (%identity).
1 Protein found with the highest similarity to that of the cxm in the non-redundant database of NCBI (accessed on 13 August 2014).

2 Rifamycin biosynthesis gene cluster (rif) from Amycolatopsis. mediterranei S699 (AF040570.3).

3 Saliniketal/rifamycin biosynthesis gene cluster (sare) from Salinispora arenicola strain CNS-205 (CP000850).
4 Naphthomycin biosynthesis gene cluster (nat) from Streptomyces sp. CS (GQ452266.1)
5 Rubradirin biosynthesis gene cluster (rub) from Streptomyces achromogenes subsp. rubradiris (AJ871581.1).
8 Ansamitocin biosynthesis gene cluster (asm) from Actinosynnema pretiosum subsp. auranticum (AF453501.1 and U33059.1).
7 Geldanamycin biosynthesis gene cluster (gdm) from Streptomyces geldanamycininus (AY952143 and AY179507).


http://www.ncbi.nlm.nih.gov/protein/WP_037680680.1
http://www.ncbi.nlm.nih.gov/nuccore/AF040570
http://www.ncbi.nlm.nih.gov/nuccore/cp000850
http://www.ncbi.nlm.nih.gov/nuccore/cq452266.1
http://www.ncbi.nlm.nih.gov/nuccore/aj871581.1
http://www.ncbi.nlm.nih.gov/nuccore/af453501
http://www.ncbi.nlm.nih.gov/nuccore/u33059
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide&cmd=search&term=AY952143
http://www.ncbi.nlm.nih.gov/sites/entrez?db=nucleotide&cmd=search&term=AY179507
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Figure H.1: Comparison of the chaxamycin biosynthesis gene cluster (cxm) of S. leeuwenhoekii C34 with other ansamycin-type biosynthesis gene
clusters. (A) Chaxamycin biosynthesis gene cluster (cxm); (B) saliniketal/rifamycin biosynthesis gene cluster (sare) from Salinispora arenicola CNS-205
(CP000850.1); (C) rifamycin biosynthesis gene cluster (rif) from Amycolatopsis mediterranei S699 (AF040570.3) and (D) naphthomycin biosynthesis gene
cluster (nat) from Streptomyces sp. CS (GQ452266.1). Annotations on the top of some genes indicate that that gene shares high homology with genes

present in other ansamycin-type biosynthesis gene cluster (based on Table Appendix H.1). Colour code for genes and a scale bar are shown in the bottom
of this Figure.


http://www.ncbi.nlm.nih.gov/nuccore/CP000850.1
http://www.ncbi.nlm.nih.gov/nuccore/AF040570.3
http://www.ncbi.nlm.nih.gov/nuccore/GQ452266.1
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Figure H.2: Screening for the chaxamycin biosynthesis gene cluster in a PAC genomic library of S. leeu-
wenhoekii C34. (A) Amplification by PCR of the predicted ends of the chaxamycin biosynthesis gene cluster
using genomic DNA of S. leeuwenhoekii C34: lane 1, 1 kb DNA ladder (cat. no. N3232S; NEB, USA); lane 2,
PCR with primers JFC022/JFC023 that amplify a fragment of 439 bp, representing the right end of the cluster
(nt position 1,292,956 to 1,293,394); lane 3, PCR with primers JFC024/JFC025 that amplify a fragment
of 340 bp, representing the left end of the cluster (nt position 1,211,083 to 1,211,422); sequences were
verified by Sanger sequencing. (B) Result of the screening for the chaxamycin biosynthesis gene cluster
in a PAC genomic library of S. leeuwenhoekii C34, carried out by Bio S&T (Montreal, Canada). The result
corresponds to the clone 2-11L (plJ12853) that was positive for PCR with both pair of primers mentioned in
A: lane 1: DNA ladder; lane 2, PCR with primers JFC022/JFC023 (expected amplicon size 439 bp); lane
3, PCR with primers JFC024/JFC025 (expected amplicon size 340 bp). (C) PCR verification of the PAC
clone 2-11L (plJ12853) received from Bio S&T, that harbours the chaxamycin biosynthesis gene cluster of
S. leeuwenhoekii C34: lane 4, 1 kb DNA ladder (cat. no. N3232S; NEB, USA); lane 5, PCR with primers
JFC022/JFC023 (expected amplicon size 439 bp); lane 5, PCR with primers JFC024/JFC025 (expected
amplicon size 340 bp). (D) Pulse field electrophoresis gel of the digestion of PAC clone 2-11L (plJ12853)
with Dral restriction enzyme in 1% agarose gel: lane 1, high molecular weight DNA ladder (cat. no. N3551S;
NEB, USA); lane 2, lambda DNA digested with EcoRI/Hindlll (cat. no. G173A; Promega, USA); lane 3, result
of the digestion of PAC clone 2-11L (plJ12853) received from Bio S&T; lane 4, control result of the digestion
of PAC clone 2-11L (plJ12853), carried out by Bio S&T; lane 5, DNA ladder.
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Table H.2: BLASTp analysis of the coding sequences found in the S. leeuwenhoekii C34 genomic insert

present in plJ12853.

Sle_number NCBI

Proposed function

Homologue (% identity; UniRef90

accession accession)
Sle_09610 CQR60424 Na(+)/H(+) antiporter Streptomyces  sp. LaPpAH-108
(partial: (34.6%; UPI00035CE13C)
389/511 aa)
Sle_09620 CQR60425 dTDP-glucose 4,6-dehydratase Micromonospora sp. L5 (64.8%;
D9TDAS)
Sle_09630 CQR60426 NDP-Hexose 2,3-Dehydratase Streptomyces acidiscabies (50.3%;
UPI0O00288F3A1)
Sle_09640 CQR60427 Hypothetical protein Streptomyces violaceoruber
(29.9%; C0Z2479)
Sle_09650 CQR60428 Transposase Streptomyces ipomoeae (88.0%;
NODOW?7)
Sle_09660 CQR60429 Transposase Streptomyces ambofaciens ATCC
23877 (89.1%; Q1RQM?2)
Sle_09670 CQR60430 Hypothetical protein Streptomyces ambofaciens ATCC
23877 (42.2%; UPI0003615ADO0)
Sle_09680 CQR60431 Transposase Streptomyces ambofaciens ATCC
23877 (84.5%; L1KIU3)
Sle_09690 CQR60432 Phage integrase Streptomyces  coelicolor  A3(2)
(85.8%; AOAOF7VSG2)
Sle_09700 CQR60433 Transketolase A/Ferredoxin Fas2 Streptomyces ghanaensis ATCC
14672 (89.4%; AOAOC5GC69)
Sle_ 09710 CQR60434 Transketolase B/Uncharacterized Streptomyces viridochromogenes
33.6 kDa protein (87.1%; D9X8L6)
Sle_09720 CQR60435 Hypothetical Protein Streptomyces sp. Amel2xE9
(34.5%; UPI0003702C97)
Sle_09730 CQR60436 Conserved hypothetical protein Streptomyces (91.7%; LBPPY7)
Sle_09740 CQR60437 Acetyltransferase Streptomyces sp. 303MFCol5.2 (%;
UPI000363BB59)
Sle_09750 CQR60438 XRE family transcriptional regula-  Streptomyces lividans TK24 (86.6%;
tor D6EF12)
Sle_09760 CQR60439 HTH-type transcriptional regulator Streptomyces (91.7%; V6KT60)
gltC
Sle_09770  CQR60440 Putative 8-amino-7-oxononanoate Streptomyces scabiei (strain 87.22)
synthase/2-amino-3-ketobutyrate (94.5%; C9Z6N6)
coenzyme A ligase
Sle_09780 CQR60441 L-threonine 3-dehydrogenase Streptomyces  coelicolor  A3(2)
(90.7%; Q9L233)
Sle_09790 CQR60442 Conserved hypothetical protein Streptomyces davawensis
JCM 4913 (72.5%; K4QYF7)
Sle_09800 CQR60443 Hypothetical Streptomyces lividans TK24 (86.4%;
AOQAO076LYX9)
Sle_09810 CQR60444 Conserved hypothetical protein Streptomyces  sp. LaPpAH-108
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(87.9%; UP100036635BC)


http://www.ncbi.nlm.nih.gov/protein/CQR60424
http://www.uniprot.org/uniref/UniRef90_UPI00035CE13C
http://www.ncbi.nlm.nih.gov/protein/CQR60425
http://www.uniprot.org/uniref/UniRef90_D9TDA3
http://www.ncbi.nlm.nih.gov/protein/CQR60426
http://www.uniprot.org/uniref/UniRef90_UPI000288F3A1
http://www.ncbi.nlm.nih.gov/protein/CQR60427
http://www.uniprot.org/uniref/UniRef90_C0Z479
http://www.ncbi.nlm.nih.gov/protein/CQR60428
http://www.uniprot.org/uniref/UniRef90_N0D0W7
http://www.ncbi.nlm.nih.gov/protein/CQR60429
http://www.uniprot.org/uniref/UniRef90_Q1RQM2
http://www.ncbi.nlm.nih.gov/protein/CQR60430
http://www.uniprot.org/uniref/UniRef90_UPI0003615AD0
http://www.ncbi.nlm.nih.gov/protein/CQR60431
http://www.uniprot.org/uniref/UniRef90_L1KIU3
http://www.ncbi.nlm.nih.gov/protein/CQR60432
http://www.uniprot.org/uniref/UniRef90_A0A0F7VSG2
http://www.ncbi.nlm.nih.gov/protein/CQR60433
http://www.uniprot.org/uniref/UniRef90_A0A0C5GC69
http://www.ncbi.nlm.nih.gov/protein/CQR60434
http://www.uniprot.org/uniref/UniRef90_D9X8L6
http://www.ncbi.nlm.nih.gov/protein/CQR60435
http://www.uniprot.org/uniref/UniRef90_UPI0003702C97
http://www.ncbi.nlm.nih.gov/protein/CQR60436
http://www.uniprot.org/uniref/UniRef90_L8PPY7
http://www.ncbi.nlm.nih.gov/protein/CQR60437
http://www.uniprot.org/uniref/UniRef90_UPI000363BB59
http://www.ncbi.nlm.nih.gov/protein/CQR60438
http://www.uniprot.org/uniref/UniRef90_D6EF12
http://www.ncbi.nlm.nih.gov/protein/CQR60439
http://www.uniprot.org/uniref/UniRef90_V6KT60
http://www.ncbi.nlm.nih.gov/protein/CQR60440
http://www.uniprot.org/uniref/UniRef90_C9Z6N6
http://www.ncbi.nlm.nih.gov/protein/CQR60441
http://www.uniprot.org/uniref/UniRef90_Q9L233
http://www.ncbi.nlm.nih.gov/protein/CQR60442
http://www.uniprot.org/uniref/UniRef90_K4QYF7
http://www.ncbi.nlm.nih.gov/protein/CQR60443
http://www.uniprot.org/uniref/UniRef90_A0A076LYX9
http://www.ncbi.nlm.nih.gov/protein/CQR60444
http://www.uniprot.org/uniref/UniRef90_UPI00036635BC

Continued. BLASTp analysis of the coding sequences found in the S. leeuwenhoekii C34 genomic insert

present in plJ12853.

Sle_number NCBI

Proposed function

Homologue (% identity; UniRef90

accession accession)
Sle_09820 CQR60445 Roadblock/LC7 family protein Streptomyces (86.1%; Q82MM8)
Sle_09830 CQR60446 Histidine kinase Streptomyces  davawensis JCM
4913 (71.2%; K4QT85)
Sle_09840 CQR60447 Hypothetical protein Actinoplanes sp. N902-109 (40.7%;
R4LU19)
Sle_09850 CQR60448 Wall-associated protein Streptomyces sp. CNR698 (72.9%;
UPI0004B1F034)
Sle_09860 CQR60449 Conserved hypothetical protein Streptomyces cyaneogriseus
(80.3%; UPI00069BC254)
Sle_09870 CQR60450 Hypothetical protein Streptomyces  viridochromogenes
Tue57 (65.2%; L8P6I9)
Sle_09880 CQR60451 Hypothetical protein Streptomyces coelicoflavus ZG0656
(71.9%; H1Q8T4)
Sle_09890 CQR60452 Uncharacterized HTH-type tran- Streptomyces viridochromogenes
scriptional regulator PA4778 Tue57 (82.4%; L8P667)
Sle_09900 CQR60453 Conserved hypothetical protein Streptomyces cyaneogriseus
subsp. noncyanogenus  strain
NMWT 1 (84.9%; AOAOC5G9B6)
Sle_09910 CQR60454 Restriction Endonuclease Streptomyces sp. Tu 6176 (89.5%;
A0A022M843)
Sle_ 09920 CQR60455 GDSL-like protein Streptomyces  jpomoeae  91-03
(73.4%; L1KM30)
Sle_09930 CQR60456 HTH-type transcriptional regulator Streptomyces regensis (91.0%;
CelR AOAQJBAJB3)
Sle_09940 CQR60457 Endoglucanase 1 Streptomyces himastatinicus ATCC
53653 (92%; AOAOF7VSJ8)
Sle_09950 CQR60458 HTH-type transcriptional regulator Streptomyces  viridochromogenes
gIxA Tue57 (87.7%; L8PHZ6)
Sle_09960 CQR60459 ThiJ/Pfpl domain-containing pro- Streptomyces viridochromogenes
tein Tue57 (86.8%; L8PP34)
Sle_09970 CQR60460 ThiJ/Pfpl domain-containing pro- Streptomyces viridochromogenes
tein Tue57 (89.0%; LBPMH1)
Sle_09980 CQR60461 Endo-1,4-beta-xylanase B Streptomyces sp. 303MFCol5.2
(50.3%; UPI00036670A5)
Sle_09990 CQR60462 Hypothetical C Streptomyces  collinus Tu 365
(30.9%; S5W1H4)
Sle_10000 CQR60463 Conserved hypothetical protein Streptomyces sp. Mgl (50.0%;
B4V7A7)
Sle_10010 CQR60464 Conserved hypothetical protein Streptomyces sp. NRRL S-146
(93.0%; AOAOF7VLK2)
Sle_10020 CQR60465 von Willebrand factor type A Streptomyces (88.9%;
UPI0O004BE9351)
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http://www.ncbi.nlm.nih.gov/protein/CQR60445
http://www.uniprot.org/uniref/UniRef90_Q82MM8
http://www.ncbi.nlm.nih.gov/protein/CQR60446
http://www.uniprot.org/uniref/UniRef90_K4QT85
http://www.ncbi.nlm.nih.gov/protein/CQR60447
http://www.uniprot.org/uniref/UniRef90_R4LU19
http://www.ncbi.nlm.nih.gov/protein/CQR60448
http://www.uniprot.org/uniparc/UPI0004B1F034
http://www.ncbi.nlm.nih.gov/protein/CQR60449
http://www.uniprot.org/uniref/UniRef90_UPI00069BC254
http://www.ncbi.nlm.nih.gov/protein/CQR60450
http://www.uniprot.org/uniref/UniRef90_L8P6I9
http://www.ncbi.nlm.nih.gov/protein/CQR60451
http://www.uniprot.org/uniref/UniRef90_H1Q8T4
http://www.ncbi.nlm.nih.gov/protein/CQR60452
http://www.uniprot.org/uniref/UniRef90_L8P667
http://www.ncbi.nlm.nih.gov/protein/CQR60453
http://www.uniprot.org/uniref/UniRef90_A0A0C5G9B6
http://www.ncbi.nlm.nih.gov/protein/CQR60454
http://www.uniprot.org/uniref/UniRef90_A0A022M843
http://www.ncbi.nlm.nih.gov/protein/CQR60455
http://www.uniprot.org/uniref/UniRef90_L1KM30
http://www.ncbi.nlm.nih.gov/protein/CQR60456
http://www.uniprot.org/uniref/UniRef90_A0A0J8AJB3
http://www.ncbi.nlm.nih.gov/protein/CQR60457
http://www.uniprot.org/uniref/UniRef90_A0A0F7VSJ8
http://www.ncbi.nlm.nih.gov/protein/CQR60458
http://www.uniprot.org/uniref/UniRef90_L8PHZ6
http://www.ncbi.nlm.nih.gov/protein/CQR60459
http://www.uniprot.org/uniref/UniRef90_L8PP34
http://www.ncbi.nlm.nih.gov/protein/CQR60460
http://www.uniprot.org/uniref/UniRef90_L8PMH1
http://www.ncbi.nlm.nih.gov/protein/CQR60461
http://www.uniprot.org/uniref/UniRef90_UPI00036670A5
http://www.ncbi.nlm.nih.gov/protein/CQR60462
http://www.uniprot.org/uniref/UniRef90_S5W1H4
http://www.ncbi.nlm.nih.gov/protein/CQR60463
http://www.uniprot.org/uniref/UniRef90_B4V7A7
http://www.ncbi.nlm.nih.gov/protein/CQR60464
http://www.uniprot.org/uniref/UniRef90_A0A0F7VLK2
http://www.ncbi.nlm.nih.gov/protein/CQR60465
http://www.uniprot.org/uniref/UniRef90_UPI0004BE9351

Continued. BLASTp analysis of the coding sequences found in the S. leeuwenhoekii C34 genomic insert

present in plJ12853.

Sle_number NCBI

Proposed function

Homologue (% identity; UniRef90

accession accession)
Sle_10030 CQR60466 Conserved hypothetical protein Streptomyces cyaneogriseus
(96.0%; AOAOF7VU26)
Sle_10040 CQR60467 Hypothetical protein Succinimonas amylolytica (16.5%;
UPIO0036F57F6)
Sle_10050 CQR60468 Hypothetical protein no-hit in UniRef90
Sle_10060 CQR60469 Hypothetical protein Streptomyces  tendae  (59.5%;
A7DWMO)
Sle_10070 CQR60470 Hypothetical protein LILAB Kitasatospora setae (strain ATCC
33774) (37.4%; E4N4F8)
Sle_10080 CQR60471 Hypothetical protein Haemonchus contortus  (31.9%;
UBNVP5)
Sle_10090 CQR60472 Hypothetical protein Streptomyces (61.1%; Q1HVZ8)
Cxmd CQR60473 Rifd homologue, AminoDHQ dehy- Amycolatopsis vancoresmycina
dratase, AHBA biosynthesis DSM 44592 (74.0%; R1GB14)
CxmZ CQR60474 Transcriptional regulator, atypical Streptomyces bingchenggensis
response regulator (strain BCW-1) (44.5%; D7BUX8)
CxmY CQR60475 LuxR Family transcriptional regula-  Streptomyces griseochromogenes
tor, possible activator; no Rif ho- (46.1%; C6ZCQ9)
mologue
CxmR2 CQR60476 RifR  homologue; Type 1l Uncultured bacterium esnapd26
thioesterase, probably  non- (51.9%; S5UC25)
functional
CxmR CQR60477 RifR  homologue; Type |l Streptomyces  rochei  (69.8%;
thioesterase, probably  non- Q83X18)
functional
Cxm24 CQR60478 Methyltransferase SAM-  Streptomyces vitaminophilus
dependent; not homolog to (69.1%; UPI00037DA427)
rifamycin Orf14
Cxm23 CQR60479 Rif-orf5 homologue; Cytochrome Micromonosporaceae (76.8%;
P450 A8M6D9)
Cxm22 CQR60480 Rif-orf4 homologue; Cytochrome Streptomyces sp. Amel2xE9
P450 (65.5%; UP1000369715D)
Cxm21 CQR60481 Ferredoxin 4Fe-4S single cluster Sireptomyces hygroscopicus
domain; no Rif homologue subsp.  jinggangensis  (64.1%;
H2JZE7)
Cxm20 CQR60482 Rif-orf20 homologue; O- Salinispora arenicola (strain CNS-
Acyltransferase 205) (62.0%; ABM6E?2)
Cxm19 CQR60483 Rif-orf19 homologue. FDA Salinispora arenicola (strain CNS-
dependent-monooxygenase; 205) (78.0%; A8BM6Z1)
Naphthalene ring formation;
3-(3-hydroxy-phenyl)propionate/3-
hydroxycinnamic acid hydroxylase
Cxm18 CQR60484 Rif-orf11 homologue, flavin-  Amycolatopsis mediterranei (S699)

dependent oxidoreductase
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http://www.ncbi.nlm.nih.gov/protein/CQR60466
http://www.uniprot.org/uniref/UniRef90_A0A0F7VU26
http://www.ncbi.nlm.nih.gov/protein/CQR60467
http://www.uniprot.org/uniref/UniRef90_UPI00036F57F6
http://www.ncbi.nlm.nih.gov/protein/CQR60468
http://www.ncbi.nlm.nih.gov/protein/CQR60469
http://www.uniprot.org/uniref/UniRef90_A7DWM0
http://www.ncbi.nlm.nih.gov/protein/CQR60470
http://www.uniprot.org/uniref/UniRef90_E4N4F8
http://www.ncbi.nlm.nih.gov/protein/CQR60471
http://www.uniprot.org/uniref/UniRef90_U6NVP5
http://www.ncbi.nlm.nih.gov/protein/CQR60472
http://www.uniprot.org/uniref/UniRef90_Q1HVZ8
http://www.ncbi.nlm.nih.gov/protein/CQR60473
http://www.uniprot.org/uniref/UniRef90_R1GB14
http://www.ncbi.nlm.nih.gov/protein/CQR60474
http://www.uniprot.org/uniref/UniRef90_D7BUX8
http://www.ncbi.nlm.nih.gov/protein/CQR60475
http://www.uniprot.org/uniref/UniRef90_C6ZCQ9
http://www.ncbi.nlm.nih.gov/protein/CQR60476
http://www.uniprot.org/uniref/UniRef90_S5UC25
http://www.ncbi.nlm.nih.gov/protein/CQR60477
http://www.uniprot.org/uniref/UniRef90_Q83X18
http://www.ncbi.nlm.nih.gov/protein/CQR60478
http://www.uniprot.org/uniref/UniRef90_UPI00037DA427
http://www.ncbi.nlm.nih.gov/protein/CQR60479
http://www.uniprot.org/uniref/UniRef90_A8M6D9
http://www.ncbi.nlm.nih.gov/protein/CQR60480
http://www.uniprot.org/uniref/UniRef90_UPI000369715D
http://www.ncbi.nlm.nih.gov/protein/CQR60481
http://www.uniprot.org/uniref/UniRef90_H2JZE7
http://www.ncbi.nlm.nih.gov/protein/CQR60482
http://www.uniprot.org/uniref/UniRef90_A8M6E2
http://www.ncbi.nlm.nih.gov/protein/CQR60483
http://www.uniprot.org/uniref/UniRef90_A8M6Z1
http://www.ncbi.nlm.nih.gov/protein/CQR60484
http://www.uniprot.org/uniref/UniRef90_G0FUR3

Continued. BLASTp analysis of the coding sequences found in the S. leeuwenhoekii C34 genomic insert

present in plJ12853.

Sle_number NCBI

Proposed function

Homologue (% identity; UniRef90

accession accession)

CxmN RifN homologue, D-kanosamine ki- Amycolatopsis mediterranei (strain
nase, AHBA biosynthesis S699) (64.6%; GOFS68)

CxmM CQR60486 RifM homologue, phosphoglyco- Amycolatopsis vancoresmycina
late phosphatase, AHBA biosyn- DSM 44592 (85.0%; R11GA2)
thesis

CxmL CQR60487 RIifL homologue, oxidoreductase, Amycolatopsis mediterranei (strain
AHBA biosynthesis S699) (74.9%; Q7BUE1)

CxmK CQR60488 RIifK homologue, 3-amino-5- Amycolatopsis mediterranei (strain
hydroxy benzoic acid (AHBA) S699) (85.8%; 052552)
synthase

Cxml CQR60489 RIifl homologue, Aminoquinate de- Actinomadura rifamycini  (86.0%;
hydrogenase, AHBA biosynthesis  UP1000402CE84)

CxmH CQR60490 RifH homologue, AminoDAHP syn- Amycolatopsis vancoresmycina
thase, AHBA biosynthesis DSM 44592 (76.4%; R1HT87)

CxmG CQR60491 RifG homologue, AminoDHQ syn- Amycolatopsis ryfamicinica (85.7%;
thase, AHBA biosynthesis AOA066U4EQ)

CxmF CQR60492 RIifF homologue, amide synthase, Amycolatopsis mediterranei (strain
release of polyketide from PKS and  S699) (71.5%; 052547)
cyclisation

CxmE CQR60493 Polyketide synthase, type |, mod- Salinispora arenicola (strain CNS-
ules: 9 and 10 205) (70.6%; A8BM6DO0)

CxmD CQR60494 Polyketide synthase, type |, mod- Streptomyces albogriseolus (70.5%;
ule 8 VIXSJ9)

CxmC CQR60495 Polyketide synthase, type |, mod- Salinispora  arenicola  (74.5%;
ule 7 UPI000524BDFB)

CxmB CQR60496 Polyketide synthase, type |, mod- Salinispora arenicola CNS-205
ules: 4,5 and 6 (75.4%; ABM6C7)

CxmA CQR60497 Polyketide synthase, type |, mod- Sireptomyces sp. CS (66.8%;
ules: loading, 1, 2 and 3 F8QPF8)

Cxm4 CQR60498 Rif-orf0(cero) homologue, Cy- Actinomadura rifamycini (81.6%;
tochrome P450 UPI100047DA12C)

CxmT CQR60499 RIifT homologue; NAD-dependent Salinispora arenicola (strain CNS-
oxydoreductase 205) (58.6%; ABM6C3)

CxmS CQR60500 RIifS homologue; NAD-dependent Amycolatopsis mediterranei (Nocar-
oxydoreductase dia mediterranei) (79.2%; Q7BUE3)

Cxm1 CQR60501 Hypothetical protein Streptomyces turgidiscabies Car8

(Sle_10390) (40.3%; L7FBL5)

Sle_10400 CQR60502 Metallo-beta-lactamase, very Streptomyces cyaneogriseus
highly conserved, 84% identity subsp. noncyanogenus  strain
Sco6776 NMWT 1 (95.0%; AOAOF7VSN?7)

Sle_10410 CQR60503 Carboxymuconolactone decar- Streptomyces cyaneogriseus

boxylase; highly conserved but no
Sco homologue
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http://www.ncbi.nlm.nih.gov/protein/
http://www.uniprot.org/uniref/UniRef90_G0FS68
http://www.ncbi.nlm.nih.gov/protein/CQR60486
http://www.uniprot.org/uniref/UniRef90_R1IGA2
http://www.ncbi.nlm.nih.gov/protein/CQR60487
http://www.uniprot.org/uniref/UniRef90_Q7BUE1
http://www.ncbi.nlm.nih.gov/protein/CQR60488
http://www.uniprot.org/uniref/UniRef90_O52552
http://www.ncbi.nlm.nih.gov/protein/CQR60489
http://www.uniprot.org/uniref/UniRef90_UPI000402CE84
http://www.ncbi.nlm.nih.gov/protein/CQR60490
http://www.uniprot.org/uniref/UniRef90_R1HT87
http://www.ncbi.nlm.nih.gov/protein/CQR60491
http://www.uniprot.org/uniref/UniRef90_A0A066U4E0
http://www.ncbi.nlm.nih.gov/protein/CQR60492
http://www.uniprot.org/uniref/UniRef90_O52547
http://www.ncbi.nlm.nih.gov/protein/CQR60493
http://www.uniprot.org/uniref/UniRef90_A8M6D0
http://www.ncbi.nlm.nih.gov/protein/CQR60494
http://www.uniprot.org/uniref/UniRef90_V9XSJ9
http://www.ncbi.nlm.nih.gov/protein/CQR60495
http://www.uniprot.org/uniref/UniRef90_UPI000524BDFB
http://www.ncbi.nlm.nih.gov/protein/CQR60496
http://www.uniprot.org/uniref/UniRef90_A8M6C7
http://www.ncbi.nlm.nih.gov/protein/CQR60497
http://www.uniprot.org/uniref/UniRef90_F8QPF8
http://www.ncbi.nlm.nih.gov/protein/CQR60498
http://www.uniprot.org/uniref/UniRef90_UPI00047DA12C
http://www.ncbi.nlm.nih.gov/protein/CQR60499
http://www.uniprot.org/uniref/UniRef90_A8M6C3
http://www.ncbi.nlm.nih.gov/protein/CQR60500
http://www.uniprot.org/uniref/UniRef90_Q7BUE3
http://www.ncbi.nlm.nih.gov/protein/CQR60501
http://www.uniprot.org/uniref/UniRef90_L7FBL5
http://www.ncbi.nlm.nih.gov/protein/CQR60502
http://www.uniprot.org/uniref/UniRef90_A0A0F7VSN7
http://www.ncbi.nlm.nih.gov/protein/CQR60503
http://www.uniprot.org/uniref/UniRef90_UPI0005C98431

Continued. BLASTp analysis of the coding sequences found in the S. leeuwenhoekii C34 genomic insert

present in plJ12853.

Sle_number NCBI

Proposed function

Homologue (% identity; UniRef90

accession accession)

Sle_10420 CQR60504 GDSL-like Lipase/Acylhydro-  Streptomyces sp. LaPpAH-108
lase, very highly conserved, 92% (86.6%; UPI00037D495F)
identity Sco6774

Sle_10430 CQR60505 Peptidase, highly conserved, 71%  Streptomyces ambofaciens (72.1%;
identity Sco6773 UPI00069DC1A9)

Sle_10440 CQR60506 Alpha-galactosidase (melibiase), Streptomyces turgidiscabies Car8
highly conserved but no Sco (85.0%;L7F8EQ)
homologue

Sle_10450 CQR60507 Putative tyrosine-protein phos- Streptomyces (88.0%; QIX7W7)
phatase H16_A0669; 89% identity
Sco6772

Sle_10460 CQR60508 Possible small hydrophobic se- Streptomyces cyaneogriseus
creted protein; 82% identity subsp. noncyanogenus  strain
Sco6771 (BASys: Conserved NMWT 1 (100%; K4R009)
Hypothetical Protein)

Sle_10470  CQR60509 XRE Family Transcriptional Regu- Strepfomyces sp. PsTaAH-124
lator; 84% identity Sco6770 (84.5%; UPI00036204E7)

Sle_10480 CQR60510 Acetylornithine aminotransferase; Streptomyces (90.5%; D6A2X5)
89% identity Sco6769

Sle_10490 CQR60511 1-deoxy-D-xylulose-5-phosphate Streptomyces cyaneogriseus
synthase 1; 90% identity Sco6768; subsp. noncyanogenus (98.0%;
73% identity Sco6013 AOAOF7VU62)

Sle_10500 CQR60512 Molybdenum cofactor biosyn- Streptomyces turgidiscabies Car8
thesis protein A 1; 94% identity (90.9%; L7F9E9)
Sco6766/Hopanoid  biosynthesis
associated radical SAM protein
HpnH

Sle_10510 CQR60513 Lipoprotein; 84% identity Sco6765  Streptomyces cyaneogriseus

subsp. noncyanogenus  strain
NMWT 1 (95.0%; AOAOF7VPP4)

Sle_10520 CQR60514 Squalene-hopene cyclase; 88% Streptomyces cyaneogriseus

(partial: identity Sco6764 subsp. noncyanogenus  strain

533/675 aa) NMWT 1 (99.0%; AOAOF7VLM6)

This Table summarises BLASTp analysis of the proteins encoded in the 145 kb genomic insert cloned into plJ12853. This insert
contains the putative chaxamycin biosynthesis gene cluster (80.2 kb) of S. leeuwenhoekii C34. Local BLASTp (Altschul et al., 1997;
Priyam et al.) analysis was carried out using the Uniref90 database of UniProt (http://www.uniprot.org/help/uniref; Suzek et al., 2007)
(analysis performed on 23 March 2014). Genes marked in red encode for putative transketolases subunits; genes marked in blue
indicate the chaxamycin biosynthesis gene cluster; genes marked in orange indicate homologues to the hopanoid biosynthesis gene
cluster.
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http://www.ncbi.nlm.nih.gov/protein/CQR60504
http://www.uniprot.org/uniref/UniRef90_UPI00037D495F
http://www.ncbi.nlm.nih.gov/protein/CQR60505
http://www.uniprot.org/uniref/UniRef90_UPI00069DC1A9
http://www.ncbi.nlm.nih.gov/protein/CQR60506
http://www.uniprot.org/uniref/UniRef90_L7F8E0
http://www.ncbi.nlm.nih.gov/protein/CQR60507
http://www.uniprot.org/uniref/UniRef90_Q9X7W7
http://www.ncbi.nlm.nih.gov/protein/CQR60508
http://www.uniprot.org/uniref/UniRef90_K4R009
http://www.ncbi.nlm.nih.gov/protein/CQR60509
http://www.uniprot.org/uniref/UniRef90_UPI00036204E7
http://www.ncbi.nlm.nih.gov/protein/CQR60510
http://www.uniprot.org/uniref/UniRef90_D6A2X5
http://www.ncbi.nlm.nih.gov/protein/
http://www.uniprot.org/uniref/UniRef90_A0A0F7VU62
http://www.ncbi.nlm.nih.gov/protein/CQR60512
http://www.uniprot.org/uniref/UniRef90_L7F9E9
http://www.ncbi.nlm.nih.gov/protein/CQR60513
http://www.uniprot.org/uniref/UniRef90_A0A0F7VPP4
http://www.ncbi.nlm.nih.gov/protein/CQR60514
http://www.uniprot.org/uniref/UniRef90_A0A0F7VLM6
http://www.uniprot.org/help/uniref
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CxmA_ACP-01 LAGLAEPEQTEAL IlELVRRHAAEVLGHPTADAVHATRSFIKEAGFDSL TAV GLTLSPAL | FDYPQPVALAGQLRARL 86
CxmA_ACP-02 LIRLPRAEQL AAVRTLVQESVAAVLGHREPEG | GLEQSFNSLGF PAL L.A ATL 86
CxmA_ACP-03 LRAVPEAEQNRVLLRLVRSHASTVLGHGGADG | GPROAFGEAGF PEALVG AEL 86
CxmB_ACP-04 LAGLAPDEQENLLLTVVAGNEAAAVLGFSGPELAQGTRGFGD | GF PQAL AR DEL 86
CxmB_ACP-05 LAGLGPADQLALLL PQAL AR DEL 86
CxmB_ACP-06 LTALAPAEQEELLLDLV VAAVLGYAGPEAVRAETAFKEAGF PRAVAR --- 82

CxmB_ACP-06-2 LAGL TPAGQEELLLDLYV
CxmC_ACP-07 LAGLSAAEQETLLLDLV
CxmC_ACP-08 LAGLGASEQEEVLLGLYV
CxmD_ACP-09 LAGLGASEQEEVLLGLYV
CxmE_ACP-10 LAALPAEGQAVLLLDLV
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Figure H.3: Alignment of amino acid sequences of ACP domains of the chaxamycin PKS. The amino
acid sequences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX
(Thompson et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). The labels on the left indicate
the module where that ACP is located in the chaxamycin PKS (“CxmA_ACP-0", refers to the ACP of the
Loading Module of the PKS subunit CxmA; “CxmA_ACP-01", refers to the ACP of Module 1 of the PKS
subunit CxmA, and so on). The arrow indicates the position of the conserved serine residue that harbours the
4’-phosphopantetheine prosthetic group, which is a diagnostic residue to infer functionality of this domain.
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CxmA_KS-01
CxmA_KS-02
CxmA_KS-03
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CxmB_KS-06
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Figure H.4: Alignment of amino acid sequences of KS domains of the chaxamycin PKS. The amino acid se-
quences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thomp-

son et al.,

1997) and visualised in Jalview (Waterhouse et al.,

2009). The labels on the left indicate the

module where that KS is located in the chaxamycin PKS (“CxmA_KS-01”, refers to the KS of Module 1 of
the PKS subunit CxmA; “CxmA_KS-02”, refers to the KS of Module 2 of the PKS subunit CxmA, and so
n). The residues of the conserved motif GPxxxxxxxC(S/A/T)(S/T)x(L/V) are indicated with a red diamond

(Fernandez-Moreno et al.,

respectively are indicated with red stars (Keatinge-Clay, 2012).
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Figure H.5: Alignment of amino acid sequences of DH domains of the chaxamycin PKS. The amino acid se-
quences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thomp-
son et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). The labels on the left indicate the
module where that DH is located in the chaxamycin PKS (“CxmA_DH-01", refers to the DH of Module 1 of
the PKS subunit CxmA; “CxmA_DH-02”, refers to the DH of Module 2 of the PKS subunit CxmA and so

n). The conserved motifs are shown contained in black boxes and residues histidine and aspartate of the
catalytic dyad are indicated with red stars.
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Ery1_KR-1 1 PTGEVL VG ARR - GAPHLLLVES - -RsGPDABGAGELVAELEAL GARTVAACBVE SVRELLGGIGDDVPLEAV

CxmA KR-0 1 - -GTVVVIG Hi HLLLVGNPGTEPPAPAGTGEAGETDETGATV TWVTADGRDPEPLRVAL AAQGR - - PVTAV

CxmA KR-01 1 - -GEVL | TG HLLLVS - -RTG- - - -HAPELSAELSALGASVTVAACDT Q

CxmA KR-03 1 - -GTALVIG [ RLLV - TAQAPABSVPALRAELAAL CAATTVETCA

CxmB_KR-04 1 TVLL RGAAADGVAELVADL TAQGATVAVTAC

CxmB_KR-05 1 RLVLA RGQGAEGVPEL VDEL TAHGATVEVVAC

CxmB_KR-06 1 HLVLA RGPDGDGVPDL VAEL TGQGVAVDAVAC

CxmC_KR-07 1 HLVLA RGPDGDGVPDLVAEL TGQGVTVAAVAC

CxmD_KR-08 1 RGQGAEGVPEL VDEL TAHGATVEVVACDVS A83
CxmE_KR-09 1 H QGPRAEYVSEL | GEL SAQGATVDVVAC AVVHTA82
CxmE_KR-10 1 - -GEVLVTE 1 S RGQHADIGAGVL VDEL SAQGATVEVVACD Vs AALLEAR - - - -RPTAVVHTAS85
Ery2_KR-3 1 PHGTVLVTY BLLAAVEEAGASAVVCAQ LREALGDE - - - - PVIIAL VHAG78

Consensus
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CxmD_KR-08 84 GVL DGVIGAL LATVFAP| M ALMVR 175
CxmE_KR-09 83 GVL DGVIGE LATVFAP| Y ALMTR 174
CxmE_KR-10 86 GVABDAGV | GTV. L AEVFAP L Y GLMAS 177
Ery2 KR-3 79 TLENFGS| SEVAP FAET | AA ALLAVLDEVLGDR - - AV. VAG | WEGAGMAAYAAGSAYLDALAEHHRARGRSC TSV 168

Consensus

GVLDDGVIGTLTPERLATVFAPKVDAVRHLDELTRA+GLDLDAFVVFSSAAGVFGGAGQGNYAAANAYLDALMA+RRAAGLPGLSLAWGLWE

Figure H.6: Alignment of amino acid sequences of KR domains of the chaxamycin PKS. The amino acid se-
quences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thomp-
son et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). The labels on the left indicate the
module where that KR is located in the chaxamycin PKS (“CxmA_KR-0”, refers to the KR of Loading Mod-
ule of the PKS subunit CxmA; “CxmA_KR-01", refers to the KR of Module 1 of the PKS subunit CxmA,
and so on). Reductase-competent KR domains contain the conserved motifs that allow NADPH binding,
GxGxxG (I) and WGxW (II), which are contained in black boxes. Erythromycin KR domains 1 (active) and
3 (inactive) are shown for reference. The catalytic triad in the active site, lysine, serine and tyrosine, are
indicated with red stars, as in Reid et al., 2003.
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Figure H.7: Comparison of the amino acid sequence of the A domain present in the Loading Module of the
chaxamycin PKS with other adenylation domains from PKSs of known specificity. The amino acid sequences
were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thompson et al.,
1997) and visualised in Jalview (Waterhouse et al., 2009). The AMP-binding [LIVMFY]-{E}-{VES}-[STG]-
[STAG]-G-[ST]-[STEI]-[SG]-x-[PASLIVM]-[KR] motif (PROSITE accession number: PS00455; Sigrist et al.,
2012) and the conserved ATPase TGD motif (Huang et al., 2001) are shown in blue boxes. See nomenclature
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http://prosite.expasy.org/PS00455

Nomenclature for proteins used in the Figure H.7

Adenylation Identity %' biosynthesis Substrate Microorganism

domain gene cluster specificity

A-CxmA Chaxamycin AHBA Streptomyces leeuwenhoekii C34

A-RifA 77 Rifamycin AHBA Amycolatopsis mediterranei S699

A-NatA 76 Naphthomycin ~ AHBA Streptomyces sp. CS

A-RubA 55 Rubradirin AHBA Streptomyces achromogenes var. rubradiris
NRRL 3061

A-GdmAl 61 Geldanamycin  AHBA Streptomyces geldanamycininus NRRL 3602

A-HomAl 67 Herbimycin AHBA Streptomyces hygroscopicus AM 3672

A-AsmA 63 Ansamitocin AHBA Actinosynnema pretiosum subsp. auranticum
ATCC 31565

A-RapA 55 Rapamycin DHCHC Streptomyces rapamycinicus NRRL 5491

! Identity percentage respect to the adenylation domain of CxmA.
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Figure H.8: Alignment of amino acid sequences of amide synthase enzyme (CxmF) found in the chaxam-
ycin biosynthesis gene cluster of S. leeuwenhoekii C34 with others known amide synthases. The amino
acid sequences were obtained from the NCBI website, aligned in ClustalX (Thompson et al., 1997) and
visualised in Jalview (Waterhouse et al., 2009). The conserved residues cysteine, histidine and aspartate
of the catalytic triad are indicated with red stars. NCBI accession in parentheses. CxmF of S. leeuwen-
hoekii C34 (CQR60492.1); NAT (arylamine N-acetyltransferase) of Mycobacterium smegmatis were used
as reference as in Sim et al., 2008 (CKG90611.1). Amide synthases from other ansamycin-type biosynthe-
sis gene clusters like, Sare_1251 of Sal. arenicola CNS-205 (ABV97156.1); RifF of A. mediterranei S699
(AAC01715.1); GdmF of S. hygroscopicus (AAO06919.1); DivF of Streptomyces sp. W112 (AHG95681);
HgcF of Streptomyces sp. LZ35 (AHG95681); NatF of Streptomyces sp. CS (ADM46361) were also used
as reference.
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Figure H.9: Assessment of the purity of the culture of S. coelicolor M1650 that produces chaxamycins
and verification of the 16S rRNA gene sequence. (A) EIC and MS/MS fragmentation of chaxamycin A
m/z 638.29 [M — H]~ detected in the supernatant of a culture of S. coelicolor M1650 (S. coelicolor M1152
carrying plJ12853 that contains the chaxamycin biosynthesis gene cluster). (B) Two aliquots of the culture
of S. coelicolor M1650 were streaked out on SFM agar and one was incubated at 30 °C and the second one
was cultivated at 37 °C. At 37 °C S. coelicolor does not grow well. In addition, S. leeuwenhoekii C34 was
streaked on SFM agar and incubated at 37 °C as control. The result indicates that the culture of S. coelicolor
M1650 was pure since growth of S. coelicolor M1650 was observed at 30 °C and no S. leeuwenhoekii C34
colonies were observed on the plate of S. coelicolor M1650 incubated at 37 °C. (C) Amplification of 16S
rRNA gene from genomic DNA of S. coelicolor M1650 isolated from the culture producing chaxamycins
using primers 27F and 1492R, and alignment of the amplified sequences (FR08582821, FR08582824,
FR08582825 and FR08582827) against 16S rRNA genes of S. leeuwenhoekii C34 (sle_19226, sle_31726,
sle_37804, sle_42614, sle_53384, sle_53384 and sle_57074) and 16S rRNA genes of S. coelicolor (scor03,
scor06, scor09, scor12, scor13 and scor16). Blocks numbered in Roman indicate those regions where the
amplified region perfectly matched with the sequence of the 16S rRNA genes of S. coelicolor and not with
those of S. leeuwenhoekii C34. (D) Electropherogram of the sequencing result confirms that the amplified
region correspond exclusively to the 16S rRNA of S. coelicolor M1650, since there is no traces of nucleotides
that correspond to the 16S rRNA gene of S. leeuwenhoekii C34.
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Figure H.10: Alignment of the amino acid sequence of putative transcriptional regulator CxmZ of S. leeu-
wenhoekii C34 with atypical RRs of the OmpR family of transcriptional activators. The amino acid sequences
were obtained from the NCBI website, aligned in ClustalX (Thompson et al., 1997) and visualised in Jalview
(Waterhouse et al., 2009). Atypical RRs do not contain all the conserved amino acid residues for the phos-
phorylation of the receiver domain, such as aspartate in box I, and are likely activated by the presence
of secondary metabolites (Liu et al., 2013). Red boxes indicate the residues present in typical RRs, like
PhoP of S. coelicolor (CAB77324), which is phosphorylated and activated by its cognate sensor-kinase (Al-
lenby et al., 2012). NCBI accession in parentheses. CxmZ of the chaxamycin biosynthesis gene cluster of
S. leeuwenhoekii C34 (CQR60474); JadR1 of the jadomycin biosynthesis gene cluster of S. venezuelae
(AAB36584); Aur1P of the auricin biosynthesis gene cluster of S. aureofaciens (CAI78073); Lanl of the lan-
domycin biosynthesis gene cluster of S. cyanogenus (AAO32359) and Lndl of the landomycin E biosynthesis
gene cluster of S globisporus (AAU04840).
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Figure H.11: Prediction of the transmembrane domains of the antibiotic transporter RifP of Amycolatopsis
mediterranei and homologue transporters found in Streptomyces leeuwenhoekii C34. Transmembrane do-
mains were predicted using TMHMM predictor server version 2.0 (http://www.cbs.dtu.dk/services/TMHMM/;
Krogh et al., 2001) and are indicated with red lines and blocks. NCBI accession in parentheses. RifP of
A. mediterranei S699 (AAC01725) has been experimentally identified as one transporter of rifamycin B (Ab-
salon et al., 2007). RifP shares high homology with Sle_37020 of S. leeuwenhoekii C34 (62%; antiseptic
resistance protein; CQR63162); Sle_08130 of S. leeuwenhoekii C34 (60%; methyl viologen resistance pro-
tein smvA; CQR60276); Sare_2597 of Salinispora arenicola CNS-205 (58%; conserved hypothetical protein;
ABV98438); Sco4024 of S. coelicolor (62%; integral membrane efflux protein; CAC32364). All of them are
predicted to possess 14 transmembrane domains.
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.1 Instructions for setting up RPS-BLAST analysis of
proteins of S. leeuwenhoekii C34

Instructions for setting up RPS-BLAST analysis of proteins of S. leeuwenhoekii C34, searching for putative
PKS domains. NCBI package 2.2.26+ (Camacho et al., 2009) is required for this analysis.

1. Content of the file “PKS_CDD.pn”:

smart00822.smp
smart00823. smp
smart00824 . smp
smart00825 . smp
smart00826 . smp
smart00827 . smp
smart00829 . smp

2. Create a RPS-type database in Command line:

makeprofiledb -dbtype rps -title cdd in pks -in PKS_CDD.pn -out
PKS_CDD

Where makeprofiledb -dbtype rps is for creating a RPS database for BLAST search analysis;
-title cdd in pks is the name of the database; -in PKS_CDD.pn is the path to the input file with
the list of the domains with which the database will be created; -out PKS_CDD is the path to the
database.

3. Perform RPS-BLAST of all S. leeuwenhoekii C34 proteins:
rpsblast -query path/to/input -db PKS_CDD -out path/to/output.xml -
outfmt 5 -evalue 0.00001

Where -query path/to/input is the path to the input file with the protein sequences in fasta format;
-title cdd in pks is the name of the database; -db PKS_CDD is the name of the database created
above; -out path/to/output.xml is the path to the output file; —outfmt 5 will format the output file
in eXtensible Markup Language (xml), needed to parse the information in Python; -evalue 0.00001
is the threshold of the expected-value.

4. Python code used to parse the .xml file with the output of the RPS-BLAST analysis (next page):

194



[N

w

22
23
24

25
26
27

28
29
30

from Bio.Blast import NCBIXML #Import package for parsing

print ‘‘ACP=SMART00823\t AT=SMART00827\t DH=SMART00826\t ER=SMART00829\t KR=
SMART00822\t KS=SMART00825\t TE=SMART00824\n CDD\t SMART\t SHORT NAME\t E-
value\t IDENTITIES\t FROM\t TO" #Header

for record in NCBIXML.parse(open("/Path/to/your/*.xml/file")) : #Begin Pars

if record.alignments

#Do the following only if record.alignmet have a

positive result in the *.xml file

print ‘‘\n"

print ‘‘Query: \%s

query sequence

..." \% record.query #[16:] #Print the name of th

for align in record.alignments
for hsp in align.hsps

a = align.hit_def[:10] #Abbreviated hit name
if a == str("smart00823"):
print ¢ \%s\t \%s\t ACP\t \%e\t \%d/\%s\t \%i\t \%i" \

elif a ==
print

elif a ==
print

elif a ==
print

elifl al ==
print

elif a ==
print

Gukglss ==
print

\%(align.hit_id, align.hit_def[:10], hsp.expect,
identities ,hsp.align_length,hsp.query_start,
query_end) #print these fields from hps

str("smart00827"):

CON%s\t \%s\t AT\t \%e\t \%d/\%s\t \%i\t \%i" \

\%(align.hit_id, align.hit_def[:10], hsp.expect,
identities ,hsp.align_length,hsp.query_start,
query_end)

str("smart00826"):

O \%s\t \%s\t DH\t \%e\t \%4d/\%s\t \%i\t \%i" \

\%(align.hit_id, align.hit_def[:10], hsp.expect,
identities ,hsp.align_length,hsp.query_start,
query_end)

str("smart00829"):

CCN\%s\t \%s\t ER\t \%e\t \%d/\%s\t \%i\t \%i" \

\%(align.hit_id, align.hit_def[:10], hsp.expect,
identities ,hsp.align_length,hsp.query_start,
query_end)

str("smart00822"):

O \%s\t \%s\t KR\t \%e\t \%d/\%s\t \hi\t \%i" \

\%(align.hit_id, align.hit_def[:10], hsp.expect,
identities ,hsp.align_length,hsp.query_start,
query_end)

str("smart00824"):

O \%s\t \%4s\t TE\t \Je\t \4d/\%s\t \%i\t \%i" \

\%(align.hit_id, align.hit_def[:10], hsp.expect,
identities ,hsp.align_length,hsp.query_start,
query_end)

str("smart00825"):

< \%s\t \%s\t KS\t \ke\t \%d/\%s\t \%i\t \ki" \

\%(align.hit_id, align.hit_def[:10], hsp.expect,
identities ,hsp.align_length,hsp.query_start,
query_end)
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Table I.1: Summary of conserved domains found in proteins encoded by the chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.

CDS Domain Description of the domain Interval E-value
(accession)
Sle_61270 | 2-NPD_like 2-Nitropropane dioxygenase , one of the nitroalkane oxidizing enzyme families, catalyses oxidative denitrification of nitroalka- | 13-250 1.28¢788
(CD04730) nes to their corresponding carbonyl compounds and nitrites. NDP is a member of the NAD(P)H-dependent flavin oxidoreduc-
tase family that reduce a range of alternative electron acceptors. Most use FAD/FMN as a cofactor and NAD(P)H as electron
donor. Some contain 4Fe-4S cluster to transfer electrons from FAD to FMN
YrpB (COG2070) NAD(P)H-dependent flavin oxidoreductase YrpB, nitropropane dioxygenase family [General function prediction only] 1-319 1.82¢91
Sle_61280 | Cyclase Putative cyclase; proteins in this family are thought to be cyclase enzymes. They are found in proteins involved in antibiotic | 59-253 1.19¢19
(PF04199) synthesis. However, they are also found in organisms that do not make antibiotics pointing to a wider role for these proteins. The
proteins contain a conserved motif HXxGTHxDxPxH that is likely to form part of the active site
Sle_61290 | FC- Prokaryotic long-chain fatty acid CoA synthetases similar to E. coli FadD; this subfamily of the AMP-forming adenylation family | 31-544 0
FACS_FadD_like contains E. coli FadD and similar prokaryotic fatty acid CoA synthetases. FadD was characterized as a long-chain fatty acid
(CD05936) CoA synthetase. The gene fadD is regulated by the fatty acid regulatory protein FadR. Fatty acid CoA synthetase catalyses the
formation of fatty acyl-CoA in a two-step reaction: the formation of a fatty acyl-AMP molecule as an intermediate, followed by
the formation of a fatty acyl-CoA. This is a required step before free fatty acids can participate in most catabolic and anabolic
reactions
CaiC (COG0318) Acyl-CoA synthetase (AMP-forming)/AMP-acid ligase Il [Lipid transport and metabolism, Secondary metabolites biosynthesis, | 31-545 3.17¢7160
transport and catabolism]
Sle_61300 | FCS (CD05921) Feruloyl-CoA synthetase (FCS); feruloyl-CoA synthetase is an essential enzyme in the feruloyl acid degradation pathway and | 5-171 3.44e03
enables some proteobacteria to grow on media containing feruloyl acid as the sole carbon source. It catalyses the transfer of
CoA to the carboxyl group of ferulic acid, which then forms feruloyl-CoA in the presence of ATP and Mg?*. The resulting feruloyl-
CoA is further degraded to vanillin and acetyl-CoA. Feruloyl-CoA synthetase (FCS) is a subfamily of the adenylate-forming
enzymes superfamily
BACL_like Bacterial Bile acid CoA ligases and similar proteins; bile acid-Coenzyme A ligase catalyses the formation of bile acid-CoA | 155-506 6.20e7172
(CD05929) conjugates in a two-step reaction: the formation of a bile acid-AMP molecule as an intermediate, followed by the formation of
a bile acid-CoA. This ligase requires a bile acid with a free carboxyl group, ATP, Mg?*, and CoA for synthesis of the final bile
acid-CoA conjugate. The bile acid-CoA ligation is believed to be the initial step in the bile acid 7alpha-dehydroxylation pathway
in the intestinal bacterium Eubacterium sp.
PRK08276 Long-chain-fatty-acid—CoA ligase; validated 14-509 0
(CD05921)
Sle_61310 | TetR_N Bacterial regulatory proteins, TetR family 18-63 7.98¢708
(PF00440)
betaine_Betl Transcriptional repressor Betl; Betl is a DNA-binding transcriptional repressor of the bet (betaine) regulon. In sequence, itis | 15-198 9.02¢°06
(TIGR03384) related to TetR (pfam00440). Choline, through Betl, induces the expression of the betaine biosynthesis genes betA and betB
by derepression. The choline porter gene betT is also part of this regulon in Escherichia coli. Note that a different transcrip-
tional regulator, ArcA, controls the expression of bet regulon genes in response to oxygen, as BetA is an oxygen-dependent
enzyme. [Regulatory functions, DNA interactions]
Sle_61320 | EamA (PF00892) EamA-like transporter family; this family includes many hypothetical membrane proteins of unknown function. Many of the | 20-142 1.38¢04
proteins contain two copies of the aligned region. The family used to be known as domain of unknown function 6
EamA (PF00892) 174-299 5.06e°09
2A78 Carboxylate/Amino acid/Amine transporter; [Transport and binding proteins, Amino acids, peptides and amines] 22-294 1.62e22
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Continued. Summary of conserved domains found in proteins encoded by the chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.

CDS Domain Description of the domain Interval E-value
(accession)
Sle_61330 | DDE_Tnp_1_2 Transposase DDE domain; transposase proteins are necessary for efficient DNA transposition. This domain is a member of | 21-116 6.77¢18
(PF13586) the DDE superfamily, which contain three carboxylate residues that are believed to be responsible for coordinating metal ions
needed for catalysis
DDE_Tnp_1 Transposase DDE domain; transposase proteins are necessary for efficient DNA transposition. This domain is a member of | 15-116 3.93e M
(PF01609) the DDE superfamily, which contain three carboxylate residues that are believed to be responsible for coordinating metal ions
needed for catalysis. The catalytic activity of this enzyme involves DNA cleavage at a specific site followed by a strand transfer
reaction. This family contains transposases for 1S4, 1S421, 1IS5377, 1S427, 1S402, 1S1355, IS5, which was original isolated in
bacteriophage lambda
Sle_61340 | DUF4096 Putative transposase of 1S4/5 family (DUF4096) 10-83 3.20e3!
(PF13340)
C0OG3293 Transposase [Mobilome: prophages, transposons] 7-127 1.87¢716
(COG3293)
Sle_61350 | TM_PBP2 Transmembrane subunit (TM) found in Periplasmic Binding Protein (PBP)-dependent ATP-Binding Cassette (ABC) transporters | 94-249 1.56e'3
(CD06261) which generally bind type 2 PBPs. These types of transporters consist of a PBP, two TMs, and two cytoplasmic ABC ATPase
subunits, and are mainly involved in importing solutes from the environment. The solute is captured by the PBP which delivers
it to a gated translocation pathway formed by the two TMs. The two ABCs bind and hydrolyze ATP and drive the transport re-
action. For these transporters the ABCs and TMs are on independent polypeptide chains. These systems transport a diverse
range of substrates. Most are specific for a single substrate or a group of related substrates; however some transporters are
more promiscuous, transporting structurally diverse substrates such as the histidine/lysine and arginine transporter in Enter-
obacteriaceae. In the latter case, this is achieved through binding different PBPs with different specificities to the TMs. For other
promiscuous transporters such as the multiple-sugar transporter MSM of Streptococcus mutans, the PBP has a wide substrate
specificity. These transporters include the maltose-maltodextrin, phosphate and sulfate transporters, among others
UgpE (COG0395) | ABC-type glycerol-3-phosphate transport system, permease component [Carbohydrate transport and metabolism] 21-304 9.74e69
Sle 61360 | TM_PBP2 See description above 95-292 1.77¢08
(CD06261)
PotC (COG1177) ABC—type spermidine/putrescine transport system, permease component Il [Amino acid transport and metabolism] 20-308 9.46e "
Sle_61370 | DDE_Tnp_1_6 Transposase DDE domain; transposase proteins are necessary for efficient DNA transposition. This domain is a member of | 36-114 5.74e09
super family | the DDE superfamily, which contain three carboxylate residues that are believed to be responsible for coordinating metal ions
(PF13586) needed for catalysis
DDE_Tnp_1 Transposase DDE domain; Transposase proteins are necessary for efficient DNA transposition. This domain is a member of | 1-113 1.95¢°09
(PF01609) the DDE superfamily, which contain three carboxylate residues that are believed to be responsible for coordinating metal ions
needed for catalysis. The catalytic activity of this enzyme involves DNA cleavage at a specific site followed by a strand transfer
reaction. This family contains transposases for 1S4, 1S421, 1IS5377, 1S427, 1S402, 1S1355, 1S5, which was original isolated in
bacteriophage lambda
Sle_61380 | DUF4096 Putative transposase of 1S4/5 family (DUF4096) 1-80 1.47¢28
(PF13340)
COG3293 Transposase [Mobilome: prophages, transposons] 1-125 6.95¢13

(COG3293)



http://pfam.xfam.org/family/PF13586
http://pfam.xfam.org/family/PF01609
http://pfam.xfam.org/family/PF13340
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=225830
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=119394
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=119394
http://pfam.xfam.org/family/PF13586
http://pfam.xfam.org/family/PF01609
http://pfam.xfam.org/family/PF13340
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=225830
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Continued. Summary of conserved domains found in proteins encoded by the chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.

CDS Domain Description of the domain Interval E-value
(accession)
Sle_61390 | AdoMet_MTases S-adenosylmethionine-dependent methyltransferases (SAM or AdoMet-MTase), class |; AdoMet-MTases are enzymes that use | 55-158 2.01e™4
(CD02440) S-adenosyl-L-methionine (SAM or AdoMet) as a substrate for methyltransfer, creating the product S-adenosyl-L-homocysteine
(AdoHcy). There are at least five structurally distinct families of AdoMet-MTases, class | being the largest and most di-
verse. Within this class enzymes can be classified by different substrate specificities (small molecules, lipids, nucleic acids,
etc.) and different target atoms for methylation (nitrogen, oxygen, carbon, sulphur, etc.)
PKS_MT Methyltransferase in PKS enzymes 53-265 1.03¢716
(SM00828)
CxIF CypX (COG2124) Cytochrome P450 [Secondary metabolites biosynthesis, transport and catabolism, Defense mechanisms]; linked to 3D-structure | 8-374 2.12¢%7
(Sle_61400)
CxIA PKS (CD00833) PKSs polymerize simple fatty acids into a large variety of different products, called polyketides, by successive decarboxylating | 21-426 0
(Sle_61410) Claisen condensations. PKSs can be divided into 2 groups, modular type | PKSs consisting of one or more large multifunctional
proteins and iterative type Il PKSs, complexes of several monofunctional subunits
PKS_AT Acyl transferase domain in PKS enzymes 531-825 1.09e7122
(SM00827)
PKS_PP Phosphopantetheine attachment site; phosphopantetheine (or pantetheine 4’ phosphate) is the prosthetic group of acyl carrier | 888-960 1.46e14
(SM00823) proteins (ACP) in some multienzyme complexes where it serves as a 'swinging arm’ for the attachment of activated fatty acid
and amino acid groups
PKS (CD00833) See description above 987-1403 0
PKS_AT See description above 1500-1763 | 2.69¢ 112
(SM00827)
PS-DH (PF14765) | Polyketide synthase dehydratase; this is the dehydratase domain of PKSs. Structural analysis shows these DH domains are | 1842-2112 | 6.45¢°62
double hotdogs in which the active site contains a histidine from the N-terminus hotdog and an aspartate from the C-terminus
hotdog. Studies have uncovered that a substrate tunnel formed between the DH domains may be essential for loading substrates
and unloading products
KR_3_FAS_SDR_x| Beta-ketoacyl reductase (KR) domain of fatty acid synthase (FAS), subgroup 3, complex (x); ketoreductase, a module of the | 2122-2548 | 1.13¢714%
(CD08956) multidomain PKS, has 2 subdomains, each corresponding to a SDR family monomer. The C-terminus subdomain catalyses the
NADPH-dependent reduction of the beta-carbonyl of a polyketide to a hydroxyl group, a step in the biosynthesis of polyketides,
such as erythromycin. The N-terminus subdomain, an interdomain linker, is a truncated Rossmann fold which acts to stabilises
the catalytic subdomain. Unlike typical SDRs, the isolated domain does not oligomerise but is composed of 2 subdomains, each
resembling an SDR monomer. The active site resembles that of typical SDRs, except that the usual positions of the catalytic
Asn and Tyr are swapped, so that the canonical YxxxK motif changes to YxxxN
PKS_PP See description above 2556-2640 | 5.65¢28
(SM00823)
PKS (CD00833) See description above 2657-3078 | 0
PKS_AT See description above 3175-3437 | 4.61e112
(SM00827)
KR_3 FAS SDR x| See description above 3551-4015 | 3.56e170

(CD08956)



http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=100107
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00828
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=225035
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
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Continued. Summary of conserved domains found in proteins encoded by the chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.

CDS Domain Description of the domain Interval E-value
(accession)
PKS_ PP See description above 4031-4104 | 1.30e2?
(SM00823)
PKS (CD00833) See description above 4136-4559 | 0
PKS_AT See description above 4666-4929 | 7.46e112
(SM00827)
PS-DH (PF14765) | See description above 5010-5277 | 1.10e™°
KR_3_FAS_SDR_x| See description above 5285-5696 | 4.96e7108
(CD08956)
PKS_PP See description above 34-454 1.65e25
(SM00823)
CxIB PKS (CD00833) See description above 2657-3078 | O
(Sle_61430)
PKS_AT See description above 558-838 1.22¢111
(SM00827)
PS-DH (PF14765) | See description above 906-1176 3.84¢756
KR_3 FAS SDR x| See description above 1186-1629 | 5.33¢7132
(CD08956)
PKS_PP See description above 1649-1734 | 6.10e26
(SM00823)
PKS (CD00833) See description above 1753-2174 | 0
PKS_AT See description above 2270-2552 | 2.15¢!"
(SM00827)
KR_3_FAS_SDR_x| See description above 2656-3109 | 5.29¢154
(CD08956)
PKS_PP See description above 3129-3214 | 5.54¢26
(SM00823)
CxIC PKS (CD00833) See description above 35-456 0
(Sle_61440)
PKS_AT See description above 563-859 8.62¢7123
(SM00827)
KR_3_FAS_SDR_x| See description above 961-1445 1.03e170
(CD08956)
PKS_PP See description above 1463-1548 | 8.27¢32
(SM00823)
PKS (CD00833) See description above 1567-1988 | 0
PKS_AT See description above 2090-2371 | 1.91e113

(SM00827)



http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
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Continued. Summary of conserved domains found in proteins encoded by the chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.

CDS Domain Description of the domain Interval E-value
(accession)
PS-DH (PF14765) | See description above 2428-2693 | 2.79¢°3
KR_3_FAS_SDR_x| See description above 2699-3120 | 1.37¢7126
(CD08956)
PKS_PP See description above 3142-3220 | 4.89¢%5
(SM00823)
CxID PKS (CD00833) See description above 39-465 0
(Sle_61450)
PKS_AT See description above 573-867 9.63e 111
(SM00827)
PS-DH (PF14765) | See description above 937-1205 7.69¢°60
KR_3_FAS_SDR_x| In some instances, such as porcine FAS, an enoyl reductase (ER) module is inserted between the sub-domains 1208-1378 | 9.00e20°
(related to enoyl
reductase domain;
CD08956)
enoyl_red Enoyl reductase of PKS; putative enoyl reductase of PKS. PKSs produce polyketides in step by step mechanism that is similar | 1409-1690 1.17¢83
(CD05195) to fatty acid synthesis. Enoyl reductase reduces a double to single bond. Erythromycin is one example of a polyketide generated
by 3 complex enzymes (megasynthases)
KR_3_FAS_SDR_x| See description above 1692-1951 | 2.50e87
(CD08956)
PKS_PP See description above 1966-2051 | 4.50e73!
(SM00823)
PKS (CD00833) See description above 2071-2491 0
PKS_AT See description above 2588-2869 | 1.13e197
(SM00827)
PS-DH (PF14765) | See description above 2937-3210 | 1.32¢758
KR_3_FAS_SDR_x| See description above 3201-3608 | 4.84e7°
(CD08956)
PKS_PP See description above 3621-3706 | 1.27¢28
(SM00823)
CxIE PKS (CD00833) See description above 34-457 0
(Sle_61560)
PKS_AT See description above 564-859 1.50e118
(SM00827)
PS-DH (PF14765) | See description above 925-1196 8.25¢63
KR_3_FAS SDR x| See description above 1198-1630 | 7.40e1%0

(CD08956)



http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=176179
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
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Continued. Summary of conserved domains found in proteins encoded by the chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.

CDSs Domain Description of the domain Interval E-value
(accession)
PKS_ PP See description above 1647-1731 | 5.57¢28
(SM00823)
PKS (CD00833) See description above 1748-2162 | 0
PKS_AT See description above 2256-2516
(SM00827) 1.95¢ 113
PS-DH (PF14765) | See description above 2590-2853 | 6.43e8
KR_3_FAS_SDR_x| See description above 2857-3280 | 3.41e116
(CD08956)
PKS_PP See description above 3290-3375 | 3.48e%7
(SM00823)
PKS_TE Thioesterase; peptide synthetases are involved in the non-ribosomal synthesis of peptide antibiotics. Next to the operons encod- | 3444-3648 | 2.60°%°
(SM00824) ing these enzymes, in almost all cases, are genes that encode proteins that have similarity to the type Il fatty acid thioesterases
of vertebrates. There are also modules within the peptide synthetases that also share this similarity. With respect to antibiotic
production, thioesterases are required for the addition of the last amino acid to the peptide antibiotic, thereby forming a cyclic
antibiotic. Thioesterases (non-integrated) have molecular masses of 25-29 kDa
Sle_61470 | DDE_5 super fam- | DDE superfamily endonuclease; this family of proteins are related to pfam00665 and are probably endonucleases of the DDE | 3-31 3.24¢05
ily (CL17874) superfamily. Transposase proteins are necessary for efficient DNA transposition. This domain is a member of the DDE su-
perfamily, which contain three carboxylate residues that are believed to be responsible for coordinating metal ions needed for
catalysis. The catalytic activity of this enzyme involves DNA cleavage at a specific site followed by a strand transfer reaction
Sle 61480'
Sle_61490 | Rieske_RO_- Rieske non-haem iron oxygenase (RO) family, N-terminus Rieske domain of the oxygenase alpha subunit; The RO family | 57-167 8.23e2°
Alpha_N comprise a large class of aromatic ring-hydroxylating dioxygenases found predominantly in microorganisms. These enzymes
(CD03469) enable microorganisms to tolerate and even exclusively utilize aromatic compounds for growth. ROs consist of two or three
components: reductase, oxygenase, and ferredoxin (in some cases) components. The oxygenase component may contain
alpha and beta subunits, with the beta subunit having a purely structural function. Some oxygenase components contain only
an alpha subunit. The oxygenase alpha subunit has two domains, an N-terminus Rieske domain with an [2Fe-2S] cluster and
a C-terminus catalytic domain with a mononuclear Fe(ll) binding site. The Rieske [2Fe-2S] cluster accepts electrons from the
reductase or ferredoxin component and transfers them to the mononuclear iron for catalysis. Reduced pyridine nucleotide is
used as the initial source of two electrons for dioxygen activation
Sle 61500 | Rieske RO - See description above 57-167 1.06e28
Alpha_N
(CD03469)
Sle_61510 | AdoMet_MTases S-adenosylmethionine-dependent methyltransferases (SAM or AdoMet-MTase), class |; AdoMet-MTases are enzymes that use | 70-174 7.89¢19
(CD02440) S-adenosyl-L-methionine (SAM or AdoMet) as a substrate for methyltransfer, creating the product S-adenosyl-L-homocysteine
(AdoHcy). There are at least five structurally distinct families of AdoMet-MTases, class | being the largest and most di-
verse. Within this class enzymes can be classified by different substrate specificities (small molecules, lipids, nucleic acids,
etc.) and different target atoms for methylation (nitrogen, oxygen, carbon, sulphur, etc.)
Methyltransf_31 Methyltransferase domain; this family appears to be have methyltransferase activity 65-212 1.77¢%7

(Pfam13847)



http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=238429
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00827
http://pfam.xfam.org/family/PF14765
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=187659
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00823
http://smart.embl-heidelberg.de/smart/do_annotation.pl?BLAST=DUMMY&DOMAIN=00824
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=277503
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=239551
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=239551
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=100107
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Continued. Summary of conserved domains found in proteins encoded by the chaxalactin biosynthesis gene cluster of S. leeuwenhoekii C34.

CDS Domain Description of the domain Interval E-value
(accession)

Sle_61520" | -
Sle_61530" | -
Sle_61540" | -
Sle_61550" | -

This Table summarises the protein domains encoded in the putative chaxalactin biosynthesis gene cluster (cx/) of S. leeuwenhoekii C34. The domains were identified by using the CDD Search
at NCBI (Marchler-Bauer et al., 2015) (accessed on 24 September 2015). PKS Modules present in CxIA, CxIB, CxIC, CxID and CxIE are marked in grey and white.
' No domain fTund.
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Figure 1.2: Identification of a reading frame-shift in the putative chaxalactin PKS of S. leeuwenhoekii
C34. (A) Two coding sequences, Sle_61410 and Sle_61420, were predicted as part of the chaxalactin
PKS. The architecture of the protein domains translated from those coding sequences showed a broken KS
domain at the C-terminus of Sle_61410 and at the N-terminus of Sle_61420, which is unusual. GC frame
plot (Bibb et al., 1984) revealed a region where a possible frame-shift could be located (contained in an or-
ange box). (B) Alignment of all lllumina reads on the genome sequence of S. leeuwenhoekii C34 revealed
that the nucleotide sequence GTGGA had an extra guanine. This was carried out using software: Burrows-
Wheeler Aligner, Smith-Waterman (BWA-SW; Li and Durbin, 2010) for the alignment and SAMtools (Li et al.,
2009) for the single nucleotide polymorphisms identification (Juan Pablo Gomez-Escribano, personal com-
munication). Thus, GTGGA sequence was corrected to GTGA (contained in an orange box), which fixed
the reading frame-shift and the domain architecture of the PKS was as expected. In the current version of

the genome, a new Sle_61410 (5,869 amino acids) includes the former Sle_61410 (2,887 amino acids) and
Sle_61420 (2,953 amino acids).
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1 0 30 l 80

CxIA_ACP-0 - -ARTR/IRP DLV.TTVAAVLG PEPARVBVN LRTRLAE PEB-----------
CxIA_ACP-1 LAELADABR ALICA AATGLGHGSSAAVDAD LAS PTPVALAAHLARE
CxIA_ACP-2 LAGLVGP AVLDLV AAAVL AHSDPERVAAE LVAATGLRLSATVVFDHPT - - - - = - = = = = - -
CxIA_ACP-3 - - -LGPAEGEQAL L AMV AHVAVVLG DHEEEVBPD L LIT PSELAA LRAIL
CxIB_ACP-4 WAGL SEAALPAAVLGLVRGABAAAVLGLASAEEVDTG L LAA PDPEALTRHLCAEL
CxIB_ACP-5 LAEMSPEEAARVVIGVVRDHVAAVLDHGDPAFFLPTD L LSTV. PHVTALARHLLDRL
CxXIC_ACP-6 LAALPPAERDHELLDLVRAHAAAVLGHTSPGAVDAS L LNTAAGLRLP PTPAALAGLLHTEL
CXIC_ACP-7 - ------ RDRLLTDLVRT@QVVAALGLPGAQVVDPA LRNGL SE GVPIP PTPGAVVAYLHREL
CxID_ACP-8 LAGMSEAEATRALVSAVRAQAAAVLGHQQPDAVGAN L LAT PTPADLAAHLRAEL
CxID_ACP-9 LAATPEADRHALLLDMVCAQVASVLGHTSATAVEPRPE L LDT PNPAALAAHLLGE |
CxXIE_ACP-10 - AGL TGDERARAVL ATVRDHVAAVLGHDNPAA | EQH L LGA RPTFPAALAEFVL SQL
CxIE_ACP-11 LTRAPEPERERAVIDLVRAGAALVLGHPGVEAVRED L LAD LIP PTPLALAAHLRSRL

Consensus

LAGL+EAERERALLDLVRAQ+AAVLGHPSP+AVDADRAFRELGFDSLTAVELRNRLATATGLRLPATLVFDHPTPAALAAHL +AEL

Figure 1.3: Alignment of amino acid sequences of ACP domains of the chaxalactin PKS. The amino acid se-
quences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thomp-
son et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). The labels on the left indicate the
module where that ACP is located in the chaxalactin PKS (“CxIA_ACP-0", refers to the ACP of the Load-
ing Module of the PKS subunit CxIA; “CxIA_ACP-1", refers to the ACP of Module 1 of the PKS subunit
CxIA, and so on). The arrow indicates the position of the conserved serine residue that harbours the 4'-
phosphopantetheine prosthetic group, which is a diagnostic residue to infer functionality of this domain.
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CxIA_KS-0 LPGA - ANPSAFWALLCAGVPAVGTPPA] GVAATA | GEFLDRVDGFBAGFFGISP

CxIA_KS-1 YPGGAGTPERLWRLVADGREALSTFPEN| RAI TTFPRRGGFLHBADRF
CxIA_KS-2 YPGGvASPEGLWRL VAAGGDA | TGFP | DRGWp | AEL FHPDP YARAGGFLHGAAEF
CxIA_KS-3 LLADGRDA | GPFPGDRgWDL ERL I NPNPDRPGTSAs vVGVGAFLDDVAGF
CxIB_KS-4 L VDQGRDAVSGFPTBRGWDLDTLL - ABPDRPGA ARAGGFLHGAAEF
CxIB_KS-5 L VADGAEVLGPLPRBRGWDVD A/l VHPDPDRPGTT
CxXIC_KS-6 LWALLREGTEVVTDFPA|
CxXIC_KS-7 LLLDEGDVVSGFPD | AGF
CxID_KS-8 RY LVEGGVDA | SGFPT AARF
CxID_KS-9 L VAAGGDA | TAL PRDRGWDL AALTGGDRA - EGTG - - ¥SQAGGFL TDAGDFDAAFFS
CxIE_KS-10 C LVEGGVIAWEGFPT GWPLADLLDPIPDHLGT TTEGGFLHDAAEFDAELFG
CxIE_KS-11 LVAAGVDATTGEPE WD TRRGGFLADATSFDPAFFG
Consensus
CxIA_KS-0 ) DGGHL PARL AGTRGVF VGAMWG|
CxIA_KS-1 80 RAGINPHSLRGSDTGVF | GATALDYGPRLHEAPG - { IGPAV 162
CxIA_KS-2 85 EAGIBPLSLRGSHTGVFAGVMYHDYAARVRVAPRD - GPAV 167
CxIA_KS-3 87 RAGIPPTLL GKPVGVFAGTNGQ TLLTEADA - | GPAV 169
CxIB_KS-4 84 GSRFGVFAGVMYHDYAARVRVAPE - ‘ FGFHGPAV 166
CxIB_KS-5 85 G ATSVFAGVMHHDYL TRFGTVPA - [AAS Y IGPAV 167
CXIC_KS-6 85 RIGVF | GTNGQDYATWL SKTPD - | GPAV 167
CXIC_KS-7 85 ) STEGVFVGTINGS ) § GPAV 167
CxID_KS-8 85 ] TGVFAGMMYH g | GPAV 170
CxID_KS-9 84 PS TGVFVGAGSSGYGSEVSGVPE- - -G N GPAL 166
CxIE_KS-10 85 LS GSREGVFWGVM%YI%AVLQR - - -ARENF GMFGEIGGSG G VA AFGF GPAV 167
CxIE_KS-11 78 PLSLRGTATGVFTGLMHH TLLHE- - -GMTG I EGYAG | GNAA VA G VEGFEGPT | 160
Consensus

I X e
CxIA_KS-0 152 [l H MAVAAGVNLVL AAEST &lcs CF TFDARANGY VRGEGGVVLML KPLARAL A 237
CxIA_KS-1 163 [T 5 H LALAGGVTV PGMF VEF GGL PFAAAANGTGWAEGAGLLL LG
CXAKS-2 168 LALAGGVTVMSTPTTFVEF AL AA| GTGWGEGVGLLLYV|
CxIA_KS-3 170 CDLALAGGV. VM GPGAFVEF GL AP GTSWGEGVGLVLL
CxIB_KS-4 167 T ( LALAGGV! PTTFVEF GTGWGEGVGLLLV
CxIB_KS-5 168 | [AC Q lc LALAGGA'VM PT | FTEF GTGWGEGVGLVLL
CxIC_KS-6 168 i Q ILALAGGV!VM PL | FVEF GTAWAEGACLLLV.
CXIC_KS-7 168 SLALAGGAAVM F GMGMAEGVGL VLV
CxID_KS-8 171 i CDLALAGGVTVM PTFV F GTGWGEGVGLLLYV
CxID_KS-9 167 [T g Ig LALAGGVTVMASPTVFTEF GFGAAEGVGLVLYV
CxIE_KS-10 168 T z LALAGGVTVMSTPTTFVEF GTGWGEGVGLLLYV
CxIE_KS-11 161 VDT CDLALAGGVTVMATPGTF VEFS GTGWSEGVGLLLYV S C 246
Consensus

] *

CxIA_KS-0 238 EGDTVHCVIRS! [ I PVLV 323
CxIA_KS-1 249 DGLPVLAVYV, { RALASAGL VP! H PLWL 332
CxIA_KS-2 254 ) G TAPN ALGSAGL VP { PLWL 337
CxIA_KS-3 256 NGHQVLAVV, NGPS T AQAL | AAYGQG PLWL 339
CxIB_KS-4 253 KGHQVLAVV, N | T AEALLATYGRD PLWL 336
CxIB_KS-5 254 NGHQVLAVV ; | [ T AQAL | AA PLWL 337
CxIC_KS-6 254 NGHRVLAVV iII AH ] AEAL | ATY! PLWL 337
CxIC_KS-7 254 HGHPVLAV | RGS > | {GTGTT AQAL | AAYGQG PLWL 337
CxID_KS-8 257 NGHQVLAVV | ARALLATYGRE PLWL 342
CxID_KS-9 253 HGHPVLAV | ) S = T AQAL | AAYGQG PLWL 336
CxIE_KS-10 254 NGHQVLAVV, | N IGT Gl ARALLATYGRE PLWL 339
CxIE_KS-11 247 HGHEVLAVL N NG P AGAL | EAYGAGR - - DRPLWL 330
Consensus

1
CxIA_KS-0 324 GSVIE L EGAAGIAGLLRTGL AT AHGHLPPSLNFTTPNPEIPLRELNLRVVETPL PWPEPA - - 406
CxIA_KS-1 333 G AAAGVAGV | Q HGVL P s ARPWPETGRA | 417
CxIA_KS-2 338 GSL HTQAAAGVGGV | | T 422
CxIA_KS-3 340 G AAAGVAGV | 1 T 424
CxIB_KS-4 337 GSL {TQAAAGVGGV | H i 421
CxIB_KS-5 338 G HTQAAAGVAGV | { { 422
CxIC_KS-6 338 G HTQAAAGVAGYV | G { 422
CxIC_KS-7 338 G AAAGVAGV | ; : | AGAVEL L?RRPWP.VGRPA | 422
CxID_KS-8 343 G AAAGVAGV | ; Pl GAVRLL TEEVPWRAGNQP) GTN 427
CxID_KS-9 337 G TQAAAGVAGV | ! | SAGAVEL L TVRRPWPEVGRPA 421
CxIE_KS-10 340 G AAAGVAGV | i VL PI!ELEW nglﬁvlg GAVRLLEEVPWRAGNQP 424
CxXE_KS-11 331 G AAAGVAGV | HGVLPRTLHVDEPSPHYV SGSVELL TEARPWPETGRA| S 415
Consensus

GSVKSN+GHTQAAAGVAGV | KMVQAMRHGVLPRTLHVDEPSPHVDWSAGAVELL TEARPWPETGRPRRA+VSSFGISGTNAHVIL

Figure 1.4: Alignment of amino acid sequences of KS domains of the chaxalactin PKS. The amino acid se-
quences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thomp-
son et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). The labels on the left indicate the
module where that KS is located in the chaxalactin PKS (“CxIA_KS-0”, refers to the KS of the Loading Mod-
ule of the PKS subunit CxIA; “CxIA_KS-1”, refers to the KS of Module 1 of the PKS subunit CxIA, and so

n). The residues of the conserved motif GPxxxxxxxC(S/A/T)(S/T)x(L/V) are indicated with a red diamond
(Fernandez-Moreno et al., 1992); catalytic triad cysteine, histidine and histidine present in motifs |, Il and Il
respectively are indicated with red stars (Keatinge-Clay, 2012).
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CxIA_KR-1 1 E8sE VLI1 ADLARLLADVP - - -R - LEGVVHAAGV
CxIA_KR-2 1 PSGTVLIT DALAALLAGIPABRP - LTAVMHAAGV
CxIA_KR-3 1 LAGT VLVH: DIFLVRVLAGI PAEAP - L-AVVE AGV
CxIB_KR-4 1 PRGTVLVT QALAELLAGLPEPPE - AVVHTAGT
CxIB_KR-5 1 LAC AALAALLDGVPAEHP - LnAvv AGV
CxIC_KR-6 1 LAELGTEVTFAAC DALATLVARLAE| AVMHAAAV
CxIC_KR-7 1 LRAAGATVTVVAC AALAEVLAAIPA AAGV
CxID_KR-8 1 LAAEGAEATAVAC AALAEVLAAI PA TAGV
CxID_KR-9 1 L TEAGARATSVAC DALAAVLAAIPA AAGV
CXE_KR-10 1 LRDLGAEVTVAAC TALAALLADVE - - PP - LTAVVHTAGV
CxE_KR-11 1 L TAAGARVGFTAC EALAEVIAGIP- - -A-LTAVLHTAGI
Consensus

CxA_KR-1 91 LH ALAAHRRARGL PA A 182
CxA_KR-2 93 AAR LD AL AAQRRADGRVA A 5 186
CxIA_KR-3 87 LD AVVTRRHTLGLPA A 180
CxIB_KR-4 90 Si VLGA LD! Y ALAERRRARGL PA A 182
CxB_KR-5 93 AVAAWHLH LER Y ALAERRRAEGL AA B 186
CxIC_KR6 94 |ELASLTG! VLGARNLT VFA [ ( LAEHRRAHGL PA ) A 187
CxIC_KR7 94 LVBGVVDTL ALNLH R S T ALAAH 4 187
CxD_KR-8 94 LBDGVL ESLSAR v ] AL VAR A [ 187
CxID_KR9 89 VDDCVVESLTPR LDAL RIA LALFVV ALVTR T 182
CxE_KR-10 92 LDDGV | SSLAADRI \Y AA

IL!AGHILAAFVL

GYA
PG GNEAAA AFLDAL AQH 185
RDRPLTAFVVC 5

CxIE_KR-11 91 VDDGLL TALTP. ADAVLHLD: AAANAVLDAVITR A 184

Consensus

LDDGV+DSLTPERLDTVLRPKVDAAWHL+ELTRD+DLAAFVLFSSAAGTLGS+GQAGYAAANAALDALAARRRA+GLPATSLAWGPWA+GGGMT

Figure L.5: Alignment of amino acid sequences of KR domains of the chaxalactin PKS. The amino acid se-
quences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thomp-
son et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). The labels on the left indicate the mod-
ule where that KR is located in the chaxalactin PKS (“CxIA_KR-1”, refers to the KR of Module 1 of the PKS
subunit CxIA; “CxIA_KR-2”, refers to the KR of Module 2 of the PKS subunit CxIA, and so on). Reductase-
competent KR domains contain the conserved motifs that allow NADPH binding, GxGxxG (I) and WGxW
(1) which are contained in red boxes. The catalytic triad in the active site, lysine, serine and tyrosine are
indicated with red stars as in Reid et al., 2003.
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CxIA_DH-1 1A ABEVLLTARLSPAGQPWLAGHTVLGEGVVLPGTAVLELALRAGEEVGCPVVBDLVLAQPLVLAD - - GEQV@VNVGAPGT -DG 90
CxIA_DH-3 1k GLVFTGTVSTTTHPWLADHTVSGSVLLPGTALL LAA VARHLGL ASVAELTLAAPLTLTGEAAVTIQLEVSAPBDTTG 92
CxIB_DH-4 1H GTVFTGRL ALDDHPWL TGH r AARHEG@DLV LTLEAPLAVPATGAVMLQI TVGHPEG-TA 92
CxIC_DH-7 1 - - -LAAGVPLAD - GGV VC! VVGNSVLAPMLL LAG AVRESGGGVLEELTLHAPLVLPGEGAVDVQVRLGAARE -DR 88
CxID_DH-8 1 HPLLAAELWL HAL FGTAVL PGTALLDLVATAAARLGAGRVEEL VLHESLAVPEEGAVHVALAVGAABP -DG 92
CxID_DH-9 1 HPLLGATVRLA Q VVDGAVLVPGTALLELATHAAAEVGAGG | EELTLLAPLALPAHGGVDVQVSVREMDR -DR 92
CXE_DH-10 1 PLLGAVVRLA'PIGLVL TVSGAVVLPGTAVLELALRAGD SGCPVV E APLVLPARGGVDVRVSVGPAEE - SG 92
CxE_DH-11 1 HPVLDSVIRLAD - DGAVFTGALAVS il TALLDLALHAAETVDCARLENL EPLILPGGTTAR TVTAPEK-SG 91

Consensus

CxIA DH-1 91 RRLLFLH - - - - SRDGBED IHASGFLTDDPAPPAEDL | EWPPPGATAVPVTGRYDTLAELGFEYGPAFQGLRGLWHRGA PEAAD 179
CxIA DH-3 93 Rt LVVLSRP- - -DTGTPWI GVLEﬁDPGﬁP ARLDAWPPLGATPLAVDHLYPELAEAGFGYGPAFQGLRRAWRHGE PEGTG 181
CxIB_DH-4 93 |_|H RTEGAPDDRPWIRHAAGTLTTGAGP - GAEL AEWPPEGAETVDL TGF LAATGFGYGPAFRGVRAA! GE VALPEAAQ 183
CXIC_DH-7 89 TRHASG | SGADTAPAPGPGP VPGAEP | PTDGL YGRFADAG | DYGPAF SGLRAVWRHGT, AVLPEEVR 176
CxD_DH-8 93 I MQHATGTV.L PPTHPPATSDADFPPPGAVAVPLDELYARLAAGGFHYGPAFRCLRAAWHAED LALPTTA- 184
CxID_DH-9 93 -WAVIVH HATGTLFAGAPL PAVDLTTWPPPGTTALP IDDLH GQAFQGLRAA DG | I F-PGAE 181
CxIE_DH-10 93 H GFLTAAEPAEAPAL TEWPPAGAEPVE | ADLHDC GPAFRGLRQA GE ARLGAGER 184
CxIE_DH-11 92 ATGTLTPELAAP-HQTEPWPPVGAEPVD | GGL GPSFRGLRSV DG 174
Consensus

RRTLTVHSR+ - +RDGD+PWTRHATGTL TAD+APPAADL + EWPPPGAEPVP IDGL YDRLA+LGFGYGPAFRGLRAAWRRGEEL FAEVAL PEGAR

CxIA_ DH-1 180 PPADRFGL ADAAVQAVAFGPAGAVE - - AGRL PFSFTGVHLHRRGAGAL TVAVLEA | 267
CxIA DH-3 182 EEPSGF TV HITLGLRPGQATEGPGSSGL PFSWQDVRLGALGRTGL LAPVA -DGWSLTTTDERGEPVLSVGTVVFRPVS- - - - - 268
CxIB_DH-4 184 TGTGGHGLHAAL G------ EAATPRL PFTWSRAALHATGASAL L | PDGPDVVAVTVA GS IAVSPAQVE 270
CxIC_DH-7 177 - - VVAGGLLTVE GARRVPFLWSGVRWHRAEARVL L SPGGP SLTAT PMAPDAP - 266
CxID_DH-8 185 LAL - ----- | PESWHGVTLAAGGHQAA L TPAGA SLHVT PVPAAGAR 269
CxID_DH-9 182 PDAG ) . LARTGADTVALTAA P TATPAR 273
CxIE_DH-10 185 PDAARCL L B RTPGPAQL PFSWSRVAVTATGAEA | L TPVA - GGVALTVA PLAAGPAA 271
CxIE_DH-11 175 -DADWAGTHPAL IVEFLREP - - -DITGHARLPF DV TRN¥TRPTGGL LRRTGADTVSLSATDATGTPVLITVGSLLSRPLSAD | LR 263

Consensus

PDADGFGLHPALLDAALHA+AL++-QAVEPGAARLPFSWSGV+LHARGA+ALRVRLTPVGADTV+LT++DATGAPV++VGSLVLRPVSADPAR

Figure 1.6: Alignment of amino acid sequences of DH domains of the chaxalactin PKS. The amino acid se-
quences were identified by CDD Search at NCBI (Marchler-Bauer et al., 2015), aligned in ClustalX (Thomp-
son et al., 1997) and visualised in Jalview (Waterhouse et al., 2009). The labels on the left indicate the
module where that DH is located in the chaxalactin PKS (“CxIA_DH-1", refers to the DH of Module 1 of the
PKS subunit CxIA; “CxIA_DH-3”, refers to the DH of Module 3 of the PKS subunit CxIA, and so on). The con-
served motifs are shown contained in red boxes and residues histidine and aspartate of the catalytic dyad
are indicated with red stars.
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2

RapER13 1 GTLQDLALVPTD- - - TAEQPLRPGEVR IDVRAAGLNFRDVVVALG- -MVNDNRPTGGEAAGVVLEVGPDVQDLAPGDR 73
PikER4 1 GSLESLTAAPGDAETLAPEPLGPGQVRIAIRATGLNFRDVL IALG- -MYPDPALMGTEGAGVVTATGPGVTHLAPGDR 76
CxD_ER-8 1 ------- o e e GQVRVAVRVAGLNFRDVLNALAVDLGEDAPRLGVEGAGVVEAVAADVTGLRPGDR 55
e QL AR 01 W lll I-i-
-P-D----A--PL-PGQVRIAVRAAGLNFRDVL -ALG- -D----G-EGAGVV-AVGPDVT -LAPGDR

RapER13 74 VFGVVGGSFGPAA I ADRRMLAV | PDGWSFTTAASVPVVFATAYYGLVDLAGLSEGESVL I[HAAAGGVGMAATQI ARHL 151
PikER4 77 VMGLL SGAYAPVVVADARTVARMPEGWTFAQGASVPVVFLTAVYALRDLADVKPGERLLVH AVQL ARHW 154
CxID_ER-8 56 VLGLFSGAVGPAAVTDHRLLVPVPEGWSFAQAAAMPAAFLTAYYGLVDLAGLRAGETVLVH AVQLAGHL 133

Consensus I

V-GL - SGA-GPAAVAD -R-LA- -PEGWSFAQAASVPVVFLTAYYGLVDLAGL - -GE - VLVHAAAGGVGMAAVQL ARHL

RapER13 152 GAR|I YATASTGKQH | LREAGLEDTHI ADSRTLSFQETFLNNTHGQGVDVVLNSL SGDFVDASLDLLPRGGRFVEMGKT 229
PikER4 155 GVEVHGTASHGKWDALRALGLDDAH I ASSRTLDFESAFRAASGGAGMDVVLNSLAREFVDASLRLLGPGGRFVEMGKT 232
CxID_ER-8 134 GARVLGTAGPGKWPALRALGLTDEEIASSRDTGFTERFPP- - - - - - ADVVLNSLSGPFVDASLDVLAPGGRFLEMGKT 205

e ol el Lol 111 1

GARV-GTAS-GKW-ALRALGL-D-HIASSRTL-F-E-F----- G-G-DVVLNSLSG-FVDASLDLL - PGGRFVEMGKT

RapER13 230 DIRDPHQVTADRPGTTYQAFDLMDAGPDRLREI I TELLTLFTQGVLLPLPVQAWD | RQARDAF SWMSRARH IGK I VL 306
PikER4 233 DVRDAERVAADHPGVGYRAFDLGEAGPERIGEMLAEVIALFEDGVLRHLPVTTWDVRRARDAFRHVSQARHTGKVVL 309
CxID_ER-8 206 DIRAAEEVTDRRPDIGYRAFDLREAGPDRIQDMLRTLLELFDRGLLRHLPVTAFDARRAPEAFRYLAQARHTGKVVL 282
Consensus

D IRDAE-VTADRPG-GYRAFDL - EAGPDRI| -EML -ELL -LF - -GVLRHLPVTAWD -RRARDAFR - - SQARHTGKVVL

Figure 1.7: Alignment of amino acid sequence of the ER domain of the chaxalactin PKS with those ER do-
mains of known stereocontrol. The amino acid sequence in the chaxalactin ER domain of Module 8 of the
PKS (CxID_ER-8) was identified by CDD Search at NCBI (Marchler-Bauer et al., 2015). The sequences
of ER of known stereocontrol were acquired from DoBISCUIT (Database of BloSynthesis clusters CUrated
and InTegrated; Ichikawa et al., 2013). ER domain of Module 4 of the pikromycin PKS (PikER4; acces-
sion: Pikro_00040) is known to leave the a-carbon in S-configuration (the a-substituent in L-orientation),
which is correlated with the presence of a tyrosine residue (red diamond). ER domain of Module 13 of the
rapamycin PKS (RapER13; accession: Rapam_00140) is known to leave the a-carbon in R-configuration
(the a-substituent in D-orientation), which is correlated with the absence of a tyrosine residue (red dia-
mond). The conserved NADPH-binding motif HxAx(G/T)GV(G/A)(M/S)A, is shown contained in a red box
(Keatinge-Clay, 2012; Kwan et al., 2008). Sequences were aligned in ClustalX (Thompson et al., 1997) and
visualised in Jalview (Waterhouse et al., 2009).
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TE_Cxl
TE_DEBS
TE_Aver
TE_Tyla

Consensus

TE_Cxl
TE_DEBS
TE_Aver
TE_Tyla

Consensus

TE_Cxl
TE_DEBS
TE_Aver
TE_Tyla

Consensus

- - ICCABGTAA | SGPHEFTRLAGALRG - - -l APVRAVPQPGYEEGEPL PSSMAAVAAVQA
ALICLPTVAAVSSVYQYSRFAAGLNG - - - HRDVWYVPAPGFLEGEPLPSG | GAVIRMF A
- -VGCAGTAVASGPVEFTAFAGALADLPAAAPMAAL PQPGF L PGERVPATPEALFEAQA

AlV
ALL

- -NCFPT I ITAL! GPQ@%AILAAvﬁ'RD - -QWDLAVVPVPGFHAGERLPASIDDLFYALM

--+CC++TAA-SGP-++TR+A+ALR+ - - - -A+VAAVPQPGFLEGE+LP+S| -

*0 *

I@ FTAMGANY
E- - TVRMBDTRL TALGA
VTQFVDVDYTRL VAMGG

S--DIPPDBDHRL TAMGA!

AGHSAG+WMAYA++ -HLEA-G-PPRG+VLMD-Y-P-D--AM- -W- -ELTA--FDRE- - -VR-DDTRLTAMGAY

*
139 FBILFANWAPDPVD TPSLNMLRSADF - - - - GKHAAGENPAWADAGHEVLDVPGDHF mgIE ATAHA | QEWL
140 DRL TGQWRPRETGL PTLLVSAGEPMGPWPD - - D SWKPTWPF EHD TVAVP JADA | ARH | DAWL
142 FRI FSGWSPPDITTPALFLRGRDG- - - - - - - - EQMPPPWGVPHTVLD I Q ML EQF ADSTARHVDEWL
143H LLLDWSPTPVRAPVLHLRAAEPMGDWPPGD TEGWQSHWDGAHT TAG | PGNHFTMMTEHASAAARL VHGWL

TH il

FRLF—-WSP PV TP-L-LRAA+PMG- WP-—-- W-P-W--AHT+LD+PG+HFTM- EEHADATARH+DEWL

FTDGAPFAL 70
YAAGRPFEVL 71

1T |

-A+F-AQA+AV-R---G-PFVL

AVITRASP - - EPVL 66
AV IRTQGDKPFVV 68

138
139
141
142

205
208
204
213

Figure 1.8: Alignment of amino acid sequence of the TE domain of the chaxalactin PKS with similar TE do-
mains of other type | PKSs. Residues serine, aspartate and histidine compose the catalytic triad, which are
indicated with red stars and the stabilising residue is indicated with a red diamond (Tsai et al., 2001). Red
boxes indicate conserved motifs around the active sites. The amino acid sequence of the TE domain of the

chaxalactin PKS (CxI_TE) was identified by CDD Search at NCBI (Marchler-Bauer et al.,

2015). The se-

quences of TE of other type | PKSs were acquired from NCBI (accession): TE_DEBS = TE of DEBS of Sac-
charopolyspora erythraea NRRL 2338 (CAA44449); TE_Tyla = TE of tylactone synthase of Streptomyces
fradiae (AAB66508); TE_Aver = TE of avermectin synthase of Streptomyces avermitilis (BAA84479). Se-

quences were aligned in ClustalX (Thompson et al.,

2009).
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1997) and visualised in Jalview (Waterhouse et al.,


http://www.ncbi.nlm.nih.gov/protein/46979?from=2960&to=3167&sat=2&sat_key=29867914&report=fasta
http://www.ncbi.nlm.nih.gov/protein/2317864?from=1607&to=1819&sat=4&sat_key=39273924&report=fasta
http://www.ncbi.nlm.nih.gov/protein/5902896?from=4672&to=4873&sat=3&sat_key=5619092&report=fasta

A

CxIF 1 VNLSSTG.MH ------- YPFDDGKEKALAPYDPELRASSGLAEV, A rl QILRSR PSMDPGA - - - - - PRMHP - - - -DT 81
EryF 1 - -DLESDSFHVDWYRTY. RETAPVTPVRF - LGQDA TgY LSS -DPKKK¥PGV A¥LGFPEDVR 83
EryK 1---- TIIDEVPGMA----DETALLDWLGTM -REKQPVWQDR - - - - H A v TARFSSDPTRVIEG- - - - - - - - - == - - - 66
AmphL 1- PPPSLEDAA- - -PSVLRLSPL LRELQMRAPVIKI A L ERLAR - AHADPANA - - - - - PRYVKSPLM-P 82
NysL 1 - PTAPPSLKAEV - - - PPVLRLSPLLRELQSRAPVCKV | - AHADPANA - - - - - PR VHNPFL

PikC 1 MRRTQQGTTASPPVLDLGALGQDFAADPYPTYARLRAEGPAHRY, G DRA AVLADPRF SK - BWRNSTTPL - - - - - - - - - - -

PimD 1 ----MTAASHDLPCLNLEP- - - PKMLKLSPLLRALQDRGP IHRVI A AIL QL LHDE| IGR-TIPDPPSA -----

Consensus
----- - - - - -~ ---PRYV-SPFL-D

CxIF 82 P IPVN | AAL SGPEHVCE] VMAKSF ARRVPEFQPRT TESSRGLVBRLY - GNGPVABF VB VFALSL PLHVICBMLGVPAGEVEA I MEWSD AFLEMK 177
EryF FATNMGTSDPPTHTRL. VSQEFTVRRVEAMRPRVEQ ! TAELLDEV - -GDSGVVD | VBRFAHPLP I KV ICELLGVDEKYRGEFGRWSSE | LVMB 178
EnyK 67 lPﬂPGMI - SAF PRT I SBLEPRIRDVTRSLLA- - - -DAGESFDLVDVLAFPLPVT | VAELLGLPPMBHEQFGDWSGALVDIQ 159
AmphL 83 LL IMD -DVEAARAAHAEL! TLL ARRVLNMMPMVEG | AEQII LNGFA - AQEQPADLRGNFSLPYSLTVLCAL |Gl PLQEQGQAL L AVLGEMATLN 177
NysL 83 LLVVD -DFDL ART SLF ARRVMBIL TPRVEAL AEGVLAHFV - AQGPPADLFINDFSLPFSLSVLCAL | GVPAEEQGKL | AALTKLGELD 177
PikC 86 AALNHNMLESDPP LVAR \VELLRPRVQE | VBGL VBAML AAPDGRADLMESLAWPL P | TV I SELLGVPEPDRAAFRVWIEDAFVF PD 182
PimD 84 LL ISDADAESGRRQH LLIPLFIA VL EMQPKVEEAADTLLDAF | - AQGPPGDLHGEL TVPFALTVLCEV | GVPPQRRAELTTLLAGIAKLD 179
Consensus

LL I PDNDAESD+PEHAELRKLVTP+FTARRV++++PRVEE | A+GLLDAFV-AQGPPADLVDVFALPLPLTV+CELLGVP+QDRGQ+GAW++A++ELD
CxIF 178 FTEPA- - - - PBQVGENVTAFTENLGG | I AARL VTLGEGVMGEMAEAVA - - AGAAT L PEAAMLALGLMVTGL NIALAIFV VLD - RRALCD 267
EryF 179 PER- - - - - - AEQRGQAAREVVNF I LDLVER PGDDLLSAL |RVQDDDDGRLSA| SVSL1GIG LLLT PDALAL VRR 269
EryK 160 MDDPTDPAL AER/I ADVLNPL TAYL KARCAERRABPGBDL | SRLVL AE - VDGRALD VLLGN | VRIFLDEHPAHWDAAAE 255
AmphL 178 AESVARSQAKLFGLLTDLAGR PGDDV | SRLCETV - - - - - - P : A VDLGVVLFTQYPBALKEALA 260
NysL 178 -----PARVQEGQDELFGLLSGLARRKR | TPEDDV I SRLCLKV - - ‘ S IDLGTVLF | QHPDQL AAAL A 260
PikC 183 - - - - -PAQAQTAMAEMSGYL SRL I D SKRGADGEDL L SALVRTSDE S| H VNLIAIGMIALLS LAALRA 271
PimD 180 REGAVRAQDDL FGYVAGLVEHKRAEPGPD | | SRLNDGE - - - - - - \VAS | MDNGVVLLAAHPDQRAAALA 262
Consensus

D--P----- +EQV++AQ+ELFGYLSGL ++RKRAEPGDD+ | SRL+++VD -DGG+LTDEE+AP | ALGLLFAGL+SVASL IDNGV+LL+QHPDQLAAALA

Sy v *

CxIF 268 LPLSA GAVLAGQA VAVDDHL VRAGETVILA¥GAA EAVFHQPAEA NT- - 340
EryF 270 Y FAAEEVE | GGVA | PQYSTVLVANGAAI PKQF P F’HRF -- 361
EryK 256 Y - MQ) KA VAGVPIPADVMVN.VWL!A SDAID N 349
AmphL 261 A IADVTIR.G LVLLDFTL VA EAVFD MML 355
NysL 261 SAKAGG - SVLP VPIGDVTIRAG LVLLDFTLV F RTVFD! H A VNL 353
PikC 272 YEGPVE - VIPV LDGTV | PAGDTVLVVLADAHR[TPERFP PHRF -- H p LEA 364
PimD 263 ARAGGS - VLF'P FGGVTIRAGDLVLFDLGLPNFBERAFTGPEEF - - A L 356
Consensus

DPKLMPGAVEE | LRYA++GGSG++LPRYATEDVE | GGVT IRAGD+VLLD+GLANRDEAVFDDP+RFD IRRDPNG- -HLTFGHG | ++C | GAPLARLEL
CxIF 341 - - - MPELRVHAADG LAWLITRQSRGFA.LVPRQATFARSRRF‘ARPLATPAGSF‘STSSTRTSGRHTESTHRTPLLDGQTLPAAALAVSW 433
EryF 362
EryK 350 - - -- 397
AmphL 356 Y LQVTSGQLNGGL T, -~ 39
NysL 354 LRVL SGQLSAGLT .- 394
PikC 365 416
PimD 357 397
Consensus
B
EryF 1
CxIF -
P450_Tres A H 1S
MGG_14605 1

Consensus ll L L
FG-G------ HA--GR- -

Figure 1.9: Alignment of the amino acid sequences of the cytochrome P450 (CxIF) with other cytochromes
P450. (A) Residues that make up the haem-binding pocket in cytochromes P450 are indicated with red stars
and contained in the motifs (red boxes): WxxxR (1), ExxR (lll), DxxFxxPxxFDxxR (V) and GxxxCxG (V). The
cysteine in motif V is absent in CxIF. The oxygen binding and activation motif, A/G-GxxT (ll), is present as
TGxxN (residues indicated with red diamonds). (B) Alignment of a region of CxIF with cytochromes P450
devoid of the cysteine residue (Chen et al., 2014), and EryF that possesses the conserved cysteine residue
(control). CxIF has an alanine instead of a cysteine in the corresponding position of the GxxxCxG mo-
tif. CxIF = Sle_61400 a cytochrome P450-SU1 of Streptomyces leeuwenhoekii C34 (CQR65596); EryF
= 6-deoxyerythromolide B hydroxylase of Saccharopolyspora erythrea (AAA26496); EryK = erythromycin
D C-12 hydroxylase of Sacc. erythrea (P48635); AmphL = amphotericin C-8 hydroxylase of S. nodosus
(AJE39058); NysL = nystatin C-10 hydroxylase of S. noursei (AAF71769); PikC = narbomycin C-12 hy-
droxylase of S. venezuelae (087605); PimD = 4,5-de-epoxypimaricin C-4-C-5 epoxidase of S. natalensis
(CAC20932); P450_Tres is putative protein of Trichoderma reesei QM6a (EGR45174); MGG_14605 = hypo-
thetical protein of Magnaporthe oryzae 70-15 (EHA56235). Sequences were aligned in ClustalX (Thompson
et al., 1997) and visualised in Jalview (Waterhouse et al., 2009).

210


http://www.ncbi.nlm.nih.gov/protein/CQR65596
http://www.ncbi.nlm.nih.gov/protein/AAA26496.1
http://www.ncbi.nlm.nih.gov/protein/P48635
http://www.ncbi.nlm.nih.gov/protein/AJE39058
http://www.ncbi.nlm.nih.gov/protein/AAF71769
http://www.ncbi.nlm.nih.gov/protein/O87605
http://www.ncbi.nlm.nih.gov/protein/CAC20932
http://www.ncbi.nlm.nih.gov/protein/EGR45174
http://www.ncbi.nlm.nih.gov/protein/EHA56235

Sle_61490 L e I I MSSSEPGRPEK- - - - - - - - QPPATYGFARNERPGVSDVPPVPR - ALEA -DRSPPMSEPAPRP 52

Sle_61500 L MSSSEPGRPEK- - - - - - - - QPPATYGFARNERPGVSDVPPVPR - ALEA - DRSDPMSEPAPRP 52
GnbE (R R MKPHL KPL VKQL LNARRVRLPG - AAPADSLREPSLP 35
DAF-36 1MLLEQIWEFLTAHRPISVVTTILIVYLIHITLKPLNRVRRLEDVELFFEGKPELKEFYRER - - - - - -« -« --- QLER - LKL LRRVEGDMPPV 76
KShA_MSMEG 5925 1 - - = = = = = = - - e ooo---oooo.- MATETVG | REIDTGALPDR 19
KshA R i e MSTDESGVGVREIDAGALPTR 21
Consensus
---------------------------- MSSSEPGRPEK- - - - - - - -QPPATYGFARNERPGVSDVPPVPR -ALE+V+R++++SG++PRP

Sle_61490 53 MPDGWF PVA s s AEMR PGRVVNRRLAGEDVVVYRFEQSGRL Y[CPHLGAHL GHGGRVRGE -NL VCPFHHFAFGP - IGECVQTGﬁG--T 138
Sle_61500 53 YPDGWF PVASSAEMRPGRVVNRRL AGED VVV QSGRL P‘LGAHLG;‘GGRV GE -NLVCPFHHFAFGP - EGECVQTGYG- - T 138
GnbE 36 ¥PNGWFCLAFGDEVRPGSVITRPLAGTEVVLYRTTRGVL ILGAHLGVGGSVEGE - DLVCPFHRFAFDP -GGTCVRTGYD - - 121
DAF-36 77 FPNGWYCVCESEKLANN@IME | TVLGQFLSL | RSESGAVY I T , WI FSAETGKCVEVPYDEGR 166
KshA_MSMEG_5925 20 ¥ARGWHCLGPVKNFSDGKPHS VN FGTKLVVFEADSKGELNVLD -PGKEKLVPYAK -R 105
KshA 22 MARGWHCLGVAKBY L EGKPHGVEAFGTKLVVFEADSHGDLEVLDGY - -DGRCKL VPYAR -R 107
Consensus
R
I
Sle_61490 139 MPPKARLGVLECREAAGL VFVWRHARGAPASW- - EIEEPSTDEGFGPPHC - - - TVR - TLRV@P NG ID T iKF SVEVLDAPH 222
Sle_61500 139 TPPKARLGVLECREAAGL VFVWRHARGAPASW- - E| EEPSTDGFGPPHC - - - TVR - TLRA ] HKF SAGVLDAPH 222
GnbE 122 PPPKASL AQYPVCEANGS | YV\WWHAL GL PPQW- - EVPAFPMDDRQPFSH - - -DTF -D I AG N H H TP 205
DAF-36 167 | PEQARIVT TWPC | ERNNN/I YLWYHCDGAEPEW- - EIPEI TE | TDGFWHLGGRTEH - EVMCH NGAD | AHLNY.LHKSAPPVTKGSD 253
KshA_MSMEG_5925 106 EPRL ARTR SWH[TD VRGGL L FVWHDHEGNPPQPEVR|I PE | PEWHSGEWTDWKWN SML | EGSNC TIDMAF HFGLPTYFKNVFE 195
KshA 108 MPRMARTR SWTIDVRSGLLFVWHDHEGNPPDPAVRII PEIPEAASDEWTDWRWNRIIL | EGSNC T | HFGL PTMFKNVE 197
Consensus
TPPKARL ++W+C+E++GL+FVW+HA+GAPP+W-VE | PE | PEDG+GPWH+W-WTVRL+++SHPQD | | ENV+D++HF +Y+HK++PTV+K+++
Sle_61490 223 - - -B------- DGPR - MTSTYRLRRVAGKANVLSTMAPTIRAVMQG - - LG | LFFEADLRT IBMQER - - - -VW- - - - - - - - - - FCVAPLDP 285
Sle_61500 223 ---Q------- DGPR -MTSTYRLRGAAGKANAL FNLAPTTRMVVQG- -LG | LFTEADLRT IGMQLR - - - - TW- - - - - - - - - - FCVAPLDP 285
GnbE 206 - - - TMMRGFRQEWTLTWG- LATIAARTVLPKGAGTLH - - - -VM- - - - - - - - - - LHATPTGP 264
DAF-36 254 - - BoP------------. QPAVQHVWDG - - KWEVKS| EDRFECGVMHLNQFMTFV\BYKVPLTSSKLVAEQEGP 314
KshA_MSMEG_5925 196 EGH1ASQYLHNVGRPDVNDLGTAYGEAKLDSEASYFGPSFMINWLHNTMGEFKABES Ll - - - « - -« - mmmo e mea e oo NCHYPVTQ 262
KshA 198 EGHI ASQYLHNVGRPDVDDLGTSYGEAHLDSEASYFGPSFEMINWL HNRYGNYKEES LI - - - - - - - - - - oo oo a oo NCHYPVTQ 264
Consensus
EGHIASQYLHN+G+PD+T+T+T+RGEAG+++E+SYF+PS++ | VW+GN-LG+LK+E+DL+T+GMQLR- - - -VW- - - - - - - - - - +C++P++P
Sle_61490 286 GRIIELRFALSVR - - - - - F P| LlH ------ GTARI - - -LAATLPHEPL VWASGEN - - ABFP IWEN IEL.HPRLA@GIGPIT WAR@F 359
Sle_61500 286 GRII ELRTALSVR - - - - - FPRLEH - - - - - - GTARI - - - LAATL PKPL VWASGRD[IINRBGP | WAN gIHPRLAﬁG GPIT WARQF 361
GnbE 265 GRIQLRFGEKLE ----- LNG I PEVPGTVEGRAAAVP - - - VARLLSAVLQRVASVDTGADL LMWHYQEHVEHPKLAKG GPIG WAQ F 346
DAF-36 315 G| VHML FDFG IWEKGVVEQTVTPEEAL LQRVRERIIF SN|I PWF FVIFFMTVEAMQF ERDVFE | WSNEKY I KSPL LVKNDGP | QK AF 404
KshA_MSMEG 5925 263 DSFVLQWGV I VE - - - - - - - - ---N------- DDATTEKLADAFTEGVSKGFLQDVE | WKH TRIINPLLVI GAVYqM F 334
KshA 265 NSEVLQWGV | VE - - - - - - - PEG- - - -M------- SEEMIDKLSRVFTEGVSKGFLQDVEIWKHKTRIBNPL LV GAVYQL E F 336
Consensus
GRI+LR+G++VE---- - FP+++G----L-RGTARI
Sle_61490 360 -----------------------------------------------
Sle_61500 362 -------------------------- _ -
GnbE 347 Y - -GDLEMPPRPPRAGASR - SEE
DAF-36 405 - _PKMLKDGSL SNQAKS - | FDW.
KshA_MSMEG_5925 335 ‘ﬁv VADITPDMTDRFEMEVDTTAAVEKWNIEVQENLKAQAEAEKAEQSS 383
KshA 337 MVBIVAD | KPEMVERFEIIEVDTKRANEFWNAEVEKNLKSREVSDDVPAEQH 386
Consensus

Y+DVAD | - PDM- -RFE-EVD+KRA-E-WN-EV- -NLK-------------

Figure 1.10: Alignment of the amino acid sequences of Rieske domain-containing proteins Sle_61490 and
Sle_61500 with characterised oxygenases. Conserved motifs present in Rieske domain-containing proteins
(red boxes) include the CxHx;7CxxH that contains two cysteine and two histidine residues for binding the
iron—sulphur, [2Fe—-28S], cluster (I), and the D/E-xHxxxxH (ll) that possesses an aspartate and two histi-
dine residues for binding the non-haem iron atom (residues are indicated with red stars). Both motifs are
needed for the oxygenase activity (Sydor et al., 2011). Sequences were obtained from NCBI (accession):
Sle_61490 and Sle_61500 are Rieske-containing proteins of Streptomyces leeuwenhoekii C34 (CQR65604
and CQR65605, respectively); GnbE = Rieske iron-sulphur protein of Streptomyces sp. LZ35 (AJF48852);
DAF-36 = cholesterol desaturase daf-36 of Caenorhabditis elegans (Q17938); KshA_ MSMEG_5925 and
KshA are the oxygenase subunits of the 3-ketosteroid-9a-monooxygenase of Mycobacterium smegmatis
and M. tuberculosis, respectively (AOR4R3 and P71875, respectively). Sequences were aligned in ClustalX
(Thompson et al., 1997) and visualised in Jalview (Waterhouse et al., 2009).
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http://www.ncbi.nlm.nih.gov/protein/CQR65604
http://www.ncbi.nlm.nih.gov/protein/CQR65605
http://www.ncbi.nlm.nih.gov/protein/Q17938
http://www.ncbi.nlm.nih.gov/protein/A0R4R3
http://www.ncbi.nlm.nih.gov/protein/P71875

Q46V67_RALEJ 1 MAAAVSNAGGLG | LTALTQPTPEALAE
Q3H3T6_9ACTO 1 L VSAVANSGALGF FPTPEDLAT
2NPD_PSEAE 1 F @
Sle_61270 1 - TQ LAK
Q5W8V2_9MYCO 1 ) )
blI3143 1
CC2990 1
Consensus
Q46V67_RALEJ 83 ARMILDVII LGVDAV H VPGMVL | PLAARK 167
Q3H3T6_9ACTO 85 - CTS AGAAAV E H LVLLPATARA169
2NPD_PSEAE 86 AEY | | LGVDAV HPGEDD LVLLPAAANR170
Sle_61270 84 A I 1K LGV H LVL | PAAAKE 168
Q5W8V2_9MYCO 85 D LPMFHDNGI| Cll TLGV H LVL | PAAAKE 169
bli3143 84 AI VDEFRKHGV, ] MGVDA | { LILIPAAANK168
CC2990 85 AEXRAAL I HVDHFEKANGV, i H S : LILIAAAADK169
Consensus
Q46V67_RALEJ NMGT] DNII A VVSIIER 252
Q3H3T6_9ACTO ERV | VAREVVTRL D254
2NPD_PSEAE S N T PAV & A SQEVL ATEA255
Sle_61270 ; DNV, ¢
Q5W8V2_9MYCO | TVES QN V. RGT : A
bli3143 NMGT T SRVIARNAVS T KVVAMEK 253
CC2990 ‘ NMGT T JAVSQEVVQI ER 254
Consensus

V+ 1 PMIASGGFADARGL VAALALGADGINMGTRFMAT+EAPIH+NVKEAIVAADERDT+L I FRTLRNTARVARNAVSREVV+ | EA

Q46V67_RALEJ 253 RPGGAQFEEVRHLVIGQ AALVAGEPBGG | VSAGQC VGL IDBVPSCEELVA MVAlCREQLGTAgRYFG ---------- 323
Q3H3T6_9ACTO 255 - -GGGSFADVABL VAGR AVFETGDL EAGVWSVGVS@GL | HDVPTVAEL VRR | VDEARRLAHRTRELLHA- - - - - - - - - 324
2NPD_PSEAE 256 R -GGAGYAD | AAL VSGQ QVYQQGB TPL G WSAGMVQGL I DDEPACAELLRD | VEQARQLVRQRLEGMLAGY - - - - - - - 328
Sle_61270 254 - - AGGRFEDVREL VAGA KVYETGDPELG | WFAGMVQGL VAD | PTFVAEL FDR | VTEARAL INGRLAGVVA - - - - - - - - - 323
Q5W8V2_9MYCO 255 - -GGGQFEDV KDL VAGY| KVFEDGD | DAG IWFAGTVMGL I HD | PTVADL | TRI VDEAED | | | GRLGTMVVLDEEEKASA 333
bli3143 254 - - EGAKFED I REL VAGA MVYATGN SDEG | WSAGQVAGL | IIPECA'LVS | VSEAQA| IRSRLEGMI VQPQREAAE - 331
CC2990 255 A-GGAKFEDVAHLVAGT DALAQGBTDGG | WSAGMVQGL | HD | PTV.KDLVDRMVAEAEDL IRGRLARMLG- - - - - - - - - 325
R-GGA+FEDV++LVAG+RGR+VYETGD+D+G | WSAGMVQGL IHD | PTVAELV+R | V+EAR+L IRGRLEGM+A- - - E-A- -

Figure 1.11: Alignment of the amino acid sequence of Sle_61270, a putative 2-nitropropane dioxyge-
nase, with homologues from other organisms. Residues that interact with FMN are indicated with red di-
amonds and the proposed catalytic base, histidine, is indicated with a red star. Motifs are contained in red
boxes (Ha et al., 2006): PInQGGMQWYV (), TD(K/R)PFGVNLThLP (ll), VhAHKCTxVRHA (lIl), IDGFECAGH-
PGEDDxP (IV), ASGGhAD(A/G)RGLhAALALGA(D/E)GhxMGTREF (V), ERXTXLIFRx(L/M)(R/H)NT(S/A)RV
(VI1). Sle_61270 of S. leeuwenhoekii C34 (WP_029384442); 2NPD_PSEAE of Pseudomonas aeruginosa
(Q914V0); blI3143 of Bradyrhizobium diazoefficiens (NP_769783); CC2990 of Caulobacter crescentus CB15
(Q9A453); Q3H3T6_9ACTO of Nocardioides sp. JS614 (Q3H3T6); Q46V67_RALEJ of Ralstonia eutropha
strain JMP134 (Q46V67) and Q5W8V2_9MYCO of Mycobacterium sp. P101 (9MYCO). Sequences were
aligned in ClustalX (Thompson et al., 1997) and visualised in Jalview (Waterhouse et al., 2009).
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http://www.ncbi.nlm.nih.gov/protein/WP_029384442
http://www.ncbi.nlm.nih.gov/protein/Q9I4V0
http://www.ncbi.nlm.nih.gov/protein/NP_769783
http://www.ncbi.nlm.nih.gov/protein/Q9A453
http://www.ncbi.nlm.nih.gov/protein/Q3H3T6
http://www.ncbi.nlm.nih.gov/protein/Q46V67
http://www.ncbi.nlm.nih.gov/protein/9MYCO

Sle_61390 Al i 5 e e e e L e e 0 e = MYBIELKPEFEALLGTRSALHFGYWHE - GSGMSL PE - AABRLTBI1 1AAQAGVSS 51

Sle_61510 T MTHQDGNVTP | PDEVGL LYDAVVDSAAVIMG - - KNLHFG PSDSELSFDE-AT LLTERLRIGP 67
0rf10-Spla 1MSSTS---ccmmmm-- TTAPVSVPVSAPVPEEVGHLYDRLTALDTEAAG - -GSLHLG VDDNDFPL VE - AAl TMTDRLRIDQ 74
Rif-Orf14 {acsscenmnasiemmasornaasas MT KPTPNE | GKGYDAF ABIL LDQFWG - - ENLHHG DE - - SATLEE - ATTRL TDRL AGML PLRA 59
AveD oimssscmmsssrmussss MMAVPEQTPPSSLEVGD RLTDLMNRALG - - GNTHLGYWPQPGDGSSPGK - AABRLTDLL | GKLRG I T 67
MdmC 1MADQT - - - - ------- TLSPALLDYARSVALREDGLLRELHBMTAQLPG- - - - - - - - - - - - - GRAMQIIMP - E - - - EAQFLGL LIIRL VG 60

Consensus

--T-PVPLEVG-LYD+LTDL -AQ+LG--GNLH+GYWD - -GSGMSL -E-AADRLTDLL+GRLR+ - -
n

Sle_61390 52 GSEVLDVGCGHGRPAVHLA| STG——Ang Ev% AAAAAEFAL SEGL TBAVRTQVABAMRL - - - - - - E- 1 129
Sle_ 61510 68 GS LSG- -AEV EEQVKRANAL ARSQSSACRAEFHQANAMEL - - - - - - A- M 145
Orf10-Spla 75 GQR) RTG-—AHVGIAI@KD | ARATALAEGAGL SPRVEFRHABDAMEL - - - - - - FPDD - 1ES| 152
Rif-Orf14 60 GD | GCGNGEPA I RMATAND - - VMVIEG | K VERANDRAYKADVDDRVVF EXADAMEL - - - - - - A- VVWAL ESL 137
AveD 68 GR! VGCGSGKPAVRLAL SAP - - VDVVGV. v VGLATALAKQSHVADRVVF TRADAMEL - - - - - - PFPDG - AAWALECL 145
MdmC 61 AR STLCMARALPAGGRIVTCDIIS KWPGIGAPFWQRAGVDGLIDLRIG AARTIL AELRERDGDG - 145

Consensus

G+RVLD+GCGVGQPAVR+AR+TG- -A-VTGI| ++SEKQV+RA+ALA-SAGV+DRV+FR-ADAMEL - - - - - - PFPD+ - - SFDAA+ALES+

Sle_61390 130 [SH LH --RRRPTTAQEH - - - - - - DIWSKFMF'VLTQDTRAﬁCSLQSLSELFTiASFHIV - 207
Sle_61510 146 |HMPDRGQVLRE IR -ERTPLSPA- -HRAVVNQLLQDIMC - - - - - - - TMVQV LRLLRTAGFQFK - 220
Orf10-Spla 153 FHMPBRGRVL AE IR ERGPVPAE - - KQPAVDRLLRDF IM- - - - - - - TLARP VPMLRBAGLRFV - 227
Rif-Orf14 138 HHMPBRWH V. | RQAA --LV-PSPAGLEADAERVREVGKGVV - - - - - - - AVVSLDEYQAHLR AGLEPESAE - 213
AveD 146 LHMPSPAQV I RE | Al - - LRAFGRTGMKRBECTSQLL - -AVP- - - - - - - ALVHIDEYAGMI ADAGL ELH - 220
MdmC 146 - - KAGYLH¥YEQAL AlL PGGLVAIDNﬁLFFG VADPAADDPDTVAVRIELNDLLR - - = = = = = == == s o oo e o - D----- - 204
Consensus
-HMPDRG+V+RE | +RVLRPGGRLALTDFL - -+R-P-PA+- - -DAVVVRLL -DF+P- - - - - - -

Sle_61390 208 ITAESAVPSVSWLL SMERANSVEITQSS - -KP-Q- YLKLATDGLNAFTDYVGYALLTAERAR - - - - - - - - - - oo oo oo oo oo 265
Sle_61510 221 | VRRTFMALAERAAHMPTEVL SKLEGWKSN - - - - - - - - PADMID | SBFGYLLVVAERPMATG - - - - - - - - - - - - - - oo - 277
Orf10-Spla 228 || VRQTFEQMSQGSQEMQTVFDDEAEEKFS - - - - - - - - PASMIDVDEFGSVLLTAQKRPL - - - - - - - - - - - oo oo oo 281
Rif-Orf14 214 VS| TRPSWTKAAERFEGLREBALQH - - | EAAQFEVTLGRFRAFSEEPSLGYVLLTARKPD - - - - - - - - - - - o oo oo oo 272
AveD 221 IGDEVVGP&FAALRDHVNEHLD.ﬁAAAFGIGVAEMRKVVAQCTTLPVVTPDIGEVVLEAR | I 283
MdmC 205 WAL LI A DM TE R RRE - - - - - - - - - - o o oo f oo oo m e e e e i 221

Consensus

I ++++VRPSFTAL+ER- -EM-TE-LQ- -GIK-AQ----LA-PA-MIDT+-FGYVLLTA+KP=-------------------------

Figure 1.12: Alignment of the amino acid sequences of Sle_61390 and Sle 61510, putative O-
methyltransferases, with other methyltransferases of known substrate. Conserved motifs I, Il and
Il were obtained from Kagan and Clarke, 1994 and are contained in red boxes. Motif | is
(L/VV)(V/L)(E/D)(V/I)G(C/G)G(P/T)G and contains the GxGxG sequence that is the nucleotide-binding site
(SAM) (Schubert et al., 2003). Motif 1l is (G/P)(T/Q)(A/Y/F)DA(Y/V/I)(I/F)(L/V/C) in which the central as-
partate residue is invariant, since it forms hydrogen bonds to both hydroxyls of the SAM ribose (Schubert
et al., 2003). Motif Il is LL(K/R)PGG(L/I/R)(I/L)(V/I/F/L)(L/1) whose central glycines are highly conserved
and at least one of them in present across all methyltransferases. Amino acids indicated with red stars cor-
respond to those highly conserved in PKS O-methyltransferases according to Ansari et al., 2008. Amino
acid sequences were obtained from NCBI (accession): Sle_61390 and Sle_61510 = putative chaxalactin A
C-13 O-methyltransferase of Streptomyces leeuwenhoekii C34 (CQR65595 and CQR65606, respectively);
Orf10-Spla = putative O-methyltransferase of Streptomyces platensis subsp. rosaceus (ACY01395); Rif-
Orf14 = C-27 O-demethylrifamycin SV methyltransferase of Amycolatopsis mediterranei S699 (AAC01738;
Xu et al., 2003); MdmC = C-4 O-methyltransferase of Streptomyces mycarofaciens (AAA26782; Hara and
Hutchinson, 1992); AveD = C-5 O-methyltransferase in avermectin biosynthesis of Streptomyces avermitilis
(BAAB4602; Ikeda et al., 1999). Sequences were aligned in ClustalX (Thompson et al., 1997) and visualised
in Jalview (Waterhouse et al., 2009).
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http://www.ncbi.nlm.nih.gov/protein/CQR65595
http://www.ncbi.nlm.nih.gov/protein/
http://www.ncbi.nlm.nih.gov/protein/ACY01395
http://www.ncbi.nlm.nih.gov/protein/AAC01738
http://www.ncbi.nlm.nih.gov/protein/AAA26782
http://www.ncbi.nlm.nih.gov/protein/BAA84602
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Identification and Heterologous Expression of the Chaxamycin
Biosynthesis Gene Cluster from Streptomyces leeuwenhoekii

Jean Franco Castro,®® Valeria Razmilic,®P Juan Pablo Gomez-Escribano,® Barbara Andrews,? Juan A. Asenjo,® Mervyn J. Bibb®

Centre for Biotechnology and Bioengineering, Department of Chemical Engineering and Biotechnology, Universidad de Chile, Santiago, Chile®; Department of Molecular
Microbiology, John Innes Centre, Norwich Research Park, Norwich, United Kingdom®

Streptomyces leeuwenhoekii, isolated from the hyperarid Atacama Desert, produces the new ansamycin-like compounds chaxa-
mycins A to D, which possess potent antibacterial activity and moderate antiproliferative activity. We report the development of
genetic tools to manipulate S. leeuwenhoekii and the identification and partial characterization of the 80.2-kb chaxamycin bio-
synthesis gene cluster, which was achieved by both mutational analysis in the natural producer and heterologous expression in

Streptomyces coelicolor A3(2) strain M1152. Restoration of chaxamycin production in a nonproducing AcxmK mutant (cxmK
encodes 3-amino-5-hydroxybenzoic acid [AHBA] synthase) was achieved by supplementing the growth medium with AHBA,
suggesting that mutasynthesis may be a viable approach for the generation of novel chaxamycin derivatives.

Antibiotic resistance is rapidly becoming a worldwide medical
problem that requires urgent attention (1-3). Historically,
natural products produced by actinomycetes and fungi have been
the major source of clinically used antibiotics (4). However, the
repeated rediscovery of known chemical entities from natural
sources has led to a marked decline in the discovery of novel
microbial antibiotics with clinical utility (5, 6). One potential
solution to this problem is to screen microorganisms isolated
from previously little-scrutinized ecological niches, and bio-
prospecting of unexplored environments has indeed already
resulted in the discovery of novel microorganisms and new
chemical scaffolds (4, 6).

In 2004, a considerable number of new actinomycetes were,
surprisingly, isolated from the hyperarid Atacama Desert, the old-
est and driest desert on Earth, located in northern Chile (7, 8).
Strikingly, some of these strains produce novel chemical struc-
tures with potent biological activity (9-11). One of the strains
isolated from this environment is Streptomyces leeuwenhoekii
DSM 42122 (previously known as Streptomyces strain C34"), iso-
lated from the Chaxa Lagoon (7, 12). It produces the new
polyketide antibiotics called the chaxamycins (9) and the chaxa-
lactins (10). Chaxamycin A to D (compounds 1 to 4 in Fig. 1) are
four new naphthalenic ansamycin-type polyketides derived from
a 3-amino-5-hydroxybenzoic acid (AHBA) starter unit. Chaxa-
mycin D (compound 4) displays, through an unknown mecha-
nism, highly selective antimicrobial activity against Staphylococcus
aureus ATCC 25923 and against a panel of methicillin-resistant S.
aureus (MRSA) strains (9), while chaxamycin A (compound 1)
inhibits the intrinsic ATPase activity of the human Hsp90 protein,
which is involved in cancer proliferation (9). The chaxamycins
differ from other naphthalenic ansamycins, such as the rifamy-
cins, naphthomycin, geldanamycin, and the herbimycins, in lack-
ing a methyl group at the olefinic C-16 next to the amide bond
present in all of these molecules.

The biosynthesis of ansamycin-type polyketides commences
with priming of the polyketide synthase (PKS) with the precursor
molecule AHBA. In the case of the rifamycin and other ansamy-
cin-type polyketide gene clusters, a sub-gene cluster, located near
the PKS, is largely responsible for the synthesis of AHBA (13). One
of the enzymes encoded in the core of this AHBA gene cluster is
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AHBA synthase, which converts 5-deoxy-5-amino-3-dehydroshi-
kimic acid (amino-DHS) into AHBA, the final step in its biosyn-
thesis (14), and an AHBA synthase gene indeed was identified
previously by PCR analysis of genomic DNA of S. leeuwenhoekii
(9). In addition to AHBA, we predict that chaxamycin is synthe-
sized from 10 additional extender units (three malonyl coenzyme
As [malonyl-CoAs] and seven methylmalonyl-CoAs) by a modu-
lar type I PKS.

Recent improvements in next-generation sequencing technol-
ogies and genome mining have markedly accelerated the identifi-
cation and characterization of gene clusters for specialized metab-
olites, many potentially encoding novel compounds with
antimicrobial activity. In this work, we describe the application of
these technologies to identify and partially characterize the chaxa-
mycin biosynthesis gene cluster of S. leeuwenhoekii.

MATERIALS AND METHODS

Strains, culture conditions, and general methods. The bacterial strains
used and generated during this study are listed in Table 1. Escherichia coli
and Streptomyces strains were cultured, maintained, and manipulated ge-
netically following the methods of Sambrook et al. (15) and Kieser et al.
(16), respectively. The plasmids and oligonucleotides used or constructed
during this work are listed in Table 2 and Table 3, respectively. Mobiliza-
tion of phage P1-derived artificial chromosome (PAC) clones into Strep-
tomyces strains was performed as described previously (17). Molecular
biology enzymes, reagents, and kits were used according to the manufac-
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FIG 1 Structures of chaxamycins A to D (compounds 1 to 4).

turer’s instructions. High-fidelity PCR amplification was performed with
Phusion or Q5 DNA polymerase following the manufacturer’s instruc-
tions (NEB, Ipswich, MA) with a nucleotide proportion of 15A:15T:35G:
35C to improve the amplification efficiency of high-moles-percent G+C
Streptomyces DNA. 3-Amino-5-hydroxybenzoic acid (AHBA) was pur-
chased from Sigma (catalog no. PH011754) and dissolved in dimethyl
sulfoxide.

Specific methods for S. leeuwenhoekii. Spore stocks of S. leeuwenhoe-
kii were prepared following standard methods (16) from cultures grown
on soy flour-mannitol (SFM) agar medium at 37°C for 5 to 7 days. Mo-
bilization of plasmids into S. leeuwenhoekii was performed as established
for Streptomyces coelicolor A3(2) by conjugation from E. coli ET12567
(carrying either pUZ8002 or pR9406) using 10°® spores that were heat
shocked in 2X YT medium at 50°C for 10 min; the treated spores were
allowed to cool to room temperature before mixing them with the E. coli
cells, and the conjugation mixtures were plated on SFM agar medium
supplemented with 10 mM MgCl, and 10 mM CaCl,.

Production and measurement of chaxamycins. S. leeuwenhoekii
strains were grown in modified ISP2 medium (containing, per liter, 4.0 g
of yeast extract, 10.0 g of malt extract, and 10.0 g of glycerol [pH 7.20] [9]).
For heterologous production of chaxamycin, S. coelicolor strains were cul-
tured in R3 medium (18) [containing, per liter, 10 g of glucose, 5 g of yeast
extract, 100 mg of Casamino Acids, 3 g of proline, 10 g of MgCl, - 6H,0,
4 g of CaCl, - 2H,0, 200 mg of K,SO,, 50 mg of KH,PO,, 5.6 g of
N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES), and
trace elements (as described for R2 medium in reference 16) and adjusted
to pH 7.2 with NaOH]. All strains were cultured in 250-ml Erlenmeyer

TABLE 1 Bacterial strains used in this study

Chaxamycin Gene Cluster of S. leeuwenhoekii

flasks that had been treated with 5% dimethyldichlorosilane (DMDCS) in
toluene (Sylon CT; Supelco, catalog number 33065-U) to deter the myce-
lium from sticking to the glass; a stainless steel spring was placed at the
bottom of each flask to improve aeration. Seed cultures were inoculated
with 10% spores and incubated at 30°C with orbital shaking (250 rpm) for
24 to 48 h. Mycelium from the seed cultures was harvested by centrifuga-
tion, washed with 0.9% NaCl, resuspended in fresh medium, and used to
inoculate production cultures to a final optical density at 600 nm (ODy,)
of 0.2; production cultures were incubated at 30°C with orbital shaking
(250 rpm). Samples were harvested at the indicated times: 1 or 2 ml of
homogenized culture was pipetted into a clean Eppendorf tube and cen-
trifuged at 13,000 rpm at 4°C for 10 min, the supernatant was moved to a
new Eppendorf tube and centrifuged again at 13,000 rpm at 4°C for 10
min before carefully pipetting 0.5 ml of the supernatant into a high-pres-
sure liquid chromatography (HPLC) vial, the mycelial pellet was extracted
with 0.5 ml of methanol and centrifuged at 13,000 rpm at 4°C for 10 min,
and 0.3 ml of the methanol extract was pipetted into an HPLC vial con-
taining 0.3 ml of water. Chaxamycins were detected in both the superna-
tants and the mycelial extracts, but larger amounts were always found in
the supernatants, and thus only these fractions were analyzed in most
experiments. When analyzing total chaxamycin production in a single
HPLC run, both fractions were mixed in a 1:1 ratio (thus injecting samples
in 50% methanol). Samples were analyzed on a Shimadzu liquid chroma-
tography-mass spectrometry (LC-MS) system equipped with a NexeraX2
liquid chromatograph (LC30AD) fitted with a Prominence photodiode
array detector (SPD-M20A) and an LCMS-IT-ToF mass spectrometer;
samples (typically 5 ul) were injected in a Kinetex XB C,4 2.6-wm, 100-A,
50- by 2.10-mm column (part no. 00B-4496-AN; Phenomenex, USA)
fitted with a KrudKatcher Ultra HPLC in-line filter (part no. AF0-8497;
Phenomenex, USA) and eluted at a flow rate of 0.6 ml per min with a
gradient of 0.1% formic acid in water (mobile phase A) and methanol
(mobile phase B) as follows (minute, percentage of B reached at that
minute): 0 min, 2% B; 1 min, 2% B; 8 min, 100% B; 9.3 min, 100% B; 9.5
min, 2% B; and 11.2 min, 2% B for equilibration. The column was kept at
40°C. Mass spectrometry detection was performed in negative ion mode
since all of the chaxamycin species were detected with higher sensitivity
than in positive mode. Purified chaxamycin standards for compounds
1, 2, and 3 were kindly provided by Mostafa Rateb and Marcel Jaspars
(University of Aberdeen, Scotland). Data acquisition and analysis were
performed with LCMSsolutions version 3 (Shimadzu); spectrum visu-
alization was also performed with Mass+ + version 2.7.2 (http://www
first-ms3d.jp/english/). The (M — H) ™ ions detected for the chaxamy-

Species and strain Description

Reference or source

Escherichia coli

DH5a Strain used for routine cloning 65

DH10B Strain used for routine cloning 65

ET12567/pUZ8002 Methylation-deficient strain used for conjugation with Streptomyces; 66 (pUZ8002, J. Wilson and
pUZ8002 provides conjugation machinery D. Figurski, unpublished)

TOP10/pR9406 Strain used for routine cloning carrying conjugation plasmid pR9406 PR9406, A. Siddique and D.

Streptomyces coelicolor

Figurski, unpublished.

M1152 M145 Aact Ared Acpk Acda rpoB(C1298T) 67

M1650 M1152 carrying pIJ12853 This work
Streptomyces leeuwenhoekii

Wild-type strain 12

M1653 S. leeuwenhoekii AcxmK::neo This work

M1655 S. leeuwenhoekii/pGUS This work

M1656 S. leeuwenhoekii/pIJ10740 This work
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TABLE 2 Plasmids used and constructed during this study

Plasmid Description Reference or source

pBluescript I KS(+) General cloning vector 68

pKC1132 Cloning vector, conjugative (oriT from RK2) 69

pSET152 Cloning vector, conjugative (oriT from RK2), integrative (phiC31 attP) 69

pTC192-Km Source of neo (kanamycin resistance gene) 70

pGM1190 pSG5 derivative, tsr, aac(3)IV, oriT, to terminator, Pipar RBS, fd terminator 40 (pGM1190, G. Muth,

unpublished)

pESACI13 PAC vector (P1 phage replicon) for genomic library construction; conjugative (oriT from RK2), integrative = 27 (pESACI13, M. Sosio,
(phiC31 attP), tsr, neo, P1 rep, sacB unpublished)

pGUS gusA (B-glucuronidase gene, codon-optimized for streptomycetes) in pSET152 38

plJ10740 pGUS derivative with ermE*p driving gusA transcription Morgan Feeney,

unpublished

p1J10257 Expression vector for Streptomyces, with ermE*p, hyg, conjugative (oriT from RK2), integrative (phiC31 attP) 71

plJ12850 Derivative of pGM1190 with JFC010/JFC009-neo-JFC011/JFC012 fragments; for deletion of cxmK This work

plJ12851 Derivative of pKC1132 with JEC010/JFC009-neo-JFC011/JFCO012 fragments; for deletion of cxmK This work

p1J12857 Derivative of pKC1132 with JEC010/JFC009 fragment; for deletion of cxmK This work

plJ12858 Derivative of pKC1132 with JEC011/JFC012 fragment; for deletion of cxmK This work

pIJ12859 Derivative of pKC1132 with JEC010/JFC009-JFC011/JFC012 fragment; for deletion of cxmK This work

pIJ12860 Derivative of pGM1190 with JEC010/JFC009-JFC011/JFC012 fragment; for deletion of cxmK This work

plJ12861 pBluescript IT KS(+) derivative with JFC026/JFC034 fragment; for cloning of cxmK This work

plJ12852 p1J10257 derivative with cxmK; for complementation of deletion mutant This work

pIJ12853 Derivative of pESAC13; contains 145 kb of S. leeuwenhoekii chromosome, including the chaxamycin This work

biosynthesis gene cluster

cin species were as follows: compound 1, m/z 638.29; compound 2, m/z
622.29; compound 3, m/z 654.29; and compound 4, m/z 682.29.

DNA sequencing and bioinformatic analysis. The sequencing and
assembly of the genome sequence of S. leeuwenhoekii has been reported
elsewhere (19). Confirmatory Sanger sequencing was performed using the
Eurofins Genomics service (Ebersberg, Germany) and analyzed using the
Staden package (20) version 2.0.0b9 (http://staden.sourceforge.net).
BLAST (21) searches were performed at the NCBI server. Local BLAST
searching was performed using NCBI package 2.2.26+ (22) and Sequenc-
eServer (23) or prfectBLAST (24). Automatic primer design was carried
out using the Primer3Plus web server (25). DoBISCUIT (http://www
.bio.nite.go.jp/pks/top) (Database of Biosynthesis clusters Curated
and Integrated) (26) was used to obtain curated and annotated ver-
sions of ansamycin-related gene clusters. The sequence of phage P1-
derived artificial chromosome (PAC) clone 2-11L (named pIJ12853),

TABLE 3 Oligonucleotides used in this study”

selected from a library of S. leeuwenhoekii genomic DNA made in
pESACI13 (E. coli-Streptomyces artificial chromosome [27]; http://www
.biost.com/page/PAC.aspx) and containing the chaxamycin biosynthesis
gene cluster (see “PAC library construction and PCR screening for the
chaxamycin gene cluster” below) was obtained using a Roche 454-Junior
sequencer (commissioned from the DNA sequencing facility in the De-
partment of Biochemistry, University of Cambridge, Cambridge, United
Kingdom). A high-quality sequence of the complete PAC insert was ob-
tained by mapping the assembled contigs from the 454-Junior sequencing
onto the genome sequence (19) using the Burrows Wheeler Aligner BWA-
MEM algorithm with default parameters (28); the resulting BAM align-
ment file was processed with SAMTOOLS (29) and loaded into GAP5 (30)
to manually produce a consensus sequence. This consensus was processed
with Prodigal (31) to identify protein-coding sequences, automatically
annotated using the BASys (32) web server (https://www.basys.ca/), and

Name Sequence (5" —3")" Use

JFC009 TTTCTAGAGAAGCCATCAGCCAGGACT Amplify upstream flanking region of AHBA synthase gene
JECO010 TTAAGCTTGTACGTCCAGCAGCTCCAGT

JECO11 TTTCTAGAGCTCGGTCTCGTCGTACTG Amplify downstream flanking region of AHBA synthase gene
JECO12 TTGGATCCACTGCTCCTGCTCGACTACG

JFC022 CGATTCGAAGAGTGACAGCA Screening of genomic library for chaxamycin gene cluster
JEC023 GTTGTAGGTGGCGATTTTGC

JEC024 GCGAAGAGAAGAGCGAGGT Screening of genomic library for chaxamycin gene cluster
JEC025 CACACATTGCTCAGATGCAC

JFC026 AGACATATGAACGCGCGACAG Cloning of cxmK in pIJ10257

JEC034 AAGCTTACGACCTGGTAG

JFC032 GTCGTTCCCTCATTTCCTCA Confirmation of deletion of AHBA synthase gene

JEC033 GACCTGGTAGCCGGTGTG

JFC036 GACGAGAACACCACGAAGGT Resolution of a frameshift within one of the PKS genes
JEC037 GACCACCGGCACTACTGG

JECO053 AAGCAGGTCAGCAGGATCA Verification of the sequence between cxm24 and cxmY
JEC054 TTCCGGAAGATGAACGTGAC

“ Oligonucleotide pairs are shown in consecutive shaded or unshaded rows, and the information in the “Use” column applies to both relevant oligonucleotides.

? Incorporated restriction sites are underlined.
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analyzed and curated with Artemis (33). Analysis of the sequence of the
insert of pIJ12853 revealed that it corresponded to nucleotide (nt) posi-
tions 1151661 to 1305894 of the published S. leeuwenhoekii chromosome
sequence (European Nucleotide Archive study accession number
PRJEB8583) and contained many of the genes predicted to be required for
chaxamycin biosynthesis (located between nt 1211049 and 1289829). GC
Frame Plot analysis (34) performed within Artemis revealed a clear frame-
shift in the 454 sequence within one of the PKS genes. The corresponding
region was PCR amplified using primers JFC036 and JFC037 and se-
quenced with the same primers by Sanger sequencing. Analysis revealed
the presence of two close frameshifts (two missing Gs), and the consensus
sequence was corrected accordingly (matching that obtained with Illu-
mina MiSeq sequencing of the S. leeuwenhoekii genome [19]). GC Frame
Plot analysis revealed possible frameshifts between approximate nucleo-
tide positions 1214200 and 1215100. Indeed, BLASTX analyses (21) con-
firmed that this region had the potential to encode a type II thioesterase
(see Discussion) but contained three frameshifts in a putative ancestral
coding sequence that begins at nt 1215047 and ends at nt 1214242. To
assess the quality of this sequence, the region was PCR amplified using
primers JFC053 and JFC054 with pIJ12853 (see below) DNA as the tem-
plate, and the fidelity of the sequence and the presence of the frameshifts
were confirmed by Sanger sequencing using the same primers.

PAC library construction and PCR screening for the chaxamycin
gene cluster. A genomic library of S. leeuwenhoekii DNA was constructed
in pESACI13. Briefly, high-molecular-weight DNA was digested partially
with BamHI and ligated with pESAC13 digested with the same enzyme,
resulting in loss of pUC19 present in the original vector. The genomic
library was screened for clones containing the chaxamycin biosynthesis
gene cluster by PCR using two primer pairs, JEC022/JFC023 and JFC024/
JFCO025, designed to amplify the predicted ends of the gene cluster. One
PAC clone (2-11L) was identified, named pIJ12853, and sequenced (see
“DNA sequencing and bioinformatic analysis” above). Both library con-
struction and screening were carried out by Bio S&T Inc. (Montreal, Can-
ada).

Construction of S. leeuwenhoekii M1653 (AcxmK::neo). The AHBA
synthase gene (cxmK) was deleted and replaced with the kanamycin resis-
tance gene neo by double-crossover homologous recombination. Two
DNA segments flanking cxmK, each about 1.7 kb in length, were PCR
amplified with primer pairs JFC010/JFC009 (containing 5" HindIII and
Xbal sites, respectively) and JECO11/JEC012 (containing 5" Xbal and
BamHI sites, respectively) and cloned separately in pKC1132 that had
been cleaved with HindIII plus Xbal or Xbal plus BamHI to generate
p1J12857 and pIJ12858, respectively. Each of the amplified fragments was
verified by DNA sequencing. pIJ12858 was cleaved with Xbal and BamHI,
and the 1.7-kb band was purified from an agarose gel and cloned into
pIJ12857 cut with Xbal and BamHI to generate pIJ12859. The HindIII-
BamHI insert of pIJ12859 was cloned in the self-replicative temperature-
sensitive plasmid pGM1190 that had been cleaved with HindIII and
BamHI to yield pIJ12860. Finally, neo was excised with Xbal from
pTC192-km and cloned in the Xbal site of pIJ12860 to yield pIJ12850.
This construct was transferred into S. leeuwenhoekii by conjugation, and
kanamycin-resistant exconjugants were selected at 30°C, restreaked on
SFM agar containing kanamycin, and cultivated at 37°C, a temperature at
which pGM1190 cannot replicate, therefore forcing chromosomal inte-
gration of neo by either single or double homologous recombination. The
resulting spores were plated on SEM agar without antibiotic selection and
incubated at 30°C, and the resulting colonies were replicated consecu-
tively onto SFM agar plates containing just kanamycin, just apramycin, or
neither antibiotic, which were then incubated at 37°C. Colonies resistant
to kanamycin but sensitive to apramycin were subjected to PCR analysis
using primers (JFC032/JFC033), which flanked cxmK, and the required
AcxmK::neo deletion mutant (M1653) was identified (see Fig. S7 in the
supplemental material). Note that we resorted to using a derivative of the
replicative, multicopy pGM1190 for gene replacement after attempts to
use pIJ12851 (Table 2), a derivative of the nonreplicative pKC1132 con-
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taining the same deletion cassette as pIJ12850, failed to yield single-cross-
over recombinants, which possibly was a consequence of a relatively low
recombination frequency in S. leeuwenhoekii. We hoped to compensate
for any such deficiency by using the multicopy, replicative pPGM1190 de-
rivative.

Construction of pIJ12852. cxmK was amplified from S. leeuwenhoekii
genomic DNA by high-fidelity PCR using primers JFC026 and JFC034
(containing 5" Ndel and HindIIT sites, respectively); the PCR product was
blunt-end ligated into the Smal site of pBluescript IT KS(+) to yield
pIJ12861, and the sequence of the PCR product was verified by sequencing
with universal primers corresponding to the vector. cxmK was excised
from pIJ12861 with Ndel and HindIII and inserted into pIJ10257 that had
been cleaved with the same enzymes to generate pIJ12852 with cxmK
transcribed from the constitutive ermE* promoter.

Generation of illustrations. Illustrations of LC-MS/MS data were
generated using Microsoft Office Suite. Image] version 1.47 (http://imagej
.nih.gov/ij) and Inkscape version 0.91 (https://inkscape.org) were used to
create and edit drawings and illustrations.

RESULTS

Establishment of microbiological and genetic manipulation
procedures for S. leeuwenhoekii. S. leeuwenhoekii grew well on
SFM, R2, and DNA agar media, with the most copious and rapid
sporulation observed after growth for 4 to 6 days at 30°C on SFM
agar (see Fig. S1 in the supplemental material). Since S. leeuwen-
hoekiiwas isolated from the Atacama Desert (Chile), we compared
growth at 30°C, 37°C, and 43°C. Growth and sporulation occurred
more rapidly with increasing temperature, with sporulation oc-
curring at 37°C and 43°C after just 2 days of cultivation (see Fig. S2
in the supplemental material). Consequently, we used 37°C to
prepare spore stocks, a compromise between high growth rate and
sporulation and a temperature at which the medium did not dry
out too quickly. Chaxamycin production was also assessed at the
same three temperatures in modified ISP2 production medium
and shown to be very low at 37°C and 43°C compared to 30°C (see
Fig. S3 in the supplemental material); consequently, all studies of
chaxamycin production were performed at 30°C.

Before establishing techniques for the genetic manipulation of
S. leeuwenhoekii, we first tested the susceptibility of the strain to a
range of antibiotics commonly used with streptomycetes (16).
Growth was prevented at concentrations of >1.0 pug/ml kanamy-
cin, >0.5 pg/ml apramycin, >2.0 pg/ml hygromycin B, and >2.5
wg/ml thiostrepton; S. leeuwenhoekii was not sensitive to phos-
phomycin up to 50 pg/ml, while growth was retarded in the pres-
ence of nalidixic acid at >25 ug/ml (see Fig. S4 in the supplemen-
tal material).

Many plasmids used to manipulate streptomycetes genetically
utilize the attachment sites of temperate phages (16). Putative
bacterial attachment (atfB) sites for the phiC31 and phiBT1 acti-
nophages were identified in the chromosome of S. leeuwenhoekii
(European Nucleotide Archive accession number PRJEB8583
[19]) by BLAST searches using the sequences of the corresponding
sites from S. coelicolor (35, 36) (see Table S1 in the supplemental
material). In both cases, the putative attB sites were located in
homologues of the genes in which they reside in S. coelicolor (see
Table S2 in the supplemental material).

Conditions for transferring DNA into S. leeuwenhoekii by con-
jugation were established using pSET152, which integrates in the
phiC31 attB and carries the apramycin resistance gene aac(3)IV,
and pIJ10257, which integrates at the phiBT1 attB and carries the
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80.2 kb (nt position 1210347 to 1290550)
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FIG 2 Top, organization of the chaxamycin gene cluster (cxm) of S. leeuwenhoekii. The proposed function of each gene is listed in Table 2. Bottom, proposed
pathway for chaxamycin biosynthesis (based on that for rifamycin). The modules encoded in the polyketide synthase genes and their respective domains are as
follows: A, adenylation; KS, ketosynthase; AT, acyltransferase; KR, ketoreductase; DH, dehydratase; ACP, acyl carrier protein. The domains in lower case should

be inactive. Chaxamycins: 1, chaxamycin A; 2, chaxamycin B; 3, chaxamycin C; 4, chaxamycin D.

hygromycin B resistance gene hyg; conjugations were plated on
SFM agar supplemented with 10 mM MgCl, and 10 mM CaCl,.

The most common constitutive promoter used for gene expres-
sion in Streptomyces is ermE*p (37). To test its usability in S. leeu-
wenhoekii, we introduced pGUS (a pSET152 derivative with the
gusA reporter gene [38]) and pIJ10740 (a pGUS derivative with
ermE*p driving the transcription of gusA [Morgan Feeney, per-
sonal communication]); gusA expression (assessed as described
previously [39]) was readily observed in the pIJ10740 exconju-
gants but not in the pGUS exconjugants or in the S. leeuwenhoekii
wild-type strain, confirming the utility of ermE*p in this species.

pGMI1190 is a self-replicative, temperature-sensitive plasmid
(reported to be nonreplicative at over 34°C) used for gene replace-
ment in Streptomyces (40). We readily obtained S. leeuwenhoekii
exconjugants with pPGM 1190 and verified plasmid loss after culti-
vation at 34°C, 37°C, and 43°C (see Fig. S5 in the supplemental
material). Since we observed some persistence of pGM1190 at
34°C, 37°C was used to cure the plasmid.

Bioinformatic identification of the chaxamycin biosynthesis
gene cluster. Bioinformatic analysis of the genome sequence of S.
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leeuwenhoekii identified a contiguous stretch of DNA that con-
tained many of the genes predicted to be required for chaxamycin
biosynthesis, including those needed for AHBA biosynthesis (i.e.,
the previously sequenced AHBA synthase gene [GenBank acces-
sion number FR839674.1]) and a complete set of appropriate PKS
modules, including a loading module with similarity to those of
other ansamycin-type PKSs such as ansamitocin (DoBISCUIT ac-
cession code Ansam_00270), geldanamycin (Gelda2_00080), her-
bimycin A (Herb_00170), rifamycin (Rifam_00210), and rubradi-
rin (Rubra_00070).

The putative limits of the gene cluster were identified by com-
parison with gene clusters encoding other ansamycin-like
polyketides, including rifamycin (the rif cluster) from A. mediter-
ranei S699 (AF040570.3), naphthomycin from Streptomyces sp.
strain CS (GQ452266.1), and saliniketal from Salinispora areni-
cola CNS-205 (CP000850.1). The right end of the chaxamycin
gene cluster (as shown in Fig. 2 and in Fig. S6 in the supplemental
material) was defined by the presence of a gene, cxmJ, homologous
to rif], encoding a putative aminodehydroquinate (amino-DHQ)
dehydratase involved in the biosynthesis of AHBA (catalyzing the
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TABLE 4 Proposed chaxamycin biosynthesis gene cluster and gene functions

cxm No. of Rifamycin homologue

sle no. name” amino acids (mutant phenotype)” Proposed function in chaxamycin biosynthesis®

sle10390 cxml 138 Small hypothetical protein

sle10380 cxm$ 327 rifS NADH-dependent oxidoreductase

sle10370 cxmT 323 rif T' NADH-dependent dehydrogenase

sle10360 cxm4 397 orf0 Cytochrome P450

sle10350 cxmA 5616 rifA Polyketide synthase (module 0 [MO], A ,;;5,-KR-ACP; M1, KS-AT,, .,-dh-
KR-ACP; M2, KS-AT,,,,-DH-ACP; M3, KS-AT,..,-KR-ACP)

sle10340 cxmB 5363 rifB Polyketide synthase (M4, KS-AT,,,,,.,-dh-KR-ACP; M5, KS-AT,,,,,,-dh-KR-
ACP; M6, KS-AT,.,..-dh-KR-ACP-ACP)

sle10330 cxmC 1820 rifC Polyketide synthase (M7, KS-AT,,,,..;-dh-KR-ACP)

sle10320 cxmD 1773 rifD Polyketide synthase (M8, KS-AT,,,,..,-DH-KR-ACP)

sle10300 cxmE 3488 rifE Polyketide synthase (M9, KS-AT,,;-DH-KR-ACP; M10,
KS-AT,,,-DH-KR-ACP)

sle10290 cxmF 269 rifF (—)¢ Polyketide release and ansa-ring formation: amide synthase

sle10280 cxmG 368 rifG* AHBA synthesis, aminodehydroquinate synthase

sle10270 cxmH 406 rifH? AHBA synthesis, amino-DAHP synthase

sle10260 cxml 268 rifl? AHBA synthesis, aminoquinate dehydrogenase

sle10250 cxmK 386 rifK? AHBA synthesis, AHBA synthase

sle10240 cxmL 358 rifL? AHBA synthesis, oxidoreductase

sle10230 cxmM 232 rifM? AHBA synthesis, phosphatase

sle10220 cxmN 307 rifN? AHBA synthesis, kanosamine kinase

sle10210 cxml8 295 orfll (+ Y Flavin-dependent oxidoreductase

sle10200 cxml9 533 orf19 (=) Naphthalene ring formation, FDA-dependent-monooxygenase and 3-(3-
hydroxylphenyl) propionate hydroxylase

sle10190 cxm20 402 orf20 Tailoring, O-acyltransferase (chaxamycin D)

sle10180 cxm21 63 Ferredoxin

sle10170 cxm22 393 orfd (+Y Cytochrome P450 monooxygenase

sle10160 cxm23 418 orf5 (WY, orf13 (+) Tailoring, cytochrome P450 monooxygenase (hydroxyfuran of chaxamycin D)

sle10150 cxm24 355 Tailoring: methyltransferase, S-adenosylmethionine dependent (not
homologue of orf14)

sle10120 cxmY 433 Transcriptional regulator (C-terminal DNA-binding domain found in the
NarL/FixJ response regulator family)

sle10110 cxmZ 246 Transcriptional regulator, atypical response regulator of OmpR/PhoB family

sle10100 cxm] 168 riff? AHBA synthesis, aminodehydroquinate dehydratase

“ Gene names have been assigned as far as possible according to predicted functional homology to the rifamycin gene cluster (see also Table S3 in the supplemental material).
b Rifamycin gene cluster from A. mediterranei $699 (GenBank accession no. AF040570.3). Mutant phenotypes: +, similar production to parent strains; —, production abolished; W,

loss of rifamycin B production and accumulation of rifamycin W.

¢ Based on Pfam motif search and homology to rifamycin biosynthesis proteins. PKS domains (found with antiSMASH [47] and NCBI-CDD [72]): A, adenylation; ACP, acyl carrier
protein; AT, acyltransferase; DH, dehydratase (lowercase indicates that it should be inactive); KR, ketoreductase; KS, ketosynthase. The specificity predicted for each AT domain is
shown as a subscript: AHBA, 3-amino-5-hydroxybenzoic acid; mal, malonyl-CoA; mmal, methylmalonyl-CoA.

@ Genes required for AHBA biosynthesis (43).
¢ According to reference 56.
/Mutant accumulates linear polyketide intermediates (59).

conversion of 5-deoxy-5-aminodehydroquinic acid to 5-deoxy-5-
aminodehydroshikimic acid [amino-DHS] [14]); surprisingly,
cxm] is located some distance from the other genes required for
AHBA biosynthesis, as also noted for the cxmJ homologues in the
other three gene clusters (13).

The left end of the chaxamycin gene cluster (as shown in Fig. 2)
could not be readily predicted, although from comparisons with
the other ansamycin-like gene clusters, we initially speculated that
cxmS, encoding a putative NADH-dependent dehydrogenase ho-
mologous to the 7ifS product, would be the likely limit of the
cluster. At 8.7 kb upstream of cxmS (to the left of cxmS in Fig. 2),
we found a conserved region of 11 genes (sle10460 to sle10560)
including a putative hopanoid biosynthesis gene cluster that is
also present in S. scabies 87.22 (scab_12881 to scab_13001, exclud-
ing scab_12921 [41]) and S. coelicolor (sc06759 to -6771, except
sc06761 [42]), as well as in many other streptomycetes. Between
cxmS and the hopanoid biosynthesis gene cluster there are seven
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genes, four of which encode highly conserved proteins with ho-
mologues in S. coelicolor: Sle10450, Sle10430, Sle10420, and
Sle10400 are homologous to Sco6772, Sco6773, Sco6774, and
Sco6776, respectively. Two of the remaining genes (sle10440 and
sle10410) encode highly conserved proteins that have no close
homologues in S. coelicolor. The gene immediately upstream of
cxmsS, sle10390, encodes a hypothetical protein without clear ho-
mologues in the databases; since the 3" end of the coding sequence
of sle10390 overlaps with cxmS and there is a 720-bp intergenic
region between sle10390 and the gene immediately upstream,
sle10400, it is conceivable that sle10390 is part of the chaxamycin
biosynthesis gene cluster, and thus this gene was assigned as the
left limit of the cluster and named cxm1 (Fig. 2 and Table 4).

The chaxamycin biosynthesis gene cluster of S. leeuwenhoekii,
as defined above, spans a region of 80.2 kb, from nt 1210347 to
1290550 of the published genome sequence (19), and contains 27
genes. The core PKS and AHBA biosynthesis genes show very
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FIG 3 Heterologous production of chaxamycins A to D in S. coelicolor M1152. Extracted ion chromatogram (EIC) and MS/MS fragmentation patterns are shown
for each chaxamycin species detected. (A) S. coelicolor M1650 (M 1152 containing pIJ12853); (B) S. coelicolor M1152 (negative control); (C) chaxamycin A, B, and
C standards; (D) S. leeuwenhoekii. Chaxamycin A (compound 1), m/z (M — H)~ 638.29; chaxamycin B (compound 2), m/z (M — H) ™~ 622.29; chaxamycin C
(compound 3), m/z (M — H)™ 654.29; chaxamycin D (compound 4), m/z (M — H)™ 682.29.

similar organization, and the encoded proteins high sequence
identity, to the rifamycin biosynthesis gene cluster of A. mediter-
ranei S699 (GenBank accession no. AF040570.3) (see Fig. S6 in the
supplemental material). Consequently, gene names and predicted
functions were assigned based on those defined in the rifamycin
gene cluster (Fig. 2 and Table 4).

Heterologous expression of the chaxamycin biosynthesis
gene cluster. One clone, pIJ12853, from a PAC library of S. leeu-
wenhoekii genomic DNA was identified by PCR and confirmed by
sequencing to contain the proposed chaxamycin biosynthesis
gene cluster (see Materials and Methods). pIJ12853 was mobilized
into S. coelicolor M1152, resulting in integration of the gene cluster
at the chromosomal phiC31 attB site, yielding strain M1650.

M1650 was cultivated in R3 liquid medium, and culture super-
natants and extracts of mycelial samples harvested at different
times were analyzed by LC-MS, in parallel with chaxamycin stan-
dards and samples from S. leeuwenhoekii grown in modified ISP2
liquid medium. The expected molecular ions for chaxamycins A
to D (compounds 1 to 4) were readily found in samples from
M1650 and with retention times (6.1, 5.9, 5.7, and 6.4 min, respec-
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tively) similar to those for the purified standards and the samples
from S. leeuwenhoekii (Fig. 3). In addition, the MS/MS fragmen-
tation patterns of the ions detected for compounds 1, 3,and 4 in
the M1650 samples matched those detected from the natural
producer, while those for compounds 1 and 3 also matched the
fragmentation patterns obtained from the standards; produc-
tion of compound 2 in M1650 was very low and did not provide
clear fragmentation data (Fig. 3B). These results demonstrated
that the proposed gene cluster does indeed encode chaxamycin
biosynthesis.

Deletion of the AHBA synthase gene (cxmK) and chemical
complementation. AHBA is the starter unit for the synthesis of
the polyketide backbone of chaxamycin. cxmK (Table 4) encodes a
putative AHBA synthase that catalyzes both the transamination of
UDP-3-keto-a-D-glucose at an early stage of the pathway and the
final aromatization of amino-DHS to AHBA (13). Only one copy
of this gene was found in the genome sequence of S. leeuwenhoekii,
directly downstream of the PKS genes. cxmK was deleted and re-
placed with the kanamycin resistance gene neo by homologous
recombination (see Materials and Methods and Fig. S7 in the sup-
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FIG 4 Chemical complementation of S. leeuwenhoekii M1653 (AcxmK::neo) with 3-amino-5-hydroxybenzoic acid (AHBA). Extracted ion chromatogram (EIC)
and MS/MS fragmentation patterns are shown for each chaxamycin species detected. (A) S. leeuwenhoekii M1653; (B) S. leeuwenhoekii M1653 supplemented with
0.36 mM AHBA. Chaxamycin A (compound 1), m/z (M — H) ™~ 638.29; chaxamycin B (compound 2), m/z (M — H) ™ 622.29; chaxamycin C (compound 3), m/z

(M — H)™ 654.29; chaxamycin D (compound 4), m/z (M — H) ™ 682.29.

plemental material) to generate S. leeuwenhoekii M1653 (AcxmK::
neo).

M1653 was cultivated in parallel with wild-type S. leeuwenhoe-
kii in chaxamycin production medium; LC-MS analysis of sam-
ples of culture supernatants harvested at different times after in-
oculation showed that biosynthesis of all of the chaxamycin
species had been abolished in the AcxmK mutant M1653 (Fig. 4A).
To confirm that the lack of production was due solely to the dele-
tion of cxmK, we attempted to complement the mutant by expres-
sion in trans of a wild-type copy of cxmK cloned in the expression
vector pIJ10257. The resulting plasmid, pIJ12852, was introduced
into M1653 but failed to restore chaxamycin production, presum-
ably reflecting a polar effect of the insertion of neo on the expres-
sion of other downstream AHBA biosynthesis genes. We then suc-
ceeded in complementing the mutant chemically, restoring
chaxamycin production (Fig. 4B) by supplementing the culture
medium with commercially available AHBA; after testing several
concentrations and times of addition, optimal results were ob-
tained when adding AHBA to 0.36 mM at 24 h after inoculation,
presumably coinciding with production of the chaxamycin bio-
synthesis enzymes and minimizing AHBA degradation and/or ca-
tabolism. These feeding experiments confirmed a role for cxmK in
AHBA synthesis and provided further evidence that the identified
gene cluster does indeed encode chaxamycin biosynthesis. It also
suggests that mutasynthesis, and the feeding of AHBA analogues,
may be a viable approach for the generation of unnatural chaxa-
mycin variants.

DISCUSSION

Functions of the genes present in the chaxamycin biosynthesis
gene cluster and a proposed biosynthetic pathway. We have un-
equivocally identified, cloned, genetically manipulated, and het-
erologously expressed the chaxamycin biosynthesis gene cluster
from S. leeuwenhoekii. The chemical structures of the chaxamy-
cins and the rifamycins share many similarities, and therefore it
is not surprising that the biosynthesis gene clusters are also very
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similar in organization. Based on knowledge of rifamycin bio-
synthesis, we can now propose a biosynthetic pathway for
chaxamycin.

The chaxamycin biosynthesis gene cluster (Fig. 2 and Table 4)
contains homologues (cxmG to -N and cxm]) of eight of the genes
involved in AHBA biosynthesis in the rifamycin gene cluster of A.
mediterranei S699 (rifG to -N and riff; like rif], cxm] is not clus-
tered with the other genes involved in AHBA synthesis). They
show the same organization as the rif genes, and their products
show high levels of amino acid sequence identity (68 to 86%).
Therefore, we propose that biosynthesis of the chaxamycin PKS
starting unit (AHBA) occurs as in rifamycin biosynthesis in A.
mediterranei S699 (see Fig. S8 in the supplemental material) (13,
14, 43).

In addition to CxmG to -N and Cxm)], a transketolase is also
required for AHBA biosynthesis to catalyze the conversion of
3-amino-3-deoxy-D-fructose-6-phosphate to imino-erythrose-4-
phosphate (14). Indeed, in Salinispora arenicola CNS-205, dele-
tion of sare_1272 and sare_1273, which encode a two-subunit
transketolase, from the shared rifamycin-saliniketal biosynthesis
gene cluster abolished the production of both compounds (44).
While the proposed chaxamycin biosynthesis gene cluster does
not appear to possess such a function, there are two genes
(51609700 and s1e09710) located 47.4 kb to the right of it, contained
within the insert of pIJ12853, that encode homologues of transke-
tolase subunits from A. mediterranei (encoded by rifl5A and
rif15B, respectively [45]) that might fulfil this role. Other lines of
evidence suggest that such a function can be provided by genes
outside the biosynthesis gene cluster. In A. mediterranei, deletion
of rif15A and rif15B (45), homologues of sare_1272 and sare_1273,
respectively, led to the accumulation of rifamycins SV and S, in-
dicating that AHBA was still being produced in the mutant strain.
In addition, the heterologous production of AHBA in S. coelicolor
after cloning the AHBA genes rifG to -N and rif] suggests that the
transketolase step can be performed by an alternative enzyme en-
coded elsewhere in the genome (14, 43).
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Cxml is homologous to Rifl, an aminoquinate (amino-Q) de-
hydratase that catalyzes the conversion of amino-DHQ to ami-
no-Q, with no obvious role in AHBA biosynthesis. Deletion of ifl
in A. mediterranei led to the accumulation of 20 to 25% more
AHBA, and a salvage function has been proposed for the enzyme
(43, 46).

The type I PKS, responsible for the assembly of the chaxamycin
polyketide backbone, is encoded by five genes, cxmA to -E. Bioin-
formatic analysis of their protein sequences was performed with
antiSMASH (47), which uses two methods to predict the substrate
specificity of the loading and AT domains (48, 49). antiSMASH
predicted a loading module with specificity for AHBA, followed
by a module selective for methylmalonyl-CoA, one for malonyl-
CoA, six more for methylmalonyl-CoA, and finally two more for
malonyl-CoA, which is entirely consistent and colinear with the
reactions required to produce chaxamycin A (compound 1) (Fig.
2 and Table 4).

The loading module of CxmA contains an adenylation domain
with 79% sequence identity to the adenylation domain of RifA in
A. mediterranei, which catalyzes the reaction between a benzoate
molecule and ATP to produce an activated aryl-AMP species (50,
51). The CxmA adenylation domain contains the AMP-binding
and ATPase motifs, suggesting that it could function in a similar
fashion to its homologue from A. mediterranei (see Fig. S9 in the
supplemental material).

The chemical structure of compound 1 suggests that the dehy-
dratase (DH) domains from modules 1, 2, 5, 6, 7, and 8 should
be inactive. Active DH domains possess two conserved motifs,
HOOHXXXGXXXXP and **"'D(A/V)(V/A)(A/L)(Q/H), where
H2409 and D2571 (the numbers refer to amino acid positions in
the DH4 domain of the erythromycin PKS of Saccharopolyspora
erythraea) comprise the catalytic dyad of the dehydratase (52, 53).
DH domains from modules 4, 9, and 10 of the chaxamycin PKS,
predicted to be functional, all contain the second conserved motif
DAALH and the conserved histidine residue in the motif HXXX
GXXXXP (although the DH domain from module 9 has proline
replaced by alanine). DH domains from modules 1 and 2, pre-
dicted to be nonfunctional, do not have any of the conserved
motifs. DH domains from modules 5 and 8, also predicted to be
nonfunctional, are shorter than the rest of the DH domains and do
not contain the motif D(A/V)(V/A)(A/L)(Q/H); thus, despite
having the conserved H residue in the active site, they lack the
catalytic dyad. Surprisingly, the DH domains of modules 6 and 7
contain both active-site motifs, and we presume that there are
other mutations that result in their inactivity (see Fig. S10 in the
supplemental material).

The KR domain of module 3 lacks the active-site tyrosine res-
idue (54) and the NADPH-binding motifs (55); the KR domain
present in the loading module is shorter and lacks both of se-
quence features mentioned above. Therefore, these KR domains
are predicted to be inactive, again in agreement with the structure
of chaxamycin. The remaining KR domains have the tyrosine res-
idue and the conserved motifs for NADPH binding (see Fig. S11in
the supplemental material) and are predicted to be active, consis-
tent with the structure of the polyketide (Fig. 2).

The chaxamycin PKS shows a high level of similarity to that
involved in rifamycin biosynthesis in A. mediterranei S699 but
contains two additional nonfunctional domains (an extra KR do-
main in the loading module and an extra DH domain in module 2)
as well as, unusually, an apparently functional additional acyl car-
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rier protein (ACP) domain in module 6. As for the rifamycin PKS,
the chaxamycin PKS lacks a type I thioesterase domain at the end
of module 10, and a putative N-acetyltransferase/amide synthase
is encoded by cxmPF, the likely orthologue of rifF, and is similarly
located just downstream of the last PKS gene (cxmE) (Fig. 2).
Therefore, we propose that CxmF catalyzes the formation of the
internal amide bond between AHBA and the last extender mole-
cule of the polyketide chain to close the macrolactam ring, as in
rifamycin biosynthesis (56), thus releasing the PKS product,
which we have called prochaxamycin (Fig. 2).

In rifamycin biosynthesis, a type II thioesterase, RifR, is
thought to function in the release of aberrant intermediates from
the PKS, thus restoring functionality for a new cycle (57). How-
ever, it is not essential, and the PKS itself may be capable of such
activity (58). Interestingly, we identified a nonfunctional rifR ho-
mologue located between cxmY and cxm24 that contained three
frameshift mutations (the frameshift-corrected amino acid se-
quence shows end-to-end similarity and 64% identity to RifR);
possible errors in the PacBio-Illumina assembled DNA sequence
were ruled out by PCR amplification and Sanger sequencing (see
Materials and Methods). Whether an alternative type II thioes-
terase encoded outside the cxm gene cluster plays an editing role
for the chaxamycin polyketide synthase remains to be determined.

We identified eight genes encoding putative tailoring activities
homologous to those found in the rifamycin gene cluster of A.
mediterranei. In rifamycin biosynthesis, the naphthalene ring is
formed during the extension of the polyketide backbone by the
enzyme 3-(3-hydroxylphenyl)propionate hydroxylase encoded
by orf19 (59); a homologous gene, cxm19, is also present in the
chaxamycin gene cluster, and the encoded protein is predicted to
catalyze the formation of the naphthalene ring of chaxamycin.

A putative methyltransferase is encoded by cxm24, but it shows
little similarity (25% identity over 87 residues of the 355-amino-
acid Cxm24) to the C-27 O-methyltransferase (Rif-Orf14) in-
volved in rifamycin biosynthesis. This is the only putative
methyltransferase encoded by the chaxamycin gene cluster, and
although Pfam predicts that it is an O-methyltransferase, we spec-
ulate thatitis responsible for C methylation of the C-3 of AHBA in
the naphthalene ring.

An O-acetyltransferase encoded by orf20 catalyzes the O acet-
ylation of C-25 during rifamycin biosynthesis (60). cxm20, encod-
ing a homologous protein with 63% identity to Rif-Orf20, is thus
proposed to catalyze the O acetylation of the hydroxyl group of
C-25 in chaxamycin D (9). In rifamycin biosynthesis by A. medi-
terranei $699, a cytochrome P450 monooxygenase (CYP) encoded
by orf5is required for the formation of the ketofuran moiety pres-
ent in rifamycins SV and B but not in rifamycin W; a very similar
CYP encoded by orf13 seems to be nonessential for rifamycin B
biosynthesis (59). We identified only one gene, cxm23, which en-
codes a putative CYP homologous to rifamycin Orf5 or Orfl3
(68% and 72% amino acid sequence identity, respectively). This is
similar to the rifamycin gene cluster from S. arenicola CNS-205,
where only one encoded protein, Sare1259, is homologous to Orf5
and Orfl3 from A. mediterranei S699 (with higher identity to
Orf13 [79%] than to Orf5 [71%]). Sare1259 performs several ox-
idation reactions at different positions on the molecule (44) and is
77% identical to Cxm23; therefore, we propose that Cxm23 par-
ticipates in the formation of the hydroxyfuran ring present in
chaxamycin D but not in chaxamycin A, B, or C (Fig. 2).

Transcriptional regulation. Two genes encode putative tran-
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scriptional regulatory proteins, cxmY and cxmZ. Analysis of CxmY
with Pfam (61) revealed a carboxy-terminal helix-turn-helix
(HTH) DNA-binding domain (PF00196) typical of the NarL/Fix]
family of response regulators (RRs) (62); the rest of the amino acid
sequence shows no similarity to that protein family, but BLASTp
analysis (21) revealed many homologues of putative transcrip-
tional regulators in other actinomycetes, including Rif-Orf36 of
the rifamycin gene cluster of A. mediterranei S699, with which it
shows end-to-end similarity and 43% amino acid sequence iden-
tity. Similar analysis of CxmZ revealed a carboxy-terminal DNA-
binding domain of the winged HTH family (Trans_reg_C family,
PF00486) typical of the OmpR/PhoB family of RRs (62), and an
amino-terminal RR receiver domain (Response_reg family,
PF00072). CxmZ lacks the first of a pair of aspartates at positions
13 (serine) and 14 (aspartate) that determine the structure of the
phosphorylation pocket in typical RRs, and it is thus unlikely to be
phosphorylated by a cognate histidine sensory kinase (no such
protein is encoded in the cxm gene cluster), supporting its classi-
fication as an atypical RR (see Fig. S12 in the supplemental mate-
rial). CxmZ shows 41% amino acid sequence identity to JadR1, an
atypical response regulator involved in the regulation of jadomy-
cin biosynthesis in Streptomyces venezuelae (GenBank accession
no. AAB36584.2). Although contiguous, cxmY and cxmZ are tran-
scribed in the opposite direction with an intergenic region of over
600 bp that presumably contains the promoter sequences of both
genes.

Transport and immunity. Surprisingly we did not find any
gene(s) encoding a putative transport system within, or in close
proximity to, the cxm gene cluster. The rifamycin biosynthesis
gene cluster of A. mediterranei S699 encodes an efflux transporter
(encoded by rifP) whose transcription is likely repressed by a
TetR-like transcriptional regulator encoded by the gene immedi-
ately downstream (rifQ) (46, 63). Homologues of these two genes
are absent from the chaxamycin gene cluster and from the rifamy-
cin/saliniketal gene cluster of S. arenicola CNS-205, which also
does not seem to encode a transport system (44). However, two
RifP homologues are encoded elsewhere in the S. leeuwenhoekii
genome: Sle37020 and Sle08130 (62% and 60% amino acid se-
quence identity to RifP, respectively). Neither of the correspond-
ing genes is present in pIJ12853. S. coelicolor M145, from which
strain M1152 was derived, also encodes a RifP homologue,
Sco4024 (62% identity to RifP). Sco4024 is 78% identical to
Sle37020 and 64% identical to Sle08130. All of these predicted
proteins (as well as RifP) contain the major facilitator superfamily
(MFS) domain and could be responsible for export of chaxamycin
from their respective strains. A rifP homologue (sare_2597) also
occurs in the genome of S. arenicola CNS-205, outside the rifamy-
cin/saliniketal gene cluster.

Rifamycin binds to the 3 subunit (RpoB) of RNA polymerase,
and in A. mediterranei a rifamycin-resistant form of the protein is
encoded by an rpoB homologue located immediately downstream
of rif]-orf36-0rf37 (64). In S. leeuwenhoekii, rpoB (nt 3577583 and
3581068) lies 1.29 Mb away from the chaxamycin gene cluster (nt
1211049 to 1289829), and its product does not have the amino
acid residues required for resistance to rifamycin at the expected
positions, instead possessing the same amino acids as S. coelicolor
M145 RpoB, which is sensitive to rifamycin (see Fig. S13 in the
supplemental material). Thus, it seems unlikely that chaxamycin
exerts its antibiotic activity by binding to RpoB.

This study has provided new insights into chaxamycin biosyn-
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thesis. We have succeeded in expressing the gene cluster heterolo-
gously, thus providing a convenient means for a more detailed
study of the biosynthetic pathway and the enzymes involved. We
have also shown that genetic manipulation of the natural pro-
ducer is feasible, which could aid in the future engineering of the
strain and the directed production of particular chaxamycin spe-
cies.
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Abstract

Background: Next Generation DNA Sequencing (NGS) and genome mining of actinomycetes and other microorganisms
is currently one of the most promising strategies for the discovery of novel bioactive natural products, potentially
revealing novel chemistry and enzymology involved in their biosynthesis. This approach also allows rapid insights into
the biosynthetic potential of microorganisms isolated from unexploited habitats and ecosystems, which in many cases
may prove difficult to culture and manipulate in the laboratory. Streptomyces leeuwenhoekii (formerly Streptomyces sp.
strain C34) was isolated from the hyper-arid high-altitude Atacama Desert in Chile and shown to produce novel
polyketide antibiotics.

Results: Here we present the de novo sequencing of the S. leeuwenhoekii linear chromosome (8 Mb) and two
extrachromosomal replicons, the circular pSLET (86 kb) and the linear pSLE2 (132 kb), all in single contigs, obtained
by combining Pacific Biosciences SMRT (PacBio) and lllumina MiSeq technologies. We identified the biosynthetic
gene clusters for chaxamycin, chaxalactin, hygromycin A and desferrioxamine E, metabolites all previously shown
to be produced by this strain (J Nat Prod, 2011, 74:1965) and an additional 31 putative gene clusters for specialised
metabolites. As well as gene clusters for polyketides and non-ribosomal peptides, we also identified three gene
clusters encoding novel lasso-peptides.

Conclusions: The S. leeuwenhoekii genome contains 35 gene clusters apparently encoding the biosynthesis of
specialised metabolites, most of them completely novel and uncharacterised. This project has served to evaluate
the current state of NGS for efficient and effective genome mining of high GC actinomycetes. The PacBio
technology now permits the assembly of actinomycete replicons into single contigs with >99 % accuracy. The
assembled Illumina sequence permitted not only the correction of omissions found in GC homopolymers in the
PacBio assembly (exacerbated by the high GC content of actinomycete DNA) but it also allowed us to obtain the
sequences of the termini of the chromosome and of a linear plasmid that were not assembled by PacBio. We
propose an experimental pipeline that uses the lllumina assembled contigs, in addition to just the reads, to
complement the current limitations of the PacBio sequencing technology and assembly software.
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Background

Actinomycetes are Gram-positive mycelial bacteria found
predominantly in soil, but they also occur in symbiotic as-
sociations with terrestrial and aquatic invertebrates. They
undergo a complex process of morphological and physio-
logical differentiation that leads to the production of exo-
spores and specialised metabolites [1] with a wide range of
biological activities. While the function of many of these
molecules in the natural environment is not always evi-
dent, they are believed to provide a competitive advantage
to the producing organism [2]. Many of these specialised
metabolites possess potent antibiotic activity, and actino-
mycetes produce over 70 % of the natural product scaf-
folds found in clinically used anti-infective agents [3].

The pioneering sequencing and analysis of the ge-
nomes of Streptomyces coelicolor A3(2) [4] and Strepto-
myces avermitilis [5] revealed that actinomycetes possess
an unexpected abundance of natural product biosyn-
thetic gene clusters and thus that they have the potential
to make many more compounds than previously
thought. This led to the “genome mining” approach to
natural product discovery, where bioinformatic analysis is
used to estimate the biosynthetic capacity, and potential
metabolite novelty, of an organism before extensive ana-
lysis in the laboratory. Genome mining of actinomycetes
and other microorganisms has already provided access to
many novel biosynthetic pathways and metabolites that
otherwise would have remained undetected [6, 7]. It may
be particularly useful when analysing novel and possibly
difficult to culture microorganisms isolated from unusual
and unexploited habitats such as the oceans, deserts, and
the surfaces of plants and animals.

To be carried out efficiently, genome mining relies on
the availability of a good quality genome sequence ob-
tained at an affordable price and in a short time-frame.
Until recently, whole genome shotgun sequencing using
Next-Generation Sequencing (NGS) technologies could
not be expected to yield less than several hundred con-
tigs for an actinomycete genome of 6 — 12 Mb, with bio-
synthetic gene clusters often split over several contigs.
Much bioinformatic analysis and contig-stitching by, for
example, PCR would often be required to identify a
complete cluster. Moreover, the short read length of Sec-
ond Generation Sequencing technologies (like Illumina)
makes it very difficult to correctly assemble the long re-
petitive sequences typically found in biosynthetic gene
clusters containing modular polyketide synthases (PKSs)
or non-ribosomal peptide synthetases (NRPSs). In such
clusters, it is not unusual to find regions of high homology
between genes and intragenic tandem repeats of 650-
1000 bp with close to 100 % nucleotide sequence identity,
well beyond the read length provided by Illumina (up to
2 x 300 bases); e.g., the S. coelicolor coelimycin PKS gene
5c06274, positions 3879-4533 and 11986- 12639; and the
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calcium-dependent antibiotic NRPS gene sc03230, posi-
tions 13187-14121 and 16307-17241. The long sequence
reads provided by Third Generation Sequencing tech-
niques such as the Pacific Biosciences SMRT technology
should allow more reliable assemblies of PKS and NRPS
gene clusters and, in principle, yield single contigs for all
of the replicons present in an actinomycete. The SMRT
technology also produces more even sequence coverage of
the high mol% G+ C DNA found in actinomycete ge-
nomes than other NGS platforms [8].

Streptomyces leeuwenhoekii (formerly Streptomyces sp.
C34) was isolated, together with many other novel acti-
nomycetes, from the saline Chaxa Lagoon in the high-
altitude Atacama Desert in northern Chile [9, 10]. It
produces previously described metabolites (the sidero-
phore desferioxamine E and the antibiotic hygromycin
A), but also novel polyketide antibiotics, the chaxamy-
cins and chaxalactins. Chaxamycin A — D are four novel
ansamycin-type polyketides with promising antibacterial
activity against MRSA and anti-proliferative activity
resulting from the inhibition of the ATPase activity of the
human Hsp90 protein [11, 12]. A draft genome sequence
of this strain with 658 contigs had been derived previously
from Illumina GA IIx 100 bp paired-end reads [10]; at-
tempts to mine this sequence for the chaxamycin and
chaxalactin biosynthetic gene clusters (Castro et al., sub-
mitted) revealed many inconsistencies and misassemblies
(see Additional file 1), presumably a consequence of the
short read lengths of the Illumina technology and the re-
petitive nature of the two gene clusters.

Given the unusual origin of S. leeuwenhoekii and our
desire to analyse its biosynthetic potential, we set out to
sequence its genome using the most advanced techno-
logy available. This has allowed us to generate an almost
complete chromosome sequence as well as the se-
quences of two plasmids as single contigs without re-
course to gap-closing or sequencing of clones from a
genomic library; to our knowledge, this is the first time
that this has been achieved with an actinomycete. We
also report here our findings on the advantages and
limitations of the two technologies we used, Illumina
MiSeq and Pacific Biosciences RSII, and we propose a
pipeline for the generation of high quality actinomycete
genome sequences.

Results and Discussion

Availability of data

The fully annotated sequences presented in this work have
been deposited in the European Nucleotide Archive under
Study accession number PRJEB8583 (http://www.ebi.ac.uk/
ena/data/view/PRJEB8583). The sequences of pSLE1, pSLE2
and the chromosome have been assigned accession numbers
LN831788, LN831789 and LN831790 respectively.
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Sequencing and assembly of the S. leeuwenhoekii genome
Two technologies were used to sequence genomic DNA
isolated from S. leeuwenhoekii: lllumina MiSeq (as available
in August 2013) and Pacific Biosciences (PacBio) RSII (as
available in November 2013). Assembly of the Illumina se-
quencing data yielded 279 contigs, assembled into 175 scaf-
folds, totalling 8064420 bp. Assembly of the PacBio
sequencing data produced three contigs of 7895833, 9613
and 94746 bp, totalling 8000192 bp. The PacBio contig of
7.9 Mb was expected to contain most of the sequence of
the chromosome, and was referred to as C34-chromo-
some version 1. The small 9613 bp contig from the PacBio
assembly was found to match the 7.9 Mb contig from pos-
ition 5938858 to 5929122 (reverse complement) but with
only 92 % identity, possibly indicating that it originated
from reads with accumulated errors. These small, error-
prone, contigs have been observed by others using PacBio
sequencing (Silke Alt, Natalia Miguel-Vior, Zhiwei Qin
and Thomas Scott, personal communications). This contig
was discarded from any further analysis. A detailed de-
scription of the sequencing and bioinformatic analysis of
this and following sections can be found in Additional file
2 — Materials and Methods.

Correction of the PacBio 7.9 Mb contig (C34-chromosome
version 1) using the lllumina assembly

Comparison of the Illumina MiSeq and PacBio assemblies
readily identified problems of misassembly in the Illumina
contigs, and in particular in the regions containing polyke-
tide biosynthetic gene clusters, a particular focus of our ini-
tial interest in S. leeuwenhoekii (see Additional file 1: Figure
S3). However, aware of the higher nucleotide-accuracy of
the Illumina technology compared to PacBio, we mapped
the Illumina MiSeq contigs (not scaffolds) over the PacBio-
generated C34-chromosome version 1. The generated
alignment was manually edited with GAP5 [13] to correct
the PacBio sequence with the Illumina contigs while ac-
commodating possible misassembles and systematic errors
inherent in the [llumina technology [14]. Most of the dif-
ferences were apparent omissions in the PacBio sequence
of a C or G in homopolymeric runs of three or more Cs or
Gs. These omissions were confirmed by analysis of individ-
ual sequence differences; the missing nucleotides in the
PacBio sequence resulted in frame shifts that were readily
identified using GC-Frame Plot [15] in Artemis [16] and
substantiated by inspection of the corresponding amino
acid sequences. Our analysis indicated that the Illumina
sequence always contained the correct number of bases in
these homopolymeric stretches, and consequently it was
used to correct the PacBio assembly. This resulted in the
insertion of 2934 bases and an additional 42 base changes,
a total of 2976 corrections in a final chromosomal assem-
bly of 7898767 bases (0.03768 %). This sequence was
referred to as C34-chromosome version 2.
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Extension of 7.9 Mb corrected-contig (C34-chromosome
version 2) with the lllumina assembly

During the previous correction step we identified sequence
in the Illumina assembly that was absent from the PacBio
assembly. This was achieved by using all of the Illumina as-
sembled data instead of the Illumina reads, which is the
usual bioinformatic practice (in e.g., software like iCORN
[17] and Mira [18]). We found that Illumina contig 0089
(29048 bp) mapped at the 5-end of the PacBio 7.9 Mb
contig but contained 5.1 kb of additional sequence (see
Additional file 3: Figure S3). After careful examination of
the genetic content of contig 0089, we concluded that the
extra 5.1 kb was genuine S. leeuwenhoekii sequence likely
located at the end of the terminal inverted repeat (see
below). BLAST analysis [19] and alignment in GAP5 were
then used to extend the 5-end of the chromosomal se-
quence with an extra 5121 bases to yield a chromosome
of 7903888 bp, referred to as C34-chromosome version 3.

Further correction of C34-chromosome version 3 with the
Illlumina paired-end reads
The original, unassembled, Illumina paired-end reads
with quality values were aligned to version 3 of the
chromosome with two different programs, BWA [20, 21]
and Bowtie 2 [22], processed with SAMtools and
bcftools [23] to call the potential variants, and these
were then studied within GAP5. We focused on the ad-
ditions/omissions reported by both alignment programs.
While we decided not to incorporate any of the reported
base changes, we did correct a few additions/omissions,
in particular an erroneous addition at position 7169599
that was only reported by the BWA alignment (GTGGA
was corrected to GTGA) which repaired a reading-frame
shift in a polyketide synthase gene that is part of the
chaxalactin biosynthetic gene cluster (Castro et al.,
manuscript in preparation). Three corrections were also
made at the beginning of the proposed Terminal
Inverted Repeat (TIR) at the 5-end of the sequence; a C
was added in a run of five Cs after the G at position
387475, giving six Cs; a C was added after A at new pos-
ition 387818 (acccaa to aCcccaa); and a C was added
after A at new position 387824 (aacccca to aaCcceca).
Finally, a G was added at position 7383828 (cggg to
cGggg), correcting an omission reported by both pro-
grams that introduced a frame shift in an uncharac-
terised polyketide synthase gene (cluster 28 of Table 1).
The final chromosomal sequence, referred to as C34-
chromosome version 4, contains 7903895 nucleotides
and has a mol% G + C content of 72.76 %.

Annotation of the Streptomyces leeuwenhoekii
chromosome

Annotation of the S. leeuwenhoekii chromosome version
4 was performed using Prodigal [24] to identify protein
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Table 1 Putative biosynthetic gene clusters for specialised metabolites

antiSMASH antiSMASH type Position (manually annotated clusters in italics) Our annotation (based on Ref.)
Cluster No. descriptor From To
1 T1pks 99264 143430
Not identified 160425 189028 Hygromycin A [11, 44]
2 T1pks 191701 240196
3 T1pks-nrps 324784 392261
4 Nrps 379508 426758
5 T3pks 416888 458084
6 Bacteriocin 572464 582679
7 Terpene 598795 619823
Not identified 684373 654830 Lasso-peptide 2
Nrps 714060 794426
9 Terpene 1056004 1076960
10 T2pks-transatpks-nrps 1075399 1155931 Halogenated polyketide [Razmilic et al]
1 T1pks-terpene 1211049 1289829 Chaxamycin [Castro et al]
12 T1pks 1497127 1544539
13 Terpene 1624097 1645110
14 T1pks-siderophore 1776281 1833813
15 Terpene 1972277 1994487
16 Bacteriocin 2013690 2025087
17 Siderophore 2293580 2305424 Highly conserved
18 Nrps-t1pks 2668194 2719415
19 T3pks 2937137 2978264
20 Terpene 3056325 3058819 Albaflavenone [45, 46]
Not identified 3560196 3564842 Lasso-peptide 1
21 Siderophore 5237176 5244356 Desferrioxamine E [11, 47, 48]
22 Melanin 5330379 5340933
23 Amglyccycl-butyrolactone 5385171 5417416
24 Ectoine 6176293 6186691
25 Other 6710095 6751819
26 T3pks 6822979 6864043
27 T1pks 7141058 7240871 Chaxalactin [11, Castro et al]
28 T1pks 7355977 7439461
29 Other 7486047 7529121
30 Terpene-t2pks 7530162 7588405
31 Terpene 7744176 7768730

Not identified pSLE2 103389

pSLE2 105999 Lasso-peptide 3

coding sequences (PCS) followed by BASys [25] for as-
signment of putative function. We chose gene identifiers
starting with “sle”, for “Streptomyces leeuwenhoekii’,
followed by five digits starting with “sle_00010” with in-
crements of 10 to allow for the addition of subsequently
identified genes and genetic features. Neither Prodigal
nor BASys annotated rRNA or tRNA genes, so the
chromosome sequence was submitted to the RAST ser-
ver [26, 27] and the rRNA and tRNA annotations added

to generate the published S. leeuwenhoekii chromosome
sequence.

Identification of the possible Terminal Inverted Repeats
(TIR) and chromosome ends

Streptomyces species frequently possess linear chromo-
somes with Terminal Inverted Repeats (TIRs) of almost
identical sequence with covalently-bound terminal pro-
teins for priming of replication [28]. The length of the
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TIR is very variable among species, ranging from only
14 bp in Streptomyces hygroscopicus 5008 [29] to over 1
Mbp in S. coelicolor [30].

BLAST analysis and examination in Artemis revealed
that the last 6996 bases at the 3’-end of the chromosome
sequence (hereinafter referred to as “right TIR”) were
99 % identical to a segment of reverse-complementary
sequence around position 388 kb (hereinafter referred to
as “left TIR”; see Additional file 3, Fig. 1). It is likely that
this 7 kb sequence at the right end represents the start
of the right TIR, and was acquired by some of the long
PacBio reads that extended from the region next to the
TIR, while the rest of the reads from the right TIR have
probably been assembled with the left TIR. Visualisation
of the PacBio assembly BAM file revealed a pronounced
increase in coverage of the first 380 kb of the assembly
(see Additional file 3: Figure S2), probably reflecting the
incorporation of reads from both the left and right TIR
in the assembly of the left TIR.

Detailed analysis of the end of the left TIR (the start
of C34-chromosome version 4) identified two genes,
sle_00020 and sle_00120, with 84 % nucleotide sequence
identity to each other, and predicted amino acid sequences
that were 73 % and 72 % identical, respectively, to a
helicase-like protein encoded by sco0002 of S. coelicolor, ho-
mologues of which are present and highly conserved at both
ends of all sequenced linear replicons (chromosomes and
plasmids) from Streptomyces species [31, 32]. The presence
of two contiguous helicase-like encoding genes has not been
described before but detailed sequence inspection failed
to reveal possible misassembly. Mfold [33] analysis of the
DNA sequence upstream of sle_00020 (but not sle_00120)
revealed palindromic repeats with the potential to form a
complex secondary structure (see Additional file 3: Figure
S3) similar to those found in other Streptomyces linear
replicons [34].

Our analysis suggests that the TIRs of the S. leeuwen-
hoekii chromosome extend for about 388 kb, at the upper
end of published Streptomyces TIR sequences. This also
implies that the hygromycin A biosynthetic gene cluster,
located between position 160-189 kb, could be duplicated
at each end of the chromosome should both TIRs show
complete gene conservation. While still infrequent, bio-
synthetic gene clusters for specialised metabolites local-
ised in the TIRs of actinomycetes have been described
previously [35, 36] and demonstrated experimentally [35].

Assembly and annotation of pSLE1, an 86.4 kb circular
plasmid

The 94746 bp PacBio-contig contained direct repeats of
8.4 kb present at both ends, indicative of an 86 kb circu-
lar DNA molecule. Most of this sequence was also found
in a contig of 86370 bp in the Illumina assembly. BLAST
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analysis using the non-redundant NCBI database sug-
gested that it represents a plasmid, which we called
pSLEL.

A detailed description of the assembly of the circular
DNA sequence using both PacBio and Illumina data is
given in the Additional file 2 and Additional file 4. pSLE1
possesses a base composition of 69 % mol% G+ C. 133
putative PCSs were identified with Prodigal and tagged as
“sle2_001"; putative functions were added manually in
Artemis using BLAST and Pfam [37] searches.

For most of the PCSs, in particular those encoding pu-
tative phage particle proteins, the annotation was based
on that of pZL12 [38], a well characterised plasmid with
high levels of homology and synteny to pSLEIL. Genes
encoding ParA and ParB partitioning proteins were iden-
tified with Pfam, supporting the proposition that this con-
tig represents an autonomously replicating element.
pSLE1 ParA shows no discernible identity to the chromo-
somal ParA, but is 62 % identical to pZL12.17c ParA and
67 % identical to the putative plasmid partitioning protein
ParA from Streptomyces rochei (sequence ID BAK19858).
pSLE1 ParB shares 31 % identity with the chromosomal
ParB, but 41 % identity with pZL12.16¢c ParB and 67 %
identity with the putative plasmid partitioning protein
ParB from S. rochei (sequence ID BAK19859). Interest-
ingly, pSLE1 contains two genes encoding putative inte-
grases, suggesting that the plasmid might be capable of
insertion into the chromosome.

A search with antiSMASH [39] did not identify any
putative specialised metabolite gene clusters in pSLE1
(a gene encoding a putative Type III PKS with 59 % amino
acid sequence identity to pZL12-100 and similar to RppA
from Streptomyces antibioticus was identified but, as in
pZL12, the neighbouring genes did not indicate that it
was part of a natural product gene cluster).

Assembly and annotation of pSLE2, a >132 kb linear
plasmid

Two Illumina contigs, contig0026 with 97005 bp and
contig0079 with 32697 bp, did not match any sequence
in the PacBio assembly. BLAST searches against the
non-redundant NCBI database indicated that it could
represent a plasmid, which we designated pSLE2. We
were subsequently able to join the Illumina contigs using
corrected PacBio reads to yield a 132 kb sequence (see
Additional file 2 and Additional file 5 for details).

PpSLE2 has a base composition of 70 mol% G + C. PCSs
were identified using Prodigal and tagged as “sle2_001";
putative functions were manually annotated in Artemis
using BLAST and Pfam searches.

We could not identify a clear direct repeat indicative
of a circular plasmid, as we did for pSLE1, or a putative
TIR characteristic of a linear plasmid, suggesting that
some sequence might be missing. However, the 5-end of
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Fig. 1 Schematic representation of the S. leeuwenhoekii chromosome, circular plasmid pSLET, and linear plasmid pSLE2 (incomplete sequence).
The chromosome is represented as an open circle, covering only the published sequence without the duplication of the terminal inverted repeat
(represented as a grey band starting at position 1). From outside to inside, the concentric circles represent: nucleotide position; Protein Coding
Sequences (PCSs) on the forward strand; PCSs on the reverse strand; PCSs for putative biosynthetic genes for specialised metabolites (dark red
indicates the forward strand, orange the reverse strand); the orange box shown in the fifth circle indicates the chaxamycin biosynthetic gene
cluster; tRNA and rRNA genes are shown in the sixth and seventh lines, respectively, in dark blue; the eighth concentric circle shows the GC-plot
(GC %, window size = 10000; base step size = 200) and the inner-most circle the GC-skew ((G — O)/(G + O)] window size = 10000; base step size = 200),
both calculated using the sequence with both TIRs, a window size of 10000 and a step size of 200 (purple and olive indicate below and above average,
respectively). For pSLET and pSLE2, PCSs are coloured red for putative regulatory genes; green, for plasmid replication and partitioning genes; the
fourth circle in shows the GC-plot and the inner-most circle the GC-skew, both calculated as for the chromosome. For pSLET, phage-related genes are
shown in orange, and the type Il PKS (chalcone synthase) gene is shown in brown. For pSLE2, genes with known plasmid functions are in orange;
genes annotated as mobile elements and involved in transposition are in pink; the lasso-peptide biosynthetic gene cluster is shown in dark orange.
Not to scale
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pSLE2 (provided by the 5-end of Illumina contig 0026)
is highly similar (over 85 % nucleotide identity) to the
end of the TIR identified for the chromosome (see Add-
itional file 5: Figure S2), and includes a gene for a puta-
tive terminal helicase (sle2_002) with 87 % and 85 %
amino acid identity to Sle_00020 and Sle_00120, respect-
ively. Such high identity between linear chromosomes
and linear plasmids is a feature of Streptomyces species
[31] and suggests that pSLE2 is a linear plasmid and that
this sequence is at one end of a TIR.

Two contiguous genes were found by Pfam searches to
encode possible functional homologues of the partition
proteins ParA and ParB (no significant identity was found
to any of the putative partitioning proteins encoded by the
chromosome or pSLE1, further suggesting that this is a
separate replicon). Pulse-Field Gel-Electrophoresis (PFGE)
of total DNA isolated from S. leeuwenhoekii revealed an
extrachromosomal replicon with an apparent linear size of
between 112 and 130.5 kb (Additional file 5: Figure S1),
consistent with the predicted size of pSLE2.

As for pSLE1, we found a gene, sle2 153, encoding a
putative integrase, suggesting that the plasmid might be
capable of integrating into the chromosome. In addition,
we identified at least three genes encoding possible con-
jugation functions (sle2_062, sle2_090 and sle2_091) sug-
gesting that the plasmid might be capable of self-
transmission by conjugation.

An interesting feature is the presence of a gene,
sle2_140, encoding a putative zeta-toxin (Pfam family
“Zeta_toxin” (PF06414) e-value 1.9e-45) potentially in-
volved in ensuring the maintenance and segregation of the
plasmid [40]; we did not find a gene encoding a putative
anti-toxin, but we did find a toxin-antitoxin system
encoded in the chromosome similar to that reported for S.
coelicolor and Streptomyces lividans [41].

AntiSMASH did not reveal any putative natural prod-
uct gene clusters, but we did find a gene cluster poten-
tially encoding the biosynthesis of a lasso-peptide, which
we have subsequently identified and characterised
(manuscript in preparation).

Intriguingly, there are several genes encoding putative
transposases, many with frame shifts (revealed using GC
Frame Plot). This region was not present in the Illumina
assembly, and lies between Illumina contigs 0026 and
0079; only the PacBio corrected-reads contained the full
sequence (see Additional file 2). The presence of many
repeated sequences with high levels of nucleotide se-
quence identity may explain their absence from the Illu-
mina assembly.

General characteristics of the genome sequence

Our assembled chromosome sequence contains 7903895 bp,
with a mol% G + C content of 73 %, consistent with
other members of the genus Streptomyces. With the
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proposed addition of the right hand 388 kb TIR, the
predicted size of the genome would be 8285171 bp (our
7903895 bp assembly, minus 6996 bp of the start of
right TIR, plus the duplication of the left TIR of
388272 bp, equals 8285171 bp for the chromosome with
two equal 388 kb TIRs). This is similar to the size of
many streptomycete genomes (e.g., the chromosome of
S. coelicolor is 8667507 bp [1]).

6712 PCSs were predicted for our assembled sequence,
and 7057 PCSs if we include the PCSs predicted for the
right TIR. A table of COG (Clusters of Orthologous Genes)
functional categories [42] was determined (Table 2).

The S. leeuwenhoekii chromosome contains six rRNA
operons located between nucleotide positions 2364598
and 6687647; interestingly, an orphan gene encoding a 5S
rRNA was found at position 3962518. DnaA and DnaN
replication proteins are encoded in genes spanning nu-
cleotide positions 4260071-4258170 and 4256851-
4255721, respectively, indicating that the likely origin of
replication of the chromosome lies between 4256851 and
4258170. Consistent with precedent, the two rRNA op-
erons that lie between nucleotide positions 2364598
and 3779582 (and the 5S rRNA orphan gene at position
3962518) are located on the complementary strand, while
the four rRNA operons located between nucleotide posi-
tions 4473032 and 6687647 are located on the top strand
(see Additional file 6: Table S1). We identified 65 tRNA
genes (see Additional file 6: Table S2), similar to the num-
ber found in other Streptomyces (e.g., the S. coelicolor gen-
ome contains 64 tRNA genes and one tRNA pseudogene).

The general characteristics of the S. leeuwenhoekii
genome are summarised in Table 3.

Biosynthetic gene clusters for specialised metabolites

Putative gene clusters encoding the biosynthesis of spe-
cialised metabolites were identified with antiSMASH 2
[39] and non-automated searches with BLAST and Pfam
(Table 1). S. leeuwenhoekii was known to produce the
siderophore desferrioxamine E and the antibiotic hygro-
mycin A [11]; we identified probable biosynthetic gene
clusters for both of these metabolites by searching for
homologues of the corresponding gene clusters from S.
coelicolor and Streptomyces hygroscopicus NRRL 2388,
respectively. The desferrioxamine E gene cluster extends
from sle_44550 to sle_44600 and shows complete gene
synteny with the homologous gene cluster from S. coeli-
color with protein identities varying between 77 % and
93 %, while the putative hygromycin A gene cluster,
which spans from sle_01610 to sle_01870, shows almost
complete synteny with the homologous gene cluster
from S. hygroscopicus, with protein identities of 64 % to
90 %. Interestingly, antiSMASH did not identify the
hygromycin A gene cluster which lies within the pro-
posed left TIR; two putative type-I PKS gene clusters
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Table 2 COG functional categories. COG (Clusters of Orthologous Genes) functional categories of chromosomal protein codding
sequences identified in S. leeuwenhoekii chromosome, and from S. coelicolor for comparison (as calculated by BASys [25] for both

genomes)

Streptomyces leeuwenhoekii Streptomyces coelicolor
COG functional categories Percentage Number Percentage Number
Energy production and conversion 4 270 4.1 317
Cell division and chromosome partitioning 0.5 30 04 31
Amino acid transport and metabolism 6 400 5.1 395
Nucleotide transport and metabolism 13 89 1.2 93
Carbohydrate transport and metabolism 6.5 433 6.5 503
Coenzyme metabolism 23 154 22 170
Lipid metabolism 3.7 250 33 255
Translation, ribosomal structure and biogenesis 27 182 25 193
Transcription 73 493 85 658
DNA replication, recombination and repair 29 193 29 224
Cell envelope biogenesis, outer membrane 3 204 29 224
Cell motility 0.1 5 0.1 8
Posttranslational modification, protein turnover, chaperones 1.9 127 18 139
Inorganic ion transport and metabolism 23 154 27 209
Secondary Structure 28 186 19 147
General function prediction only 6.9 460 74 572
COG of unknown function 36 243 36 278
Signal Transduction 38 256 4.2 325
Unknown 366 2458 36.7 2839

and one putative hybrid type-I PKS-NRPS gene cluster
were also found in the left TIR. If, as we have proposed,
the TIRs span for 388 kb, then all four of these gene
clusters would be duplicated at the other end of the
chromosome.

S. leeuwenhoekii is also known to produce two novel
families of polyketide antibiotics, the chaxalactins and the
ansamycin-like chaxamycins [11, 12]. The biosynthetic

Table 3 General characteristics of the S. leeuwenhoekii genome

Assembled chromosome size 7903895 bp
Estimated chromosome size 8285171 bp
Estimated Terminal Inverted Repeats 388272 bp
Chromosome topology Linear
Chromosome G+ C content 73 %

rRNA operons 6

tRNA genes 65

pSLET circular plasmid 86370 bp
pSLET G+ C content 69 %

PSLE2 linear plasmid 132226 bp
pSLE2 G+ C content 70 %

Putative biosynthetic gene clusters for specialised
metabolites

34 (+1 in pSLE2)

gene clusters for both antibiotics were identified and are
currently under investigation.

We also identified three putative gene clusters each
encoding the biosynthesis of unknown lasso-peptides
(LS). Two of them, the “lasso-peptide 1” and “lasso-pep-
tide 2” gene clusters (named /s and /s2, respectively) are
located on the chromosome, while the “lasso-peptide 3”
gene cluster (named /s3) is located on the linear plasmid
pSLE2. All three gene clusters are currently under study
in our laboratory, where PCR amplification and Sanger
sequencing have confirmed that the assembly and se-
quence reported here is correct. These clusters were not
identified by antiSMASH.

Conclusions

Benefits and challenges of sequencing technologies: a
revised pipeline

To our knowledge, this is the first report of the use of
NGS to produce a high quality and non-fragmented gen-
ome sequence of an actinomycete, an essential pre-
requisite for efficient genome mining for natural product
discovery in these GC-rich bacteria. Our assembly
yielded the sequences of a single chromosomal contig, a
complete circular plasmid (pSLE1), and most of a linear
plasmid (pSLE2). Although the Illumina MiSeq assembly
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produced a single contig for pSLEIL, it would not have
been possible to confirm its circularity and completeness
without the PacBio data. Overall, we used two SMRT cells
(plus a small amount of data from a faulty run) resulting
in over 120x coverage. Thus, with the improving capacity
of the PacBio SMRT cells, we predict that a maximum of
three SMRT cells should be sufficient to obtain the entire
complement of replicons of an actinomycete genome of
around 8 Mb in single contigs. This contrasts with the
previously published Illumina draft genome sequence of
S. leeuwenhoekii [10] that contained 658 contigs in which
we found many misassemblies and missing sequence
(see Additional file 1).

The PacBio long reads also permitted the identification
of the start of the right hand TIR, but they did not pro-
vide any sequence information for the 5 kb at the ends
of the chromosome and the linear plasmid pSLE2, which
was obtained from the Illumina data. The reason for this
is unknown, but it could reflect the different strategies
used for library construction; while PacBio focuses on
large fragments of ~20 kb, the average size of the Illu-
mina library used for sequencing was 550 bp. Also, no
specific procedure was used during DNA purification to
remove the protein that is covalently bound to the ter-
mini of the linear replicons, perhaps resulting in lower
sequence coverage of the terminal regions that might be
further exacerbated by the large fragment size used for
PacBio sequencing.

Surprisingly, the PacBio assembly lacked the linear
pSLE2 sequence, although the sequence information was
present in the corrected PacBio reads. The Illumina
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assembly contained two large contigs covering most of
pSLE2 that were merged into a contiguous sequence
using the PacBio corrected reads, but this plasmid would
have not been identified with the PacBio assembly alone.

These two findings highlight the importance of the
current need to use both PacBio and Illumina assem-
blies, instead of assembling only the PacBio data and
then using the Illumina reads to correct the assembly,
which appears to be the accepted practice [17, 18, 43].
We cannot explain the lack of assembly of some of the
PacBio data present in the corrected reads (it might be
due to a difference in relative abundance compared to
the rest of the sequence, but this will require analysis of
the PacBio assembly algorithm) but this was compen-
sated for by using the Illumina MiSeq assembly.

In summary, for a de novo shotgun genome sequence
from an actinomycete aimed at yielding single contigs
per replicon, we currently propose a strategy (Fig. 2) that
includes sequencing genomic DNA with PacBio RSII
using initially two (and a third later if required) SMRT
cells and a >20 kb insert library (aiming at >100x cover-
age) combined with Illumina MiSeq paired-end sequen-
cing of a 500 bp library without PCR amplification (to
avoid introducing bias from uneven amplification of
high G + C actinomycete DNA (aiming at >90x cover-
age)). Both data sets are assembled and compared, and
the Illumina contigs used to correct the PacBio nucleo-
tide omissions/additions, which should be confirmed
using GC Frame Plot and BLAST analyses. This consen-
sus is further corrected with the Illumina reads. Despite
the highly efficient current assembly algorithms, a

Total DNA extraction

PacBio / \ Illumina MiSeq

sequencing
(RSII, 3 SMRT cells)

l HGAP

assembly
PacBio assembly

(mainly correction of omissions/additions) and

(2 contigs) Mapping of
l Illumina contigs over PacBio

possibly expansion with extra Illu

Corrected PacBio
assembly
(2 contigs)

l

Final Assembly
(3 contigs,
chromosome and
2 plasmids)

over corr

Fig. 2 Sequencing and assembly pipeline. The sequencing and assembly pipeline followed in this work (data specific to this project are shown in

brackets) and suggested as strategy for actinomycete genome sequencing

and production of final consensus sequence for annotation

sequencing

Newbler
assembly

Illumina assembly

(279 contigs)

mina sequence

Mapping of lllumina reads
ected-PacBio, correction (mainly
additions/omissions)
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considerable amount of human input was still needed to
obtain a high quality single contig assembly, and accur-
ate annotation of gene function.

Methods

Extensive details of the methodology and materials
used during this study are given in Additional file 2.
Perl scripts are given in Additional file 7 and Additional
file 8.

Additional files

Additional file 1: Comparison of assemblies and examples of
misassemblies (using the Artemis Comparison Tool). Three figures
illustrating the problems of assembly of polyketide synthase genes with
lllumina data.

Additional file 2: Materials and Methods. This Microsoft Word file
contains all methodology and materials used to extract and sequence
the genomic DNA, and the software used, pipelines, strategies and
decisions followed during bioinformatic analysis. A detailed description of
the process followed to compare assemblies, map reads and correct the
chromosome is included, as well as a detailed description of the process
used to assemble the two plasmids. It also includes details of the process
used for annotation of gene function.

Additional file 3: Determination of Terminal Inverted Repeat. Three
figures illustrating and supporting the identification of the Terminal
Inverted Repeat.

Additional file 4: Assembly of circular plasmid pSLE1. Figure
illustrating the organisation of Illumina and PacBio data covering pSLE1.

Additional file 5: Assembly of linear plasmid pSLE2. Two figures
showing an extrachromosomal replicon, possibly pSLE2, after Pulse Field
Gel Electrophoresis, and the similarity between the chromosome and
pSLE2 left ends.

Additional file 6: rRNA operons and tRNA genes. Two tables with the
identified rRNA operons and tRNA genes.

Additional file 7: Perl script “fastaTolndividualFiles.pl”. Perl script
(text file) used to extract from a multi-fasta file, and rename at the same
time, specific sequences whose identifiers are listed in a text file (if a list
is not provided, all sequences are output to individual files).

Additional file 8: Perl script “renameSequencesinFasta.pl”. Perl script
(text file) used to extract from a multi-fasta file, and rename including the
sequence length at the same time, specific sequences whose identifiers
are listed in a text file (if a list is not provided, all of the sequences are
output to individual files).
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Nomenclature

Agene::
resistance
marker

U

P
°C
C

C-terminus

cis

cm

in chemistry, is a descriptor that indicates the position of the first atom
bonded to a functional group. In a polyketide molecule it is a descriptor that
refers to a substituent group (e. g. methyl) attached to the a-carbon.

in chemistry, is a descriptor that indicates the position of the second atom
bonded to a functional group. In a polyketide molecule it is a descriptor that
refers to a substituent group (e. g. hydroxyl) attached to the B-carbon.

in chemistry, is a descriptor that indicates the position of the third atom
bonded to a functional group.

in molecular biology, indicates that a gene of interest has been deleted
and replaced with another gene that confers resistance to an antibiotic.

in the International System of Units is the prefix micro- that represents one
millionth, or a factor of 107.

in molecular biology, refers to a bacteriophage.

in the International System of Units is Celcius degrees, a temperature unit.
in chemistry, is a descriptor that indicates carbon position.

in chemistry refers to the carboxy-terminus of an amino-acid, peptide or
protein.

in polyketide biosynthesis refers to those protein domains of a polyketide
synthase enzyme that are present and integrated into the enzyme.

in the International System of Units, centimetre is a measure unit of length
that represents one hundredth of a metre.

in chemistry refers to the orientation of a substituent of a chiral carbon
dexter = on the right.
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[M — HI-

min

N

N-terminus

in chemistry, is a stereodescriptor that refers to the entgegen = opposite
configuration of a double bond in a molecule, in which the groups lie on the
opposite side of a reference plane passing through the double bond.

in the International System of Units, hour is a measure unit of time that
comprises 60 minutes, or 3,600 seconds.

in the International System of Units is the prefix kilo- that represents one
thousand, or a factor of 10°.

in the International System of Units, liter is a measure unit of volume that is
equal to equal to 1 cubic decimetre.

in chemistry refers to the orientation of a substituent of a chiral carbon
laevus = on the left.

in the International System of Units is the prefix mili- that represents one
thousandth, or a factor of 10°73.

in the International System of Units is the prefix mega- that represents one
million, or a factor of 10°. In chemistry, is a unit of concentration of a solu-
tion that represents 1 mole of solute per litre of solvent.

in chemistry represents negative ion mode.

in the International System of Units, minute is a measure unit of time that
comprises 60 seconds.

in the International System of Units is the prefix nano- that represents one
billionth, or a factor of 10°°.

in chemistry, is a descriptor that indicates nitrogen position.

in chemistry refers to the amino-terminus of an amino-acid, peptide or pro-
tein.

in chemistry, is a descriptor that indicates oxygen position.

in chemistry, is a stereodescriptor that refers to the configuration of a stere-
ogenic (chiral) centre. The direction of the substituent atoms attached to a
chiral centre, based on the Cahn-Ingold-Prelog rules, is clockwise or rectus
= right-handed.

in molecular biology, this superscript refers to a phenotype that is resistant
to an antibiotic.

in chemistry, is a stereodescriptor that refers to the configuration of a stere-
ogenic (chiral) centre. The direction of the substituent atoms attached to a
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trans

chiral centre, based on the Cahn-Ingold-Prelog rules, is counter clockwise
or sinister = left-handed.

in molecular biology, this superscript refers to a phenotype that is sensitive
to an antibiotic.

in molecular biology it refers to the complementation of a mutant with the
wild-type gene, which is provided extrachromosomally. In polyketide
biosynthesis refers to a protein domain (commonly acyltransferase) that is
absent or not integrated into the polyketide synthase enzyme and acts as
a discrete enzyme in polyketide biosynthesis

in biochemistry, represents any amino-acid.
in chemistry, is a stereodescriptor that refers to the zusammen = together

configuration of a double bond in a molecule, in which the groups lie on the
same side of a reference plane passing through the double bond.
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Abbreviations

2xYT

A (domain)
AAC
Aac/aac
ABC

ACP

AHB
AHBA
AminoDAHP
AminoDHQ
aminoDHS
AminoQ
AMP

ANT

APH

AT

ATCC

ATP

attB

attP

b

BLAST
BLASTn
BLASTp

bp

Two times yeast extract-tryptone

Adenylation

Aminoglycoside N-acetyltransferase

Acetyl-CoA carboxylase

ATP-binding cassette

Acyl carrier protein

3-amino-5-hydroxybenzoate

3-amino-5-hydroxybenzoic acid
3,4-dideoxy-4-amino-D-arabino-heptulosonate 7-phosphate
5-deoxy-5-amino-3-dehydroquinate
5-amino-5-deoxy-3-dehydroshikimate

Amino quinate

Adenosine monophosphate

Aminoglycoside O-nucleotidyltransferases
Aminoglycoside phosphotransferase

Acyltransferase

American Type Culture Collection

Adenosine triphosphate

Bacterial attachment site

Phage attachment site

Nucleotide bases

Basic Local Alignment Search Tool

Basic Local Alignment Search Tool for nucleotide sequences
Basic Local Alignment Search Tool for protein sequences
Nucleotide base pair(s)
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C

CDD
CIP
CoA
CPK
DEBS
DH
DHCHC
DMDARSV
DMSO
DMRSV
DMT
DNA (medium)
DNA (molecule)
dNTP
EDTA
EIC

ER
FAD
FDA
FMN

G

Galu
GInA
GltA
GUS
HPLC
IPTG
ISP2
ISP3
ISP4
ISP6
ISP7

IT

Cytosine

Conserved Domains Database
Cahn-Ingold-Prelog

Coenzyme A

Cryptic polyketide
6-deoxyerythronolide synthase
Dehydratase
4,5-dihydroxycyclohex-1-ene carboxylic acid
27-0O-demethyl-25-O-desacetylrifamycin SV
Dimetil sulfoxide
7-O-demethylrifamycin SV
Drug/metabolite transporter
Difco nutrient agar
Deoxyribonucleic acid
deoxynucleotide triphosphate
Ethylenediaminetetraacetic acid
Extracted ion chromatogram
Enoylreductase

Flavin adenine dinucleotide
Food and Drug Administration
Flavin mononucleotide

Guanine

UTP:a-D-glucose-1-phosphate uridylyltransferase

Glutamine synthase

Citrate synthase

B-glucuronidase

High performance liquid chromatography
Isopropy! B-D-thiogalactopyranoside
international Streptomyces project 2
international Streptomyces project 3
international Streptomyces project 4
international Streptomyces project 6
international Streptomyces project 7
lon trap
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KR

KS

LA

LB

LC
m/z
mA
mal
mC
Mce
Mcm
MCS
Mct
MFS
MIC
mmal
MRSA
MS
MS/MS
MT
NADP*
NADPH
NCBI
neo
NRPS
nt

OD
PAC
PacBio RS Il SMRT
Pcc
PCR
PEP
Pgm
PKS

Ketoreductase

Ketosynthase

Luria agar

Luria broth

Liquid chromatography

Mass to charge ratio

Né-methyladenine

Malonyl-CoA

5-methylcytosine

Methylmalonyl-CoA epimerase
(2S)-methylmalonyl-CoA mutase

Multi cloning site

Methylmalonyl-CoA carboxyltransferase
Major facilitator superfamily

Minimal inhibitory concentration
(2S)-Methylmalonyl-CoA

Methicillin-resistant Staphylococcus aureus
Mass spectrometry

Tandem mass spectrometry
Methyltransferase

Nicotinamide adenine dinucleotide phosphate
Reduced nicotinamide adenine dinucleotide phosphate
National Center for Biotechnology Information
Kanamycin resistance gene

Nonribosomal peptide-synthetase

Nucleotide

Optical density

P1-phage derivative artificial chromosome
Pacific Biosciences RS II's Single Molecule, Real-Time
Propionyl-CoA carboxylase

Polymerase chain reaction
Phosphoenolpyruvic acid
Phosphoglucomutase

Polyketide synthase
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PP;
R2
R2-S
R3
R5P
RNA
rpm
rRNA
RR
S7P
SAM
SDS
SET
SFM
SMART
SMRT
SOB
SOC
STET
TE
TES
TIC
ToF
TRIS
TSB
TSB-YEME
UDP
VRE
YEME
X-Gal
X-Gluc
XML
ZMW

inorganic pyrophosphate

Regeneration 2

Regeneration 2 without sucrose
Regeneration 3

D-ribose 5-phosphate

Ribonucleic acid

Revolutions per minute

Ribosomal ribonucleic acid

Response regulator
D-sedoheptose-7-phosphate
S-adenosyl-L-methionine

Sodium dodecyl sulfate

Sodium, EDTA, tris

Soya flour-mannitol

Simple Modular Architecture Research Tool
Single Molecule Real-Time

Super optimal broth

Super optimal broth with catabolite repression
Sucrose, Tris, EDTA and Triton X-100
Thioesterase

[N-Tris (hydroxymethyl) methyl-2-aminoethanesulfonic acid]

Total ion chromatogram

Time of flight

Tris(hydroxymethyl) aminomethane

Tryptone soya broth

50 vol% of TSB and 50 vol% of YEME media
Uridine diphosphate

Vancomycin-resistant Enterococcus

Yeast extract-malt extract
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
5-bromo-4-chloro-3-indolyl-B-D-glucuronide
eXtensible Markup Language

Zero-Mode Waveguide
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