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Resumen

Streptomyces clavuligerus es un actinomiceto productor de una amplia
variedad de metabolitos secundarios, como el acido clavulanico, un inhibidor de -
lactamasas de gran interés industrial, el antibidtico B-lactamico cefamicina C y la
holomicina, un antibidtico de amplio espectro de naturaleza pirrotinica descrito como
antitumoral.

En el Capitulo I de Resultados se realiza un estudio del papel regulador del gen
ccaR, que controla positivamente la produccién de cefamicina Cy de acido clavulanico.
Los genes biosintéticos de cefamicina C y de acido clavulanico se encuentran contiguos
en el genoma formando una superagrupacién de 60 Kb. En la agrupacién de cefamicina
C se localiza el gen ccaR. El objetivo del trabajo fue el analisis transcriptdémico
diferencial mediante micromatrices entre la cepa silvestre y un mutante delecionado
en ccaR. Los resultados obtenidos muestran niveles de expresion menores en la cepa
S. clavuligerus AccaR::tsr que en la parental de los genes biosinteticos para cefamicina
C y acido clavulanico. En cambio, los genes de biosintesis de holomicina se encuentran
sobrexpresados en la cepa delecionada en ccaR. Globalmente, se observa una menor
expresion de los genes de arginina o de los genes implicados en el metabolismo del
nitrégeno. Ademas, existe una expresion diferencial entre ambas cepas en diversos
reguladores pleiotrépicos y sistemas de dos componentes.

La secuenciacién del genoma de S. clavuligerus ha revelado que es un potencial
productor de hasta 48 metabolitos secundarios y que posee una compleja organizacién
gendmica. Asi, ademads de contar con un cromosoma lineal de 6,7 Mb en el que se
localizan las agrupaciones de genes encargadas de la biosintesis de acido clavulanico,
cefamicina C y holomicina, S. clavuligerus posee tres pequenos plasmidos lineales
(pSLC1, pSLC2 y pSLC3, de 10.5, 149.4 y 444.2 kb respectivamente) y un megaplasmido
lineal (pSCL4 de 1.8 Mb). En pSCL4 se encuentran localizadas 25 de las 48 posibles
agrupaciones génicas de metabolitos secundarios descritas.

Estudios transcripcionales mediante micromatrices de la cepa S. clavuligerus
oppA2::aph (Lorenzana y col., 2004) realizados en paralelo con los realizados con la
cepa S. clavuligerus AccaR::tsr revelaron la presencia de un bajo nimero de copias del
meplasmido pSCL1, pSCL2 y pSCL4 en el muntante interrumpido en oppA2. En el
Capitulo Il de Resultados de la presente tesis doctoral se construye el mutante S.
clavuligerus AoppA2::acc pSCL4", caracterizando el papel del gen oppA2. Otro de los
objetivos del trabajo realizado fue la eliminacion mediante técnicas moleculares del
megaplasmido pSLC4 para demostrar si es prescindible y analizar la capacidad de S.
clavuligerus para crecer en condiciones experimentales con un genoma reducido una
cuarta parte. El andlisis funcional de esta cepa curada ha aportado valiosa informacién
sobre la influencia de pSCL4 en el crecimiento, morfologia y la produccién de
metabolitos secundarios cuyas agrupaciones génicas se ubican en el resto del genoma.
Como resultado inicial, se ha observado que la produccion de holomicina aumenta



Resumen

fuertemente en la cepa curada S.clavuligerus pSCL4 respecto de la cepa parental. Este
hecho abre un gran abanico de posibilidades en cuanto a la posible activacion de
agrupaciones “cripticas” o silenciadas en el cromosoma vy la caracterizacion de los
nuevos metabolitos que se produzcan.

La homologia de algunas agrupaciones biosintéticas previamente estudiadas en
otras especies de Streptomyces sugieren que S. clavuligerus podrian producir
metabolitos secundarios como la estaurosporina, moenomicina o indigoidina. Sin
embargo, la mayoria de estos compuestos no han sido detectados en cultivos de S.
clavuligerus, lo que sugiere que estas agrupaciones estdn silenciadas y sélo se
expresan en respuesta a sefiales nutricionales o fisioldgicas especificas.

El analisis bioinformdtico de los genomas secuenciados de algunos
actinomicetos como Streptomyces flavogriseus ATCC 33331 y Saccharomonospora
viridis DSM 43017 ha revelado la presencia de la agrupacién biosintética de acido
clavuldnico en el genoma de ambas especies. En el Capitulo Ill de Resultados se analiza
la organizacién de esta agrupacidon biosintética. En el caso de S. flavogriseus, la
agrupacion de acido clavuldnico es criptica, puesto que esta cepa no produce acido
clavuldnico, expresando sdélo parte de los genes que componen la agrupacién. La
utilizacidon de esta cepa como hospedadora ha permitido llevar a cabo la expresion
heterdloga de los genes para acido clavuldnico de S. clavuligerus, observandose una
regulacidn cruzada por parte del regulador CcaR del propio S. flavogriseus.

En el Capitulo IV de Resultados, se describe como S. clavuligerus es capaz de
producir naringenina, un importante flavonoide descrito como antioxidante, anti-
inflamatorio e inmunomodulador. La naringenina es producida naturalmente a partir
de citricos, especialmente del pomelo, y el estudio de su biosintesis ha sido
principalmente llevada a cabo en plantas. Sin embargo, la produccién de naringenina
nunca habia sido descrita en procariotas. Una vez confirmada la presencia de
naringenina mediante HPLC-MS, se procedié a la identificacion de los genes implicados
en la biosintesis en el genoma de S. clavuligerus. El analisis funcional de distintas cepas
mutantes elaboradas ha confirmado que tres genes que codifican una chalcona sintasa
(SCLAV_5492), un citocromo P-450 (SCLAV_5491) y una histidina amonio liasa
(SCLAV_5457) estan implicados en la biosintesis de naringenina. Ademads, se ha
realizado una primera aproximacion para la optimizacién de las condiciones de cultivo
y la suplementacidn de precursores biosintéticos en la mejora de la produccién de este
flavonoide.
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1. Introduccion

1.1 CARACTERISTICAS GENERALES DEL GENERO Streptomyces

1.1.1 LOS ACTINOMICETOS: TAXONOMIA Y FILOGENIA DEL GRUPO

El género Streptomyces, en el que se clasifica la especie que se estudia en la
presente tesis doctoral, esta incluido taxondmicamente dentro del grupo de los
actinomicetos. Este grupo incluye una amplia diversidad de microorganismos Gram-
positivos, con un alto contenido en G+C en su genoma. Esta peculiaridad genética
puede ser interpretada como una respuesta adaptativa que favorece el uso de
codones que resultan extrafos para determinados bacteriéfagos (Chater y Chandra,
2006). Sin embargo, las importantes diferencias a nivel morfolégico, fisiolégico y de su
ecologia lo hacen un grupo extremadamente heterogéneo. Asi, podemos encontrar
desde especies con una sencilla organizacién celular como cocos simples (Micrococcus)
hasta especies con un ciclo biolégico con una alta complejidad estructural
(Streptomyces). La versatilidad de habitat de los microorganismos de este grupo es
notable; existen patégenos de animales y plantas (Mycobacterium), microorganismos
gue habitan en el medio terrestre o acudtico (Streptomyces), fijadores de nitrégeno en
simbiosis con organismos superiores (Frankia spp.) o microorganismos que forman
parte de la microbiota bacteriana intestinal (Bifidobacterium spp.) (Ventura y col.,
2007). Mds del 80% de los antibidticos y otros metabolitos secundarios descritos han
sido aislados a partir de cepas del grupo de los actinomicetos, lo cual justifica su
amplio estudio y conocimiento (Hopwood, 2007).

Todas estas diferencias fenotipicas se ven reflejadas en la versatilidad de su
organizacién gendmica. El tamafio gendmico de las especies secuenciadas oscila en un
rango de entre 0,93 Mb (Trophoery mawhipplei) y 12 Mb (Streptomyces
bingchenggensis). Al igual que el tamafio del genoma, la estructura gendmica en los
actinomicetos también es muy variada, existiendo cromosomas circulares y lineales.
Especies de cuatro géneros del grupo presentan cromosomas lineales: Streptomyces,
Rhodococcus, Gordonibacter y Kineococcus (Gao y Gupta, 2012).

Estudios recientes en los que se comparan los genomas secuenciados de
distintos actinomicetos muestran una relacion entre el tamafio del genoma, el habitat
y el nUmero de agrupaciones para metabolitos secundarios presentes en su genoma.
Asi, los microorganismos patégenos presentan genomas mas pequefios con un bajo
numero de agrupaciones para metabolitos en comparaciéon con los microorganismos
del suelo, que presentan los genomas de mayor tamafio y un gran numero de
agrupaciones para metabolismo secundario (Doroghazi y Metcalf, 2013).

A lo largo del tiempo, diferentes herramientas taxondmicas (bioquimica,
ecologia, morfologia, secuenciacién de RNA ribosdmico, etc) y actualmente la
secuenciacion completa del genoma, han sido empleadas para clasificar
taxondmicamente el gran numero de especies del grupo de los actinomicetos.
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Células enforma
de “varilla”, alguna
ramificacion
Anaerobios
Actinomycetales
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individuales

RS

Micromonospora

Figura 1.1. Clasificacion del grupo de los actinomicetos segiin Waskman y Henrici
basada en caracteres morfolégicos (Modificado de Hopwood, 2007).

Waskman y Henrici realizaron una primera aproximacién taxondmica a las
actinobacterias, nombradas formalmente como actinomicetos (Waskman y Henrici,
1943). Esta clasificacion organiza las especies en cinco grupos, basandose
principalmente en caracteristicas morfoldgicas. (Figura 1.1). En la segunda mitad del
siglo XX, con el desarrollo de biologia molecular y el analisis de los acidos nucleicos fue
posible emplear nuevas herramientas en la sistematica de los actinomicetos,
destacando el analisis filogenético basado en las secuencias del RNA ribosdmico.

La nueva edicién del Manual de Bergey de Sistemdtica Bacterioldgica, publicada
en 2012, incluye un quinto volumen exclusivamente para los actinomicetos. La
secuenciacion del RNA ribosomal de las subunidades 16S y 23S y el andlisis de la
secuenciacion completa del genoma de numerosas especies ha permitido Ia
clasificacion del taxén en 6 clases, 22 érdenes, 53 familias y 222 géneros (Ludwin W. y
col., 2012 a, b) (Figura 1.2).

En este contexto filogenético, la clasificacion taxondmica actual del género
Streptomyces es la siguiente:

Dominio Bacteria,
Filo XXVI. "Actinobacteria"
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Clase I. "Actinobacteria"
Orden XIV. "Streptomycetales"
Familia I. Streptomycetaceae,
Género |. Streptomyces

Ordenes
Actinomycetales  Kineosporiales
Actinopolysporales Micrococcales
Bifidocateriales Micromonosporales
Clase " . .
Actinobacteria Catenullspora!es Proprombactert/ales
Corynebacteriales Pseudonocardiales
Frankiales Streptomycetales
Glycomycetales Streptosporangiales
Jiangellales
Clase Orden
Acidimicrobiia Acidimicrobiales
Filo
Actinobacteria Clase Orden
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Figura 1.2. Clasificacion taxondmica propuesta para los actinomicetos en la nueva
edicion del Manual de Bergey de Sistemdtica Bacteriolégica ( MoGao y Gupta, 2012).

Desde que se comenzaron a aislar y caracterizar compuestos con aplicacién
clinica o industrial en la década de los cuarenta, mas de la mitad de las diez mil
sustancias conocidas actualmente como compuestos bioactivos son producidos por el
género Streptomyces, de ahi la importancia de su estudio. Un amplio nimero de
especies pertenecen a este género, identificandose como tales en el Manual de Bergey
de Sistemdtica Bacterioldgica un total de 533. Sin embargo, la sistematica de
Streptomyces resulta confusa y compleja, por lo que constantemente aparecen nuevas
especies y los arboles filogenéticos son reorganizados en funcién de nuevos caracteres
taxondmicos.

El International Streptomyces Project (ISP), creado en 1964, fijé los métodos y
las herramientas taxondmicas necesarios para definir las especies del género
Streptomyces, analizando fundamentalmente la morfologia del micelio aéreo vy
sustrato, la organizacién de las esporas, y caracteristicas fisioldgicas y metabdlicas.
Aunque estas pruebas no fueron suficientes para la taxonomia del género, sentaron las
bases para los futuros sistemas de clasificacion. La aplicacidn de técnicas moleculares
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en el andlisis de los genomas bacterianos han contribuido de forma significativa en la
taxonomia de Streptomyces. La hibridacion DNA-DNA, los patrones de restriccién del
genoma con enzimas de restriccion de corte poco frecuente (RFLP, LFRFA) o el
aislamiento y secuenciacion de genes o fragmentos de DNA o del RNA ribosémico
16S/23S son algunas de las técnicas moleculares mas empleadas (Anderson y
Wellington, 2001). Sin embargo, las reconstrucciones filogenéticas basadas en el
analisis clasico de la secuencia de un solo gen como el RNA ribosémico 16S no reflejan
una adecuada relacion filogenética, debido a los procesos de transferencia horizontal.
La comparacion de genomas completos junto con el andlisis comparativo de genes
individuales nos han acercado de una forma mas fidedigna a la evoluciéon de las
distintas especies dentro del género Streptomyces (Alam y col., 2010).

1.1.2 BIOLOGIA DE Streptomyces

Debido a la amplia diversidad de metabolismo, el género Streptomyces es capaz
de colonizar una infinidad de habitats, empleando una variada gama de fuentes de
carbono y nitrégeno. Aunque se han descrito especies que habitan en el medio
acuatico (S. maritimus), especies patogenas de plantas (S. scabies) o de humanos (S.
somaliensis) (Ward y Bora, 2006; Lambert y Loria, 1989b; Faha, 2006), su principal
habitat natural es el suelo, donde juegan un papel crucial en los ciclos de
biodegradacién. Para ello, durante su crecimiento, una importante variedad de
enzimas extracelulares (quitinasas, celulasas, xilanasas o amilasas, principalmente) son
secretadas al medio (Schrempf, 2001), de forma que se catabolizan extracelularmente
los polimeros de polisacaridos (celulosa, almidén, pectina), las proteinas, los
compuestos aromaticos y la lignocelulosa (Chater y col., 2010). Su presencia en el suelo
ha sido el resultado de una adaptacién evolutiva en cuyo éxito influyen su crecimiento
micelial y la capacidad de formacién de esporas, las cuales suponen un sistema
efectivo de dispersiéon y una forma de resistencia en periodos de escasez de nutrientes
y agua (Ensing, 1978; McCarthy y Willians, 1992).

1.1.2.1 Organizacion gendmica
El cromosoma: Estructura y organizacion

Las especies del género Streptomyces poseen un cromosoma lineal con un
tamafio que oscila entre 8 y 12 Mb, siendo los mas grandes que se conocen dentro del
grupo de las bacterias (Ventura y col.,, 2007). El primer cromosoma lineal descrito
dentro del grupo fue el de Streptomyces lividans 66, determinados mediante
electroforesis en campo pulsante (PFGE). Otras seis especies, entre ellas Streptomyces
coelicolor A3(2), fueron analizadas confirmandose la linealidad cromosdmica,
constituyendo esta peculiaridad una caracteristica del género (Lin y col., 1994). El
cromosoma presenta en su zona central un oriC, como Unico punto de comienzo de la
replicacion bidireccional hacia los teldmeros, en cuyos extremos aparecen regiones
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invertidas repetidas (TIR; Terminal Inverted Repeat) de tamafio variable segun la
especie (entre 24 y 600 kb) y de alta inestabilidad, como veremos mds adelante (Volff y
Altenbuchner, 2000; Huang y col., 1998). Mediante uniones covalentes al extremo 5’
de los teldmeros se asocian proteinas terminales, denominadas Tpg, altamente
conservadas en tamafio y secuencia en todo el género. La funcién de estas proteinas es
asegurar la correcta replicacién de los extremos, actuando como cebadores para la
sintesis del ultimo fragmento de Okazaki, sin el consecuente acortamiento telomérico
(Jakimowicz y col., 1998; Tsai y col., 2011). Ademas, presentan en su extremo 3’ varias
secuencias palindrémicas de unas 200 a 300 pb, que forman estructuras secundarias a
las que también se asocia la proteina Tap (telomeric-associated protein), que evita la
actividad degradativa de las nucleasas (Bao y Cohen, 2003).

El primer genoma publicado fue el del microorganismo modelo del género,
Streptomyces coelicolor A3(2) (Bentley y col., 2002) y seguidamente Streptomyces
avermitilis (lkeda y col., 2003). La secuenciacién de ambos microorganismos permitio
un conocimiento mas amplio de la organizacién cromosdmica, revelando la presencia
de una regién central o nucleo de aproximadamente 6 Mb y 2 brazos terminales de
unos 2 Mb. La mayor parte de los genes esenciales, como 1) los implicados en la
division celular, la replicacion del DNA, la transcripcién, la traduccion, 2) genes para el
metabolismo primario, como la biosintesis de aminodcidos y nucledtidos, se
encuentran en el ndcleo cromosdmico. Por el contrario, los dos brazos del cromosoma,
de tamafio variable (en S. coelicolor 1,5 Mb y 2,3 Mb el izquierdo y derecho,
respectivamente) contienen genes no esenciales para la supervivencia en condiciones
de laboratorio, como agrupaciones para metabolitos secundarios, enzimas
extracelulares hidroliticas u otros operones conservados relacionados con respuestas
adaptativas (Bentley y col., 2002).

La comparacién entre cromosomas del género Streptomyces y de otros grupos
de actinomicetos como Mycobacterium tuberculosis muestra una elevada sintenia
entre el nucleo cromosdmico conservado de Streptomyces y el cromosoma circular del
micoplasma (Blentey y col., 2002). Este hecho ha permitido hipotetizar sobre el origen
evolutivo comun de los actinomicetos, todos ellos con un cromosoma circular de
aproximadamente 4 Mb. El grupo de los estreptomicetos divergiria desarrollando un
cromosoma lineal como resultado de wuna activa recombinacién homodloga,
transposicién y procesos de translocacion con plasmidos (Wolff y Altenbuchener,
2000). Ademads, varias evidencias indirectas refuerzan el modelo de linealizacién
cromosdémica en Streptomyces: la habilidad criptica de los cromosomas para replicarse
y segregarse como moléculas circulares, la presencia de topoisomerasa IV, implicada
en la resolucién de moléculas circulares, o la presencia en las zonas teloméricas de alta
densidad de elementos transponibles y secuencias con genes funcionales en plasmidos
(Cheny col., 2002).

13



1. Introduccion

Elementos extracromosomales

La mayoria de las especies de Streptomyces contienen plasmidos lineales o
circulares, con un contenido en G+C similar al del cromosoma, y cuyo tamafio oscila
entre 10 kb y 1,8 Mb (Kieser y col., 2000; Medema y col., 2010). Estos plasmidos
poseen autonomia replicativa, con su propio origen de replicacién (oriC) que es
reconocido por la propia maquinaria de replicacidon plasmidica, y en la mayoria de los
casos presentan mecanismos que les permiten la conjugacién intra e interespecifica
(Kieser y col., 2000). En el caso de los plasmidos lineales, estos se replican de forma
similar al cromosoma asociandose en sus extremos con proteinas analogas a las Tpg
cromosomicas, interactuando las de uno y otro extremo del plasmido y confiriéndole
una estructura circular superenrollada (Tsai y col., 2010). Aunque se pensaba que en
estos plasmidos el origen de replicacién era Unico, estudios recientes han revelado la
existencia de tres origenes distintos en el gran plasmido lineal SCP1 de Streptomyces
coelicolor (Peng y col., 2013).

Tanto los plasmidos circulares como los lineales son generalmente
conjugativos, pero raramente portan genes que confieren resistencia a compuestos
toéxicos o cualquier otra ventaja selectiva (Hopwood y Kieser, 1993). Algunos de ellos
contienen una o varias agrupaciones de genes para la biosintesis de metabolitos
secundarios, como SCP1 (Kirby y Hopwood., 1977), pSV1 (Aguilar y Hopwood, 1982),
pSLA2-L (Mochizukiy col.,2003) o pSCL4 (Medema vy col., 2010).

El interés por Streptomyces a nivel industrial, unido al desarrollo de potentes
herramientas para la secuenciacion de genomas como la pirosecuenciacién, ha
permitido la publicacion del genoma completo hasta la actualidad de un alto nimero
de especies del género. Segun la base de datos GOLD (Genomes Online Database), en
2014 existen aproximadamente wunas 122 especies del género Streptomyces
secuenciadas o en proceso de secuenciacion. Un claro ejemplo del interés de la
secuenciacion de los genomas de las especies con aplicacion industrial es el de
Streptomyces clavuligerus, objeto de estudio en la presente tesis doctoral, cuya
secuencia ha sido obtenida y publicada por tres grupos de investigacidon distintos
(Broad Institute; Song y col., 2010; Medema y col., 2010).

1.1.2.2 Ciclo de vida de Streptomyces

Tradicionalmente, se ha considerado a los Streptomyces como
microorganismos aerobios estrictos. Sin embargo, la secuenciacion completa del
genoma del microorganismo modelo del género, S. coelicolor, ha revelado que es
capaz de codificar proteinas implicadas en la respiracién de nitrato (Van Keulen y col.,
2005a; Fisher y col., 2010). Experimentalmente ha sido demostrada la respiracion de
nitrato por algunas especies, e incluso el crecimiento de S. coelicolor en condiciones
anaerobias (Kumon y col., 2002; Van Keulen y col., 2007). Este hecho puede explicarse
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como un fendmeno adaptativo de estas especies a su hdbitat en los suelos, donde las
condiciones oxigénicas no son constantes, pudiendo desaparecer el oxigeno
estacionalmente en las épocas de lluvia por encharcamiento.

espora

» o

germinacion

maduracion de
esporas

formacion del
micelio sustrato

septacion
desarrollo del
» micelio aéreo

Figura 1.3. Ciclo de vida de Streptomyces coelicolor.

Las especies de Streptomyces poseen un ciclo de vida complejo, a lo largo del
cual se observan estructuras diferenciadas. Este proceso de diferenciacién ha sido
estudiado ampliamente en medio sélido, debido principalmente a que en cultivos
liquidos la mayoria de las cepas no son capaces de esporular (Figura 1.3).

Cuando las condiciones del medio son favorables se produce la germinacién de
la espora. La energia para esta fase inicial se obtiene a partir de la degradacion de
trehalosa, carbohidrato mayoritario de la espora (Hirsch y Ensing, 1978; Ensing, 1978).
El crecimiento del tubo germinativo a partir de la espora da lugar a un entramado de
hifas ramificadas multigendmicas y escasamente septadas que penetran en el sustrato
de donde obtienen los nutrientes que transforman eficientemente en biomasa
micelial. A este entramado de micelio ramificado que crece de forma casi exponencial
se denomina micelio sustrato o vegetativo (Allan y Prosser, 1983; Chater y Losick,
1997). Siguiendo a la formacién de este micelio sustrato, cuando las condiciones
nutricionales son mas restrictivas, comienzan a formarse hifas menos ramificadas que
crecen elevandose hacia el aire, dando lugar al micelio aéreo o reproductivo. El
desarrollo de este micelio aéreo se forma en parte, gracias a los nutrientes
procedentes de la lisis del micelio sustrato (Mendez y col., 1985). Una vez que finaliza
la elongacién del micelio aéreo multinucleado, se desarrollan sincrénicamente septos,
creandose compartimentos unigendmicos que dan lugar a las esporas individuales, las
cuales estan cubiertas de una capa hidrofoba gruesa (Chater and Losick, 1997).
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Estudios en transcriptdmica y protedmica en los ultimos afios han ahondado en
el desarrollo del micelio (Manteca y col., 2008; Manteca y Sanchez, 2009). En base a
estos trabajos, se sabe que a partir de la germinacién de la espora se forma un micelio
joven septado, denominado micelio primero (Ml), que combina la presencia de células
muertas y vivas debido a un proceso de muerte celular programada (Manteca y col.,
2007). Los agregados que se forman de este micelio primario comienzan a morir desde
el centro y es a partir de las células vivas de la periferia desde las que se genera el
micelio no compartimentalizado, denominado micelio segundo (Mll), precursor del
micelio aéreo. Dos tipos de micelio Il se han definido; el temprano con ausencia de
capas hidrofdbicas en las hifas aéreas y el tardio, que presenta dicha cubierta. El
micelio segundo (MIl) desarrolla una segunda ronda de muerte celular programada,
generando las esporas (Yagle y col., 2013).

Vegetativo - Reproductivo
Germinacion MI Pre-esporulante Esporulante Mil Esporulado MlI
espora MII

N e T e

PCD Sefialesambientales Sefializacién extracelular

v N 2 A\ A
\kv/ v N 2 N N
[ ¢Transicién MI/MII? ][ Cascada Bald ] [ Ruta Sky ][ Cascada Whi ] [ Septacion ]
A\ v
N v
>
Germinacioén PRODUCCION METABOLITOS

SECUNDARIOS

Pre-esporulacion Esporulacién

Figura 1.4. Etapas del ciclo de vida de Streptomyces propuesto por Manteca y
Sanchez, 2009 (Modificado de Yagie y col, 2013).

1.1.2.3 Regulacion del desarrollo y diferenciacion morfolégica en
Streptomyces

La diferenciacién morfoldgica en el género Streptomyces esta relacionada con
la biosintesis de metabolitos secundarios. En este sentido, por norma general aunque
con algunas excepciones, el comienzo de la formacion de micelio aéreo y la formacién
de esporas esta asociada con la activacion del metabolismo secundario. Ambos
procesos se hallan gobernados y coordinados bajo un control estricto en el que se
comparten importantes mecanismos de regulacién (McCormick y Flardh, 2012).

Existen dos grupos de genes que juegan un papel crucial en la diferenciacién
morfoldgica de Streptomyces. El primer grupo son los genes bld. Los mutantes nulos
bld (del inglés "bald", calvo) presentan un fenotipo cuya caracteristica principal es la
ausencia de micelio aéreo. La expresion de estos genes, la mayoria de los cuales
codifican factores sigma o reguladores transcripcionales (Chater y Chandra, 2006), da
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lugar a una cascada de seiales extracelulares que culmina con la biosintesis de SapB,
un péptido hidréfobo con actividad surfactante que permite la elevacion de las hifas en
el aire, generando el micelio aéreo (Willey y col., 1993; Willey y col., 2006; Capstick y
col., 2007). Ademas de este pequefio péptido hidréfobo, existen otras proteinas
estructurales que confieren hidrofobicidad al micelio aéreo y las esporas, como son las
chaplinas (Chp) y las rodlinas (Rdl). La cubierta fibrosa que se genera por el entramado
de todas estas proteinas estructurales recuerdan a la que se desarrolla en los hongos
filamentosos (Claessen y col., 2006).

El segundo grupo de genes con transcendencia en la diferenciacion morfoldgica
son los genes whi. Estos genes son proteinas reguladoras de distintas clases con
dominios de uniéon a DNA, que controlan las etapas relacionadas con la formacién de
las esporas a partir del micelio aéreo. Se denominan asi porque se descubrieron en
mutantes blancos "white", color caracteristico de colonias con micelio aéreo pero no
esporuladas (Chater, 2001). Se han identificado al menos ocho genes whi, que actian
conjuntamente con otras proteinas. Podemos destacar MreB, que en S. coelicolor
asegura el correcto ensamblaje de la pared celular de la espora (Flardh y Buttner,
2009) o SsgA, relacionada con la localizacion del septo, la sintesis y el engrosamiento
de la pared de la espora y su separacion autolitica (Traag y Van Wezel, 2008; Xu y col.,
2009). El gen sigF, codifica el factor sigma o implicado en la esporulacién. Asi,
mutantes sigF resultan defectuosos en la maduracién de esporas, escasa condensacion
del material gendmico y pigmentacién de las esporas (Potuckora y col., 1995). ParAB y
FtsZ juegan un papel crucial en la correcta segregacién de los genomas durante la
septacién del micelio aéreo para formar las esporas unignémicas (Flardh y Buttner,
2009).

Existen moléculas de sefalizacién quimica que estan implicadas en el proceso
de diferenciacién morfoldgica y de la activacion del metabolismo secundario: las -
butirolactonas. Estas moléculas son consideradas como hormonas bacterianas en
procesos de quorum sensing desempenando su funcién a muy baja concentracién,
uniéndose a receptores especificos que actian como reguladores transcripcionales
(Takano, 2006). La interaccidn de la butirolactona con su receptor induce un cambio
conformacional del mismo, impidiendo su unidn a los promotores diana en secuencias
consenso denominadas ARE (autorregulatory elements) (Natsume y col., 2004; Folcher
y col., 2001). Estos receptores son represores transcripcionales, de manera que la
presencia de estas butirolactonas permiten la transcripcién de los genes cuyas zonas
promotoras se encontraban asociadas al represor transcripcional. El factor A de S.
griseus es la vy-butirolactona mejor conocida hasta el momento desde su
descubrimiento en la década de los sesenta (Khokholv y col., 1967), siendo estudiado
su efecto pleiotrépico en la diferenciacién y produccién de antibidticos ampliamente
por varios autores (Chater y Horinouchi, 2003; Ohnishi y col., 2005). El factor A se
sintetiza y acumula a medida que se produce el crecimiento bacteriano, siendo
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dependiente de la disponibilidad de sus precursores originados en la glucdlisis y
sintesis de acidos grasos. Estos procesos dominan durante la fase exponencial de
crecimiento, de manera que el aumento en la concentracién del factor A es
proporcional al incremento de la densidad celular. Cuando esta butirolactona alcanza
su concentracién critica (100 nM), se produce su unién al receptor citoplasmatico
ArpA, impidiendo la represién transcripcional que ArpA ejerce sobre el gen adpA
(Ohnishi y col.,, 1999). En este momento el gen adpA es transcrito por la RNA
polimerasa, lo que a su vez provoca la activacion del conjunto de genes controlados
por AdpA (Figura 1.5).
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Grixazona

Metabollsmo secundario
Formacion Diferenciacion morfolégica

de septo

Figura 1.5. Papel de AdpA en la diferenciacion morfolégica y metabolismo secundario
en Streptomyces griseus (Modificado de Flardh y Buttner, 2009).

Por tanto, el factor A induce la expresién de AdpA, un regulador pleiotrépico
gue actua como activador transcripcional de un nimero considerable de genes entre
los que destacan genes implicados en la diferenciacién morfoldgica y como veremos
mas adelante, en la produccién de metabolitos secundarios (Hara y col., 2009; Higo y
col., 2012). Estudios transcripcionales mediante micromatrices en Strepomyces lividans
indican que esta regulacién puede producirse también sobre el metabolismo primario,
mediante la unién directa a las regiones promotoras de los genes sobre los que ejerce
su control (Guyet y col., 2014). AdpA activa la expresién de genes implicados en la
desarrollo de micelio aéreo, como el factor sigma adsA (Yamazaki y col., 2000) o amfR,
un activador del reguldn amfTSBA, que codifica la biosintesis del péptido AmfS, de
funcion similar a la de SapB en S. coelicolor (Yamazaky y col., 2003b; Ueda y col., 2005).
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También SgmA, una metalopeptidasa extracelular que degrada el micelio sustrato para
la reutilizacién de aminoacidos en la formacién del micelio aéreo, es sintetizada por
activacion de AdpA (Kato y col., 2005a; Tomono y col., 2005b). En cuanto a la
formacién de esporas, AdpA activa la expresion de ssgA, de funcidon anteriormente
indicada (Jiang y Kendrikck, 2000; Yamazaki y col., 2003a).

Recientemente, Wolanski y colaboradores han demostrado la gran versatilidad
del regulador AdpA, el cual estd implicado en la regulacién de la replicacidon del
cromosoma en S. coelicolor en funcidn del balance energético de la célula. Sus estudios
confirman la unién de AdpA a cajas especificas en el oriC cromosémico, compitiendo
en la union a este sitio con la proteina DnaA, proteina implicada en la activacién del
inicio de la replicacion del DNA. La afinidad por la unién de AdpA o DnaA a oriC se basa
en una regulacion ATP-dependiente. De esta manera, la presencia de ATP en la célula
disminuye la afinidad de AdpA por unirse a oriC, favoreciendo la uniéon de DnaA y en
consecuencia, la replicacion cromosdmica. Sin embargo, bajos niveles de ATP
aumentan la afinidad de AdpA con oriC, anulando el complejo DnaA-oriC y
disminuyendo la tasa de transcripcion (Wolanski y col., 2012; Speck y Messer, 2001;
Majka y col., 1999). Estos resultados evidencian la relacion del papel modulador de
AdpA en la replicacién cromosdmica con la diferenciacién morfoldgica y el
metabolismo secundario. Asi, durante el desarrollo del micelio vegetativo, cuando hay
disponibilidad de nutrientes y la expresidon de adpA es nula (Wolanski y col., 2011b),
DnaA estd asociada a oriC dandose una tasa de replicacién cromosdmica elevada. Sin
embargo, cuando las condiciones nutricionales escasean (disminucién de ATP
intracelular) y aumenta la expresion de adpA, comienza a desarrollarse el micelio
aéreo y la esporulacion. En este momento, la tasa de replicacion cromosdmica
disminuye, por interaccidon AdpA-oriC.

1.1.3 METABOLISMO SECUNDARIO

Durante el ciclo bioldégico de Streptomyces diferenciamos dos tipos de
metabolismo, el primario y el secundario. Podemos definir el metabolismo primario
como el conjunto de reacciones anabdlicas y catabdlicas que tienen lugar en la célula
para asegurar el mantenimiento de los procesos vitales, y que resulta en el incremento
de la biomasa total (Turner, 1973).

El metabolismo secundario se ha definido como el conjunto de reacciones
bioquimicas implicadas en la biosintesis de compuestos que, sin ser imprescindibles
para los organismos que los producen en condiciones experimentales, les confieren
ventajas ecoldgicas en su habitat natural (Challis y Hopwood, 2003). Los metabolitos
secundarios, tienen una gran aplicacion industrial como antibidticos (antibacterianos 'y
antifungicos), antivirales, agentes antitumorales, insecticidas, pigmentos,
inmunomoduladores, estimuladores del crecimiento vegetal, herbicidas y una gran
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variedad de otros compuestos bioactivos (Tabla 1.1) (Davies, 2007; Yim y col., 2007,
Demain, 2009). Aunque el efecto antibiético en clinica y en el laboratorio de gran parte
de estos metabolios no es puesto en duda, en la naturaleza existen pocos casos en los
que dicho efecto haya sido demostrado (Turpin y col., 1992). En la naturaleza la
concentraciéon de los metabolitos secundarios es baja, pudiendo basar su funcién en la
modulacion trascripcional o sefales interespecificas dentro de la compleja microbiota
del suelo (Linares y col., 2006; Yim y col., 2007).

Metabolito Microorganismo Mecanisn.ro de accion Aplicacion
productor Diana
Actinomicina S. antibioticus Transcripicion Antitumoral
Anfotericina S. natalensis Esteroles de membrana Antifungico
Avermectina S. avermitilis Neurotransmision invertebrados Antiparasitario
Bioalafos S. hygroscopicus Metabolismo del nitrégeno Herbicida
Bleomicina S. verticillus Replicacion DNA Antitumoral
Candicidina S. griseus Esteroles de membrana Antifungico
Cefamicina C S. clavuligerus Pared celular bacteriana Antibacteriano
Clavulanico, ac S. clavuligerus Inhibidor de beta-lactamasas Antibacteriano
Cloranfenicol S. venezuelae Ribosomas bacterianos Antibacteriano
Estreptomicina S.griseus Ribosomas bacterianos Antibacteriano
Kanamicina S. kanamyceticus Ribosomas bacterianos Antibacteriano
Mitomicina C S. caspitosus Replicacién DNA Antitumoral
Monensina S. cinnamonensis Membranas celulares CrecirTmiento de
animales
Nistatina S. noursei Esteroles de membrana Antifungico
Novobiocina S. niveus Replicacion DNA Antibacteriano
Pimaricina S. natalensis Esteroles de membrana Antifungico
Rapamicina S. hygroscopicus Linfocitos Inmunosupresion
Tacrolimus S. tsukubaensis Linfocitos Inmunosupresion
Tetraciclina S. aureofaciens Ribosomas bacterianos Antibacteriano

Tabla 1.1. Metabolitos secundarios producidos por especies del género
Streptomyces. (Modificada de Hopwood, 2007).

Todos los metabolitos secundarios comparten una serie de caracteristicas
comunes, que permiten considerarlos como tal. Se trata de compuestos que, al menos
en condiciones experimentales, no son esenciales para la supervivencia del
microorganismo productor, y generalmente son especificos de cada cepa. Presentan
una amplia variedad de estructuras quimicas como los macrdlidos, beta-lactamicos,
aminoglicdsidos, oligopéptidos, quinonas, oligopéptidos, tetraciclinas, poliéteres o
nucledsidos, con mecanismos de accién dispares, y su produccidon coincide con la
entrada en fase estacionaria de crecimiento, empleando para su sintesis metabolitos
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primarios o intermediarios de estos, por medio de rutas biosintéticas especificas

(Olano y col., 2008; Gunnarsson y col., 2004b).
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Figura 1.6. Relacién entre el metabolismo primario y algunos de los precursores de
los antibidticos producidos en Streptomyces (Modificado de Dyson, 2011).

Puesto que los precursores de los metabolitos secundarios proceden del
metabolismo primario (Figura 1.6), no resulta extrafio pensar que cambios en el
metabolismo primario afecten subsecuentemente a la biosintesis de estos
metabolitos. La interconexidn entre metabolismo primario y secundario ha sido
descrita con numerosos paradigmas. Entre ellos destacamos la produccidon de acido
clavuldnico en nuestra especie de estudio, S. clavuligerus, que puede mejorarse
mediante la delecion del gen gapl (Figura 1.6). La gliceraldehido-3-fosfato
deshidrogenasa, codificada por gapl cataliza la transformacion del gliceraldehido-3-
fosfato (GAP) en 1,3 bisfosfoglicerato (1,3BPG). Dicha deleciéon incrementa el
suministro de GAP, uno de los precursores requeridos en la produccién de acido
clavulanico (Li y Townsend, 2006). En S. coelicolor, el malonil-CoA es usado como
precursor de la biosintesis de actinorrodina. La sobreexpresiéon del gen acc, que
codifica la acetil-CoA carboxilasa, mejora el rendimiento en la producciéon de

actinorrodina (Ryu y col., 2006).

Los genes que codifican las enzimas que catalizan la biosintesis de estos
compuestos aparecen contiguos en el genoma formando agrupaciones génicas o
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“clusters". En estas agrupaciones también se localizan frecuentemente genes que
codifican proteinas implicadas en el transporte del metabolito, genes de resistencia del
microorganimo productor y regulacidon de la expresidn. La expresiéon de estos genes
biosintéticos esta sujeta a mecanismos de regulacion de cardcter general y otros mas
especificos, coordinados con el metabolismo primario (Martin y Demain, 1980; Challis
y Hopwood, 2003; Bibb, 2005).

1.1.3.1 Regulacion del metabolismo secundario

Mientras que el metabolismo primario predomina durante la fase exponencial
de crecimiento de un microorganismo, el metabolismo secundario es el que toma
mayor relevancia durante la fase estacionaria de crecimiento (Granozzi y col., 1990;
Novotna y col., 2003), inicidndose la produccién de metabolitos secundarios en la
transicion entre ambas fases (de Sol y col., 2003). En esta etapa de transicion comienza
la diferenciacion morfolégica del microorganismo, por lo que los procesos de
diferenciacién bioquimica y morfoldgica se encuentran intimamente relacionados
(Martin y Liras, 1989), coordinados por una regulacion estrecha por un conjunto de
genes que modulan ambos procesos (Chater y Horinouchi, 2003).

En Streptomyces, el control de la produccién de metabolitos se basa
principalmente en una regulacién transcripcional, aunque también se conocen
mecanismos de regulacidon traduccional y postraduccional. Cada una de las
agrupaciones biosintéticas para metabolitos secundarios estdan sometidas a una
regulacién especifica, mediante el control de los reguladores especificos de ruta,
presentes en la propia agrupacion (Bibb, 1996). A su vez, la produccién de varios o
todos los metabolitos estd coordinada por reguladores globales o pleiotrépicos. Estos
reguladores a su vez pueden coordinar la produccion de metabolitos y la
diferenciacién morfoldgica (Huang y col., 2005). El sistema de autorreguladores, como
las gamma-butirolactonas, implicadas en la diferenciacion morfolégica (ver epigrafe
1.1.2.3) también juegan un papel importante en la regulacion del metabolismo
secundario.

Tradicionalmente, la regulacion del metabolismo secundario se planteaba como
un sistema jerarquico, en el que los reguladores especificos de ruta ocupaban un nivel
inferior, controlando exclusivamente al propio metabolito de la agrupacidn
biosintética, y un nivel superior donde los reguladores pleiotrépicos controlan a los
primeros. Sin embargo, aunque este principio se mantiene en la mayoria de los casos,
dentro de la compleja red reguladora del metabolismo secundario existen un nutrido
numero de excepciones que nos deben hacer tener cierta cautela en lo relativo a los
términos "especifico" y "global". Asi, a medida se conoce mas sobre la compleja
regulacién en el género, el modelo de red cruzada va tomando mds peso que el
modelo jerarquico cldsico (Sawai y col., 2004; Huang y col., 2001).
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1.1.3.1.1. Reguladores especificos de ruta

Como se ha mencionado con anterioridad, en las agrupaciones génicas
responsables de la biosintesis de metabolitos secundarios, es frecuente que se
ubiguen uno o varios genes reguladores. Generalmente, estos reguladores de bajo
peso molecular (aproximadamente 25 kDa) modulan a nivel transcripcional, activando
directamente la expresién de los genes biosintéticos de la agrupacién de la que se
encuentran formando parte (Bibb, 1996).

La mayoria de estos pequeiios reguladores especificos de ruta pertenecen a la
familia SARP (del inglés Streptomyces Antibiotic Regulatory Proteins). Los reguladores
tipo SARP contienen cerca del extremo N-terminal, un dominio de unién al DNA tipo
hélice-giro-hélice (H-T-H) (Wietzorrek and Bibb, 1997) y proximo a él, otro dominio de
activacion transcripcional bacteriano BTAD (del inglés Bacterial Transcripcional
Activation Domain). En S. coelicolor, los reguladores tipo SARP son Actll-ORF4, CdaR y
RedD, que regulan la produccidn de actinorrodina, el antibidtico dependiente de calcio
(CDA) y la undecilprodigiosina, respectivamente (Fernandez-Moreno y col., 1991;
Takano y col., 1992; Chouayekh y Virolle, 2002; Ryding y col., 2002). S. clavuligerus,
como se explicard mds adelante, presenta en la agrupaciéon de cefamicina C el gen
ccaR, que controla positivamente la produccién de este metabolito y la del acido
clavulanico (Pérez-Llanera y col., 1997). Otro regulador tipo SARP, StrR, controla la
produccién de estreptomicina en Streptomyces griseus (Retzlaff y Distler, 1995). Estos
son algunos pocos ejemplos de reguladores tipo SARP conocidos hasta el momento,
cuya lista continta incrementandose (Martin y Liras, 2010).

La eliminacion de los genes que codifican reguladores especificos de ruta tipo
SARP resulta en la disminucion completa o parcial del metabolito secundario,
consiguiendo restaurar el fenotipo silvestre mediante la complementacién con el gen
previamente anulado (Martin y Liras, 2012). Mediante andlisis EMSA (del inglés
Electrophoretic Mobility Shift Assays) y transcriptdmico, se ha demostrado que los
reguladores SARP se unen especificamente a las regiones promotoras de algunos de
los operones clave en la agrupacion biosintetica (Sheldon y col., 2002; Santamarta y
col.,2011).

Existen otros grupos de reguladores especificos de ruta, aunque son menos
conocidos que los reguladores tipo SARP: son los de la familia LAL (del inglés Large
ATP-binding regulators of the LuxR class) y los tipo LysR.

Los reguladores LAL son relativamente grandes (872-1159 aminodcidos) en
comparacion con los reguladores SARP (277-665 aminoacidos) (Martin y Liras, 2012).
Las proteinas LAL presentan dos dominios distintos; uno de uniéon a nucledtidos
trifosfato en el extremo amino terminal y otro de unién a DNA en la regién carboxilo
terminal, tipico de las proteinas reguladoras LuxR. Se ha identificado una larga lista de

23



1. Introduccion

estos reguladores implicados en la produccidn de distintos antibidticos en especies del
género Streptomyces. Por citar algunos ejemplos, podemos destacar el papel de FkbN
de S. tsukubaensis en la produccién de tacrolimus (Goranovic y col., 2012; Mo y col.,
2012), PikD para la pikromicina en S. venezuelae (Wilson y col., 2001), RapH para la
rapamicina en S. hygroscopicus (Aparicio y col., 1996), NysRI/RIIl para la nistatina en S.
noursei (Brautaset y col., 2000) o PimM para la pimaricina en S. natalensis (Anton y
col., 2004). Dentro de este grupo de reguladores se incluye el regulador Cvm7P de S.
clavuligerus, que controla la produccion de clavamas (Tahlan y col., 2007).

La famila de reguladores transcripcionales tipo LysR son de tamafio intermedio,
entre 310-325 aminoacidos, con un dominio carboxilo terminal H-T-H de unién al DNA
y un dominio bien conservado de unién a sustrato (Maddocks y Oyston, 2008). Estos
reguladores frecuentemente requieren la presencia de una pequefia molécula (co-
inductor) para ejercer su papel de activador transcripcional, la cual es reconocida por
el dominio de uniéon al DNA (Henikoff y col., 1988; Schell, 1993). Algunos de los
reguladores especificos de ruta de tipo LysR descritos son ClaR, localizado en la
agrupacion de acido clavuldnico de S. clavuligerus (Pérez-Redondo y col., 1998) o FkbR
en la agrupacién de tacrolimus, en S. tsukubaensis (Mo y col., 2012).

1.1.3.1.2. Reguladores globales o pleiotropicos

Estos reguladores globales responden a una gran variedad de sefiales de estrés
del crecimiento o nutricional, como la limitacion de fosfato o nitrégeno, deficiencia de
iones, presencia de N-acetilglucosamina en el medio, dafio de la pared celular, choque
térmico o estrés osmético, entre otros (Martin y Liras, 2012). Los genes que codifican
estos reguladores pleiotrépicos se localizan fuera de las agrupaciones biosinteticas. Su
papel modulador se basa en el control sobre los reguladores especificos de ruta, sin
ejercer un control directo en la transcripcién de los genes biosintéticos de los
metabolitos secundarios. Dentro de este grupo, podemos diferenciar entre los
reguladores globales exclusivos del metabolismo secundario y aquellos que ademas de
regular el metabolismo secundario, ejercen un papel modulador en mdltiples
funciones, como la diferenciacion morfolégica (Anderson y col., 2001). Un ejemplo de
este tipo de regulador pleidtropico implicado en el metabolismo secundario y en la
diferenciacién morfoldgica son AdpA o los genes bld, anteriormente comentados.

Sistemas de dos componentes

Los sistemas de dos componentes son la via principal de sefializacién ambiental
y fisiolégica para las bacterias, jugando un papel eficaz en la transduccién de sefiales
en la célula. Estos sistemas presentan una histidin quinasa (HK, del inglés Histidine
kinase) presente en la membrana que actla como proteina sensora percibiendo el
estimulo, y un regulador de repuesta (RR) intracelular que recibe la sefial de la HK. Esta
interaccion HK-RR provoca un cambio conformacional en el dominio efector de RR,
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permitiendo generalmente su unién a secuencias especificas de DNA, lo que produce
la modulacion de la expresion génica.

La secuenciacién del genoma de Streptomyces coelicolor reveld 67 sistemas de
dos componentes (HK-RR) completos, mas 17 RR desapareados y 13 HK huérfanos
(Bentley y col., 2002). La sucesiva secuenciacion de especies del género revelé un
numero similar de sistemas de dos componentes en sus genomas. El porcentaje de
sistemas de dos componentes en S. coelicolor en relacidon al resto de genes es
aproximadamente del 0,86%, siendo un 25% superior que el resto de de bacterias no
patégenas de vida libre (Kim y Forst, 2001). Esta elevada proporcion pone de
manifiesto la capacidad del género para responder a un nimero grande y variado de
estimulos, dado el complejo habitat en el que se encuentra, como es el suelo (Bentley
y col., 2002). Los sistemas dos componentes controlan ademads de distintas funciones
celulares implicadas en el metabolismo primario, la produccion de metabolitos
secundarios.

En Streptomyces, consideramos el sistema PhoR/PhoP como modelo de control
general del metabolismo primario. Este es uno de los pocos sistemas cuya sefial
activadora, la deficiencia de fosfato, es conocida (Sola-Landa y col., 2003; Martin,
2004). PhoR es la proteina quinasa de membrana que reconoce la deficiencia en
fosfato, mientras que PhoP es el regulador de unién a DNA encargado de transducir la
sefial (Hutchings y col., 2004). El conjunto de genes que se encuentran bajo control de
este sistema se denomina regulén pho (Rodriguez-Garcia y col., 2007). Los genes de
este reguldn son activados o reprimidos transcripcionalmente por unién de PhoP a las
cajas PHO (secuencias especificas), localizadas en sus regiones promotoras (Torriani-
Gorini, 1994; Hulett, 1996; Sola-Landa y col., 2005). En el caso de los genes
biosintéticos de metabolitos secundarios, sus regiones promotoras carecen de dichas
cajas PHO, de forma que la regulacién de este sistema se basa en un control indirecto
mediado por reguladores intermediarios. La biosintesis de diferentes clases de
metabolitos secundarios se halla bajo control por fosfato, de forma que la limitacidon
en la concentracién de fosfato inorganico en el medio activa de forma indirecta la
biosintesis de metabolitos, que a su vez limita el crecimiento bacteriano como
mecanismo en cascada (Masuma y col., 1986; Martin, 1989).

El sistema AbsA1/A2 es uno de los mejor conocidos en S. coelicolor (Adamidis y
col., 1990). Como excepcidn, este sistema se encuentra localizado en la agrupacién
génica del CDA, ejerciendo un control sobre la producciéon del CDA la actinorrodina,
undecilprodigiosina y metilenomicina. Los ensayos de inmunoprecipitacion de DNA
(ChiP, del inglés Chromain Inmuno Precipitation) y geles de retraso (EMSA)
confirmaron que AbsA2 interacciona con los promotores de los genes cdaR, redZ y
actll-ORF4, regulando su transcripcion (Mckenzie y Nodwell, 2007).
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Se han identificado otros sistemas de dos componentes importantes en la
regulaciéon de la produccion de metabolitos secundarios presentes en Streptomyces. El
sistema AfsQ1/Q2 que activa la produccion de antibidticos como la actinorrodina,
undecilprodigiosina y CDA en S. coelicolor, ademas de acelerar la formacion del micelio
aéreo (Shu y col., 2009), el sitema CutRS que regula negativamente la produccion de
actinorrodina (Brian y col., 1996) o el sistema EcrA1/A2 que ejerce un control positivo
sobre la produccién de undecilprodigiosina (Li y col., 2004) son algunos de los muchos
ejemplos conocidos en la literatura cientifica.

Sistemas de serina-treonina quinasas

La transduccién de seiiales en bacterias también se ejecuta por mediacién de
proteinas tipicas eucariotas como las serina-treonina quinasas (Zhang, 1996). El
ejemplo mejor conocido es el del sistema AfsK-AfsR-AfsS, presente en todos los
estreptomicetos, implicado en la regulacién del metabolismo secundario en S.
coelicolor y S. lividans (Matsumoto y col., 1994; Horinouchi, 2003). En el caso concreto
de S. coelicolor, se ha descrito que este sistema controla positivamente la produccion
de actinorrodina y undecilprodigiosina, mediante el control del regulador AfsR, un
regulador multidominio de 993 aminodcidos con un dominio tipo SARP en su zona N-
terminal. AfsK, una de las 34 serina-treonina quinasas que aparecen en el genoma de
S. coelicolor, es autofosforilado en repuesta a un estimulo, y a su vez afsK fosforila a
AfsR (Parker y col., 2010). Seguidamente AfsR, por un mecanismo aun desconocido,
activa la biosintesis de metabolitos secundarios ante situaciones de estrés nutricional.
Un ejemplo de la compleja regulacidn cruzada es la interaccion entre los reguladores
globales AfsR y PhoP en el control del metabolismo del fosfato. A su vez, el regulador
PhoP interacciona modulando la expresién del regulador GInR, implicado en el
metabolismo del nitrégeno (Santos-Beneit y col.,, 2009; Rodriguez-Garcia, 2009).
Estudios en S. griseus han demostrado que este sistema también influye en la
diferenciacién morfolégica (Umeyamay col., 2002).

Otros reguladores pleiotropicos

DasR, es un regulador tipo GntR implicado en la conexién entre el metabolismo
primario y secundario en S. coelicolor (Rigali y col.,, 2008). DasR participa
principalmente en el metabolismo de la N-acetilglucosamina, un componente esencial
de la pared de peptidoglicano que va acumuldndose en el medio de cultivo a medida
gue se produce la lisis celular, siendo esta una molécula sefal clave para encaminar la
maquinaria celular hacia el crecimiento o la produccién de antibidticos en funcién del
crecimiento y las limitaciones nutricionales (Rigali y col.,, 2006, 2008). La N-
acetilglucosamina interacciona una vez dentro de la célula con DasR, que se encuentra
unido al DNA ejerciendo un efecto represor sobre diversos reguladores especificos de
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ruta. En S. coelicolor DasR reprime la expresién de act/l-ORF4 y redZ, controlando la
produccién de actinorrodina y undecilprodigiosina.

1.1.3.2. Agrupaciones biosintéticas cripticas de metabolitos secundarios

Desde los afios cuarenta del siglo XX, el numero de metabolitos secundarios
descubiertos, principalmente antibiéticos, ha ido aumentando de forma gradual. El
descubrimiento de los mismos se basaba en programas de busqueda, en los que se
aislaban microorganismos a partir de muestras de tierra de distintos ambientes. Los
cultivos puros de las nuevas cepas identificadas permitian la extraccién e identificacién
de nuevos compuestos bioactivos. En la década de los ainos setenta se identificaron la
mayor parte de estos compuestos, haciéndose patente el declive en la identificacidn
de nuevos compuestos en la década de los ochenta y noventa. Técnicas mds modernas
como el "screening" in silico , la biosintesis combinatoria (Sanchez y col., 2005; Salas y
Méndez., 2009), la biocatdlisis combinatoria (Michels y col., 1998) y especialmente la
secuenciacion de los genomas han permitido la obtencién de nuevos compuestos
bioactivos usando como base estructural metabolitos naturales ya descritos.

Se estima que el género Streptomyces es potencial productor de mds de 10.000
compuestos con actividad antimicrobiana, de los cuales sélo se conoce un 3% (Watve y
col., 2001). El problema de las resistencias de los microorganismos patégenos a los
actuales antimicrobianos hace de imperiosa necesidad el descubrimiento de nuevos
farmacos.

La secuenciacion completa de genomas ha revelado la presencia de un gran
numero de agrupaciones génicas para la biosintesis de metabolitos secundarios en las
especies del género Streptomyces. Sin embargo, en condiciones experimentales sélo se
detecta una pequeiia fraccidon de los potenciales metabolitos que puede expresar cada
genoma. Todas estas agrupaciones biosinteticas que en el laboratorio no se expresan y
se encuentran silenciadas se denominan agrupaciones "cripticas". Conocer los diversos
mecanismos (sefiales fisiolégicas y sistemas de regulacion) que permitan la activacién
de la expresidon de estas agrupaciones cripticas es una valiosa herramienta para
producir nuevos compuestos (Zerikly y Challis, 2009; Ochi y Hosaka, 2013; Liu y col.,
2013). Los métodos y mecanismos para la activacion de agrupaciones cripticas son
varios:

a) Condiciones nutricionales y de fermentacion

Tradicionalmente, la modificacién en la condiciones de fermentacién como la
composicion del medio de cultivo (niveles de amonio, fosfato y metales), el escalado
en fermentador, la temperatura o la aireacién han favorecido la producciéon de nuevos
metabolitos. Los medios complejos son mas favorables que los definidos a la hora de
producir metabolitos secundarios, aunque el exceso de fosfato o nitrégeno puede
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limitar su produccién. La utilizaciéon de alofan, un hidrogel amorfo que contiene en su
composicion alumina y silice (Wada, 1979) actua capturando el fosfato inorgénico,
incrementando la produccion de nanaomicina por Streptomyces rosa subsp. notoensis.
Este efecto ha sido también observado en la produccién de vancomicina en
Amycolatopsis orientalis y de cefamicina en Amycolatopsis lactamdurans (Masuda y
col., 1986; Leitao y col., 1996). Nuevas condiciones, como la adiciéon de escandio al
cultivo ejercen un efecto positivo en la produccién de actinorrodina en S. coelicolor,
actinomicina en S. antibioticus o estrepomicina en S. griseus (Kawai y col., 2007). La
utilizacién de hasta seis diferentes medios de cultivo ha permitido ver variaciones
transcripcionales en genes para metabolitos secundarios en S. flaveolus (Qu y col.,
2011).

b) Co-cultivos con otros organismos

El co-cultivo de microorganismos parece ser una herramienta util para la
activacion de metabolitos cripticos. La presencia de otros microorganismos puede ser
la sefial que active la expresion de agrupaciones génicas cripticas, como ocurre con las
complejas interacciones microbianas en los suelos (Fischbach, 2000). Asi, el co-cultivo
de Streptomyces endus con Tsukamurella pulmonis, que contiene acidos micélicos,
induce la produccién en el primero de un nuevo antibidtico, la alchivemicina A. Cuando
el acido micdlico era anadido directamente al cultivo puro de Streptomyces, no se
observaba efecto en la produccién de metabolitos, siendo imprescindible la
interaccion entre ambos microorganismos (Onaka y col., 2011). Charusanti y
colaboradores (2012) demostraron en S. clavuligerus la induccion de la produccién de
holomicina cuando este microorganismo se co-cultivaba tras sucesivos pases con
Staphylococcus aureus MRS (Methicillin-Resistant Strain).

c) Ingenieria ribosémica y otras estrategias relacionadas

Esta técnica se basa en el hecho de que ciertas mutaciones en los los genes rpsL
o rpoB, que codifican respectivamente la proteina ribosomal S12 o la subunidad B,
activan la biosintesis de metabolitos cripticos (Ochi, 2007; Hosaka y col., 2009).
Experimentos en los Ultimos afios indican que las mutaciones en rpoB provocan
incremento en la expresion de diferentes agrupaciones, entre ellas algunas
agrupaciones cripticas Streptomyces lividans, Streptomyces griseus, S. coelicolor, S.
mauvecolor y Saccharopolysopora erythrea. Estas mutaciones provocan una mayor
afinidad de la RNA polimerasa sobre los promotores de genes silenciados (Ochi and
Hosaka, 2013).
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d) Uso de moléculas senal o elicitores quimicos

La ausencia de moléculas sefial especificas como las gamma-butirolactonas
puede ser un factor causante del silenciamiento de agrupaciones génicas. Estas
moléculas sefal, enddgenas o exdgenas, también conocidas como elicitores
promueven a bajas concentraciones en algunos actinomicetos la producciéon de
metabolitos secundarios y la diferenciacién morfolégica (Liu y col., 2013). Este es el
caso de la produccion de goadosporina, un péptido de 19 aminodcidos producido por
Streptomyces sp. TP-A0584, que promueve el metabolismo secundario y la
diferenciacién morfolédgica en Streptomyes (Onaka y col., 2001). Una amplia gama de
compuestos como el butirato sddico, acido valproico, apicidina o el resveratrol
parecen afectar activando o reprimiendo la produccién de actinorrodina vy
undecilprodigiosina en S. coelicolor (Moore y col., 2012).

e) Manipulacion genética de reguladores

Esta técnica se basa en la activacion de agrupaciones génicas cripticas mediante
la manipulacién genética de los reguladores especificos y/o pleiotrépicos (Aigle y
Corre, 2012). La estrategia consiste en la sobreexpresion de los activadores y/o la
delecién de represores (Hopwood y col., 1995). Asi la amplificacidn del regulador sanG
incrementa la produccidon de nikkomicina en Streptomyces ansochromogenes o la
sobreexpresién de polR duplica la produccién de polioxina en Stretpomyces cacaoi
subsp. asoensis (Liu y col., 2005; Li y col., 2010).

Rigali y col. (2008) demuestran como una mutacion en el gen regulador dasR
activa la expresion de una agrupacién silenciosa (genes SCO6273 a SC06288) que
codifican las proteinas implicadas en la sintesis de un nuevo policétido.

f) Expresion heterdloga de agrupaciones biosintéticas

Esta técnica se basa en introducir la agrupacién génica biosintetica criptica de
un microorganismo en una nueva cepa hospedadora, en la que se produce el
metabolito. La modulacidn en la expresidon de una agrupacién en su cepa nativa puede
estar reprimida por mecanismos desconocidos. Sin embargo, la cepa hospedadora
puede carecer de tales sistemas de represion, permitiendo la produccién del
compuesto. Mediante técnicas moleculares, se han construido cepas para expresar
estas agrupaciones "silenciosas", como la cepa de S. coelicolor M 1146, elaborada por
Gomez-Escribano y Bibb (2011) y utilizada en este trabajo (ver Tabla 3.3.1).
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1.2 CARACTERISTICAS DE LA ESPECIE Streptomyces clavuligerus

Esta especie fue aislada de una muestra de suelo en América del Sur. Su
nombre especifico se debe a la forma de bastén que presentan sus pequeiias
ramificaciones que dan lugar a las cadenas de esporas (del latin clavula, pequefios
bastones, e —igerus, que lleva). Taxondmicamente, la especie se clasifica dentro de la
Serie Gris de la Categoria IV del género Streptomyces, en base al color verde grisaceo
oscuro de las esporas maduras (Locci, 1989). La cepa tipo es la ATCC 27064 (=NRRL
3585; Higgens y Kastner, 1971).
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Figura 1.7. Principales metabolitos de interés industrial producidos por S.
clavuligerus (Modificado de Liras y col., 2008).

El descubrimiento inicial de S. clavuligerus, fue como productor de cefamicina
C, un antibidtico beta-lactamico que inhibe la biosintesis de peptidoglicano al
interaccionar con las transpeptidasas de la pared celular (Nagarajan y col.,, 1971).
Como veremos mas adelante, la cefamicina C es una molécula de tipo cefalosporina,
cuya biosintesis comparte las etapas tempranas con la biosintesis de las penicilinas, y
las etapas intermedias con las de las cefalosporinas (ver epigrafe 1.2.1.1) (Liras y
Demain, 2009). En el afio 1976, durante un programa de busqueda de
microorganismos productores de inhibidores de beta-lactamasas, se descubre en la
propia cepa de S. clavuligerus la produccion de acido clavulanico (Brown y col., 1979).
Este compuesto, combinado con antibiéticos beta-lactamicos como la amoxicilina
(Augmentine) son prescritos en la mayoria de los paises, de forma que resulta un
producto muy rentable en la industria farmacéutica. Ademas de la cefamicina C y el
acido clavulanico, S. clavuligerus produce clavamas, una familia de compuestos con
una estructura bdsica con anillo clavam similar a la del acido clavuldnico, pero con una
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configuracion estereoquimica distinta. Carecen de actividad inhibidora beta-lactamasa,
pero algunos poseen actividad antifungica (Brown y col., 1979) o antibacteriana.
Ademas, se ha descrito a S. clavuligerus como productor de compuestos antibidticos
no beta-lactdmicos como la molécula MM19290, de tipo tunicamicina (Kenig y
Reading, 1979).

Algunas cepas mutantes de genes biosintéticos implicados en la produccién de
acido clavulanico y cefamicina C han sido descritas como productoras de holomicina,
un compuesto de naturaleza pirrotinica que inhibe la sintesis de RNA, descrita como un
antibiotico de amplio espectro y potente antitumoral (Kenig y Reading, 1979; Oliva y
col., 2001; de la Fuente y col., 2002). La agrupacion biosintética ha sido recientemente
descrita y caracterizada por varios grupos de investigacion, entre ellos nuestro
laboratorio (ver epigrafe 1.2.1.2) (Li y Walsh, 2010; Robles-Reglero y col., 2013).

1.2.1 ORGANIZACION GENOMICA EN S. clavuligerus: AGRUPACIONES
BIOSINTETICAS DE METABOLITOS SECUNDARIOS

Como se ha indicado anteriormente, el gran interés industrial de S. clavuligerus
ha hecho que varios grupos de investigaciéon hayan trabajado en la secuenciacion de su
genoma (Broad Institute; Song y col., 2010; Medema y col., 2010). Su secuenciacidn ha
proporcionado informacion valiosa sobre nuestra especie de estudio.

S. clavuligerus S. coelicolor
Cromosoma pSCL4 Total Cromosoma
Tamaiio de la secuencia (Mb) 6,76 1,796 8,556 8,668
GC% 72 72 72 72
Operones de rRNA 6 0 6 6
tRNAs 66 7 73 63
tmRNAs 1 0 1 1
ORFs 5700 1581 7281 7825
Agrupaciones metabolitos secundarios 23 25 48 20

Tabla 1.2. Comparacion entre la arquitectura gendmica de S. clavuligerus y S.
coelicolor (Modificada de Medema y col., 2010).

Inicialmente, se consideraba que S. clavuligerus poseia un cromosoma de 6,7
Mb vy tres plasmidos lineales: pSCL1 (10,5 kb), pSCL2 (149,4 kb) y pSCL3 (444,2 kb)
(Keeny col., 1988; Wu y Roy, 1993; Netolitzky y col., 1995). La secuenciacién completa
de su genoma por Medema y colaboradores en 2010, ha revelado la existencia de un
megaplasmido, pSCL4, con un tamafio de 1.8 Mb aproximadamente. Este
megaplasmido, que supone aproximadamente un cuarto del total del genoma, es un
gran reservorio de agrupaciones para metabolitos secundarios (Tabla 1.2). El estudio
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de su secuencia parece indicar ser dispensable para el crecimiento del
microorganismo, al menos en condiciones experimentales, aunque puede conferirle
ventajas ecoldgicas en su habitat natural (Medema y col., 2010). En el cromosoma se
localizan los genes esenciales del metabolismo primario, ademas de algunas
agrupaciones para metabolitos secundarios. En el capitulo Il de Resultados
profundizaremos en el papel que juega pSCL4 y su importancia.

1.2.1.1 Biosintesis de cefamicina C, acido clavulanico y clavamas.

Las agrupaciones para la biosintesis de cefamicina C y acido clavuldnico
aparecen contiguas en el cromosoma, formando una "superagrupacion" de
aproximadamente 60 Kb (Ward y Hodgson, 1993) (Figura 1.8). Esto mismo ocurre en
las especies S. katsurahamanus y S. jumonjinensis, en las que también se ha descrito la
produccién de acido clavulanico y cefamicina C (Brown y col., 1976; Ward y Hodgson,
1993). Ademas, en el genoma de S. clavuligerus, concretamente en el megaplasmido
pSCL4, aparece la agrupacién de genes paralogos, que contiene los genes duplicados
ceaS1, bls1, pahly oatl (Jenseny col., 2004b; Tahlan y col., 2004).

bla pbpA cmeT pcd cefE cefD cmclecmcJcefF  cmcH ccaR orfl0 blp lat pcbAB pchC pbp54

ceaS bls pah2 cas2 oat2 oppAl claR car cyp fd orfl2 orfl3 orfl4 OppA2 orfl6 gcas pbpA

~EH- TR EHQEH - HHC-

cvmG cvmP  cvmH cvm13cvmi12 cvmll cvm7 cvm3cvm2cvml casl cvm4  cvm5 cvm6 tRNA cvm9

<

ceaS1 blsl pahl oatl cvm6P cvm7P

Figura 1.8. Organizacidon de la agrupacion de la cefamicina C (A), acido clavulanico
(B), la agrupacion de las clavamas (C) y los genes paralogos (D).

Ruta biosintética de cefamicina C

La cefamicina C es una molécula beta-lactamica de tipo cefalosporina, con una
anillo beta-lactdmico, un anillo dihidrotiazinico, una cadena lateral de acido a-
aminoadipico, un grupo metoxilo en el carbono C-7, y un grupo carbamoilo en C-3
(Whitney y col., 1972) (Figura 1.7).
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En Streptomyces clavuligerus, la ruta de biosintesis de la cefamicina C consta de
diez etapas, de las cuales dos (etapas tempranas) pertenecen a la ruta de biosintesis
de penicilinas, tres etapas (intermedias) son comunes en la biosintesis de
cefalosporina C, y el resto son etapas especificas de la ruta de biosintesis de cefamicina
C. Los genes que codifican estas enzimas se encuentran agrupados formando la
agrupacion de cefamicina C, donde también se localizan genes implicados en la
regulacion (ccaR, ver mds adelante), resistencia (pcbR, pbpA o bla) y el transporte
(cmcT) de este antibidtico (Liras, 1999). En la primera etapa en la biosintesis de la
cefamicina C se produce la condensacion de los tres aminoacidos precursores: el acido
L-a-aminoadipico, la L-cisteina y la L-valina para formar el tripéptido lineal LLD-ACV.
Esta reaccidn esta catalizada por la enzima ACV sintetasa, una péptido-sintetasa no
ribosomal codificada por el gen pcbAB (Yu y col, 1994). El aminoacido no
proteinogénico acido L- a-aminoadipico se obtiene a partir de la L-lisina por accién
conjunta de las enzimas lisina aminotransferasa, codificada por /at, y piperideina-6-
carboxilato deshidrogenasa, codificada por pcd (Kern y col., 1980; Madduri y col.,
1989; de la Fuente y col., 1997). Tras una ciclacién oxidativa, llevada a cabo por la
actividad ACV ciclasa (isopenicilina N sintasa) codificada por el gen pcbC, el tripéptido
lineal se convierte en isopenicilina N, el primer compuesto con nucleo B-lactdmico de
la via (Jensen y col., 1990; Schwecke y col., 1992). A continuacion, en la primera de las
etapas intermedias, la isopenicilina N epimerasa, codificada por el gen cefD, modifica
la cadena lateral, en configuracidon D, formandose la penicilina N (Usui y Yu, 1989). El
anillo tiazolidinico de cinco miembros de la penicilina N, por la actividad expandasa de
la proteina codificada por el gen cefE, se expande para formar el anillo dihidrotiazinico
de seis miembros. Este anillo es caracteristico de los antibidticos de tipo cefalosporina
(Kovacevik y col., 1989; Jensen y col., 1985). La desacetoxicefalosporina C (DAOC) es el
producto de esta reaccidn. Posteriormente, DAOC es hidroxilada en su posicién C-3°
para dar lugar a la desacetilcefalosporina C. Esta ultima enzima esta codificada por el
gen cefF (Kovacevik y Miller, 1991; Baker y col., 1991). Las ultimas etapas de la ruta de
biosintesis de cefamicina C implican la introduccion de un grupo metoxilo en el
carbono C-7 y la carbamoilacidn del carbono C-3, mediante las enzimas codificadas por
los genes cmcH y cmcl-cmc) (Xiao y col., 1991; Coque y col., 1995; Enguita y col., 1996).

Ruta biosintética del acido clavulanico y clavamas

El acido clavulanico y otros compuestos con estructura de clavama se
caracterizan por presentar un nucleo comun, basado en un anillo beta-lactdmico
(carbonos en las posiciones 5, 6 y 7), fusionado con un anillo oxazolidinico (carbonos
en las posiciones 2 y 3). En el caso del acido clavuldnico, este nucleo clavam es
modificado afiadiendo un grupo carboxilo en la posicién C3 y una cadena lateral en C2
(Howarth y col., 1976). La estereoquimica 3R, 5R del acido clavuldnico es esencial para
su funcién inhibidora de beta-lactamasas, a diferencia del resto de las clavamas que
poseen un estructura 5S, y que carecen de esta propiedad inhibitoria. El resto de las
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clavamas, con estereoquimca 5S presentan en C2 una amplia variedad de cadenas
laterales, dando lugar a diferentes compuestos biolégicamente activos, algunos de
ellos con propiedades antifungicas (Jensen, 2012). Las cuatro clavamas con estructura
5S producidas por S. clavuligerus son: 2-formiloximetilclavama, 2-hidroximetilclavama
(2-HMC), alanilclavama y el clavam-2-carboxilato (Kwong y col., 2012).

El 4cido clavuldnico y las clavamas 55, dadas sus similares estructurales,
comparten en S. clavuligerus una ruta biosintética comun (etapas tempranas) que da
como producto final el acido clavaminico. Las etapas tardias corresponden a las
diferentes rutas biosintéticas que se diversifican desde el ultimo intermediario comun
para dar el acido clavulanico o las clavamas 5S (Egan y col., 1997). Sin embargo,
todavia no se conocen todos los pasos implicados en la ruta de biosintesis del acido
clavulanico y otras clavamas.

Etapas tempranas

En la primera etapa de biosintesis, se produce la condensacién de los dos
precursores del acido clavulanico (L-arginina y D-gliceraldehido-3-fosfato, precursores
de la unidad C5 y C3 respectivamente), mediante la accidn catalitica de la CEA sintasa
(Khaleeli et al., 1999), codificada por el gen ceaS (Pérez-Redondo y col., 1999). En el
siguiente paso, la enzima beta-lactama sintetasa (beta-LS) cierra el anillo beta-
lactamico para dar lugar al 4cido desoxiguanidino-proclavaminico (DGPC). La beta-LS es
codificada por el gen bls (Bachmann et al., 1998). Este intermediario sufrird una serie
de modificaciones en sucesivas etapas por accion de la clavaminato sintasa (CAS). Esta
enzima es una dioxigenasa dependiente de oxigeno molecular. La primera reaccién
gue cataliza esta enzima es la incorporacion de un grupo hidroxilo en la molécula de
DGPC (Salowe y col,. 1991). Mediante la accion de otra enzima, la clavaminato
amidinohidrolasa (PAH), se elimina el grupo guanidino, generando el 4&cido
proclavaminico (Elson y col.,, 1993). Este compuesto, de nuevo por accién de CAS,
origina en dos etapas, el acido clavaminico. Como ya se indicé anteriormente, el acido
clavaminico es el Ultimo compuesto comun en la ruta biosintética del acido clavulanico
y de las clavamas 58S.

Etapas tardias

La ruta de biosintesis del acido clavulanico continua mediante la condensacién
del acido clavaminico y la glicina por accidon de la enzima codificada por gcas, da lugar
al acido N-glicilclavaminico (Arulanantham y col., 2006). En etapas sucesivas que aun
se desconocen, la molécula de acido N-glicilclavaminico sufre una serie de
modificaciones estereoisdmeras, para dar el clavulanato-9-aldehido, que presenta una
conformacidon 3R5R. La conformacién 5R de este intermediario ya le confiere la
capacidad de inhibir las beta-lactamasas (Nicholson y col., 1994). En la ultima etapa, el
clavulanato-9-aldehido, por accién de la enzima CAR, codificada por el gen car (Pérez-
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Redondo y col., 1998), se transforma en dacido clavuldnico. En la agrupacién de acido
clavuldnico aparecen otros genes, que sin participar en la ruta biosintética, resultan ser
esenciales en la produccién de este metabolito como oppAl y oppA2, que codifican
oligopéptidos permeasas de funcion desconocida (ver en el Capitulo Il de Resultados),
o cyp que codifica un citocromo P-450 (Li y col., 2000).

Los genes especificamente implicados en la biosintesis de clavamas 55 han sido
localizados en dos agrupaciones génicas (Figura 1.8). Una, la agrupacion génica de las
clavamas localizada en el cromosoma, contiene ademas del gen cas1, que codifica para
una isoenzima de la clavaminato sintetasa que se encuentra en la agrupacion del acido
clavulanico, los genes cvm1, cvm2, cvm3, cvm4, cvm5 y cvm6 (Mosher y col., 1999). La
interrupcion de cvm1 o la doble delecién de cvm4 y cvm5 anulan la produccién de
cualquiera de los metabolitos tipo 55-clavamas pero no afecta a la produccién de acido
clavulanico (Mosher y col., 1999). Otra parte de genes implicados en la biosintesis de
las clavamas 5S se localizan agrupados junto a los genes paralogos en pSCL4. Entre
ellos destaca el regulador global de las clavamas, codificado por cvm7P.

Regulaciéon coordinada de la biosintesis de cefamicina C y acido
clavulanico

En la agrupacidn de la cefamicina C, entre los genes biosintéticos se encuentra
el gen ccaR (cephamycin C-clavulanic acid Regulator), que codifica un regulador
transcripcional de la familia SARP. Cuando este gen es interrumpido, se anula la
produccién de cefamicina C y la del acido clavulanico, mientras que un aumento en el
numero de copias provoca un aumento en la produccidén de cefamicina C y de acido
clavuldnico (Pérez-Llanera y col., 1997b; Alexander y Jensen, 1998; Kurt y col., 2013).
Este regulador, actia positivamente controlando la transcripcion de ciertos genes
implicados en la biosintesis de cefamicina C, tanto en las etapas tempranas,
intermedias y tardias, uniéndose especificamente a secuencias heptaméricas de las
regiones promotoras de los distintos policistrones de los genes biosintéticos de
cefamicina C (ver en el Capitulo | de Resultados) (Santamarta y col., 2011). Ademas, se
ha demostrado que la proteina CcaR se autorregula, de forma que se une a su propia
zona promotora, activando su propia transcripcion (Santamarta et al., 2002).

En la agrupacion del acido clavulanico se localiza claR (clavulanic acid
Regulator), que codifica la proteina ClaR. Este regulador es un activador transcripcional
tipo LysR especifico de ruta, que controla las etapas tardias en la produccién de acido
clavulanico (Paradkar y col.,, 1998). Asi, ClaR regula positivamente los genes
comprendidos entre car y oppA2, interaccionando probablemente con los promotores
de orf16, orf14, orf12 y el bidireccional car-cyp (MT. Lépez-Garcia, Tesis doctoral). La
delecién del gen claR, ademas de anular la produccién de acido clavulanico, provoca
un aumento en la produccién de cefamicina C. Este hecho justifica la regulacidon
coordinada en la produccion de ambos metabolitos, equilibrando la produccion en
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funcién de las necesidades fisioldgicas de la célula (Pérez-Redondo y col., 1998; Pérez-
Redondo y col., 1999). En el trabajo publicado por Santamarta y col. (2011)
demostramos el control directo por CcaR mediado por la unién a regiones promotoras
del gen claR y otros genes implicados en la biosintesis del acido clavulanico, como el
policistron  ceaS2-bls2-pah2-cas2. Estos resultados confirman los estudios
transcriptdmicos previos, que muestran en el mutante delecionado en ccaR la bajada
de expresién de claR (Pérez-Redondo y col., 1998; Paradkar y col., 1998) y de los genes
biosintéticos de acido clavuldnico ceaS2 (Tahlan y col., 2004), car (Pérez-Redondo y
col., 1998; Paradkar y col., 1998) , oat2 (Pérez-Redondo y col., 1998) y cyp (Paradkar y
col., 1998).

Ademas de los reguladores especificos de ruta CcaR y ClaR, la implicacién de
diferentes reguladores pleiotropicos en la produccion de 4acido clavuldnico vy
cefamicina C, evidencian la existencia de una compleja red reguladora en S.
clavuligerus, aun no desentrafiada por completo.

El regulador BIdG, es un factor anti-anti-sigma necesario para la produccién de
antibioticos y la diferenciacion morfoldgica en S. clavuligerus, al igual que ocurre en
Streptomyces coelicolor (Bignell y col., 2005). Esta proteina regula positivamente la
expresion del gen regulador ccaR mediante una cascada de sefializaciéon celular, donde
BIdG se une a un factor anti-sigma impidiendo la unién de este al factor sigma diana,
quedando libre la maquinaria de transcripcion (Duncan y col., 1996). Se ha identificado
tanto en S. coelicolor como en S. clavuligerus el gen apgA, corriente abajo del gen
bldG, como el responsable de codificar el factor anti-sigma (Parashar y col., 2009).

El sistema de sefializacién por gamma-butirolactonas indicado en epigrafes
anteriores también estd implicado en la produccién de de 4cido clavuldnico vy
cefamicina C en S. clavuligerus (Figura 1.9). Aunque en este microorganismo aun no se
ha determinado la estructura y los genes implicados en la biosintesis de las gamma-
butirolactonas, si que se ha determinado la presencia en su genoma del gen brp, que
codifica un receptor de butirolactonas (Kim y col., 2004; Santamarta y col., 2005). Esta
proteina se encuentra unida a una secuencia consenso para receptores de
butirolactonas, denominada ARE, corriente arriba de la region promotora de ccaR,
reprimiendo su transcripcién. Cuando las butirolactonas llegan a una concentracidn
critica se unen a Brp, cambiando su conformacidén estructural, liberdndose de ARE y
desreprimiendo la transcripcion de ccaR. Ademas, Brp se une a su propio promotor
donde existe otra caja ARE, autoregulando su expresion (Santamarta y col., 2005).

Como vya se indicd anteriormente, AdpA es un regulador pleiotrépico que
controla tanto la diferenciacién morfolégica como la produccion de metabolitos
secundarios en el género Streptomyces. En cuanto a la diferenciacion morfoldgica en S.
clavuligerus, el papel modulador no es tan claro, siendo dependiente de las
condiciones nutricionales (Lépez-Garcia y col., 2010). En este sentido, en medio TBO
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(Higgens y col.,, 1974) el mutante S. clavuligerus AadpA presenta un desarrollo
deficiente con fenotipo blanco sin capacidad para esporular aunque es formador de
escaso micelio blanco, mientras que en medio ME (Sdnchez y Brafia, 1996)
fenotipicamente es idéntico a la cepa silvestre. Estos resultados parecen indicar que en
S. clavuligerus, AdpA es esencial en la regulacion de la formacién de esporas, pero
prescindible en el desarrollo del micelio aéreo (Lépez-Garcia y col., 2010).

Con'dl.cmnes > Y-Butirolactona @ Prl\'/aC|,or'1 de
nutricionales J' aminoacidos

Brp . / l
J' Respuesta

,,,,,,,,,,,,,,,, estricta

/ h \

| ccaR, lat, cefF, cefD, cmcl> | claR, ceaS2, oppAl >

[ Cefamicina C ] [Acidoclavulénico ]

Figura 1.9. Esquema de las cascadas de regulacidon que controlan la biosintesis de
acido clavuldnico y cefamicina C en S. clavuligerus. La produccién de ambos compuestos es
controlado por CcaR en una cascada que implica a Brp y AdpA (Modificado de Martin y Liras,
2012).

Respecto a la produccidon de antibidticos, la delecion de adpA provoca una
disminucion en la produccion de acido clavulanico y cefamicina C, aunque no la anula
por completo, observdndose una reduccién en la expresion de los genes ccaR y claR. La
ausencia de adpA provoca en la agrupacion del acido clavulanico, un descenso de la
expresion tanto en los genes biosintéticos tempranos como en los tardios, siendo mas
drastico dicho descenso en los tempranos (Lopez-Garcia y col., 2010). La interaccion de
AdpA con reguladores especificos de ruta ha sido descrita en diferentes especies del
género Streptomyces, como ocurre en S. griseus, donde AdpA se une a las regiones
promotoras de strR y orfl, activadores de la biosintesis de estreptomicina (Park y col.,
2009). La localizacién bioinformatica de dos posibles sitios de uniéon a AdpA en la
region promotora del gen ccaR, con secuencias similares a las descritas en S. griseus,
refuerzan la idea del control directo que AdpA puede ejercer sobre ccaR (Lopez-Garcia
y col., 2010).
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1.2.1.2 Biosintesis de holomicina

La holomicina es un metabolito secundario de coloraciéon amarilla
perteneciente al grupo de las ditiopirrolonas. Las diotiopirrolonas estan formadas por
un cromoéforo de dos anillos heterociclicos con un puente de disulfuro y diferentes
sustituyentes N-acil. En el caso concreto de la holomicina, esta posee un grupo acetilo
unido al grupo amino del cromdéforo y un H en el nitrogeno presente en el heterociclo
(Liras, 2013). Hasta el momento, se han descrito aproximadamente 30 compuestos de
naturaleza ditiopirrotinica, como la holomicina, tiolutina, aureotricina, y mas
recientemente los tiomarinoles, producidos por bacterias marinas, compuestos de
naturaleza hibrida cuyo nucleo croméforo se asocia mediante un puente amida con
acidos marindlicos (Qin y col., 2013b; Shiozowa y col., 1993; Shiozowa y col., 1995;
Shiozowa y col., 1997).

Las diotiopirrolonas son antibidticos de amplio espectro que acttan inhibiendo
el crecimiento tanto de bacterias Gram negativas como Gram positivas (Oliva y col.,
2001). Ademas, aunque la holomicina no actua como antifungico, otras ditiopirrolonas
poseen actividad antibiotica frente a levaduras y hongos filamentosos (Lamari y col.,
2002a; Pelechano y Pérez-Ortin, 2008). Jimenez y colaboradores (1973) demuestran
que la tiolutina es un pontente inhibidor de las RNA polimerasa |, Il y lll purificadas de
Saccharomyces cerevisiae. Ademas, el efecto de este grupo de compuestos como
drogas citotdxicas en la inhibicién del crecimiento celular ciertas lineas celulares de
mamifero, los ha referido como potenciales antitumorales (Webster y col., 2000; Li y
col., 2007).

Inicialmente, la produccion de holomicina se describid en Streptomyces griseus
(Ettlinger y col., 1959), mas tarde en Streptomyces sp. P6621 (Okamura y col., 1977) y
mutantes al azar de Streptomyces clavuligerus elaborados a partir de esporas
sometidas a irradiacion ultravioleta (Kenig and Reading, 1979). Posteriormente, otros
mutantes de S. clavuligerus elaborados mediante métodos del DNA recombinante,
resultaron ser productores de holomicina (ver a continuacion). Recientemente, han
sido identificados como productores de holomicina microorganismos de géneros
diferentes como Photobacerium halotolerans S2753 (Wietz y col.,, 2010) y Yersinia
ruckeri ATCC 29743 (Qiny col., 2013a).

En S. clavuligerus, la agrupacién biosintética de holomicina se localiza en el
cromosoma, en el extremo del brazo derecho, ocupando en total de 17,6 Kb
aproximadamente (Li y Walsh, 2010; Qin y col., 2013). La agrupacién estd formada por
himE, que codifica una NRPS (nonribosomal peptide synthetase) con tres dominios para
la ciclacion (Cy), adenilacion (A) y tiolacién (T), dos genes para tioesterasas (himCy
himK) y otro gen con un dominio de condensacién (himL). Otros genes que codifican
enzimas biosinteticas son hImG, cuyo producto es una globina, h/mB que codifica una
acil-CoA deshidrogenasa, tres oxidoreductasas flavino-dependientes (himl, himD vy
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himF) y himA que codifica una acetiltransferasa. Dos genes codifican proteinas
reguladoras: himJ y himM, que codifica un regulador tipo LuxR, y existe un gen para
transportador transmembrana, hImH, que completan la agrupacion (Liras, 2013)
(Figura 1.9B). El analisis funcional de algunos de estos genes (Li y Walsh, 2010; Robles-
Reglero, datos no publicados) junto con experimentos de expresion heteréloga en la
cepa no productora de holomicina S. coelicolor M 1146 (Robles-Reglero y col., 2013),
confirman este grupo de genes como la agrupacion biosintética de holomicina.
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Figura 1.9. Ruta biosintetica de holomicina propuesta (A) y agrupacion génica de
holomicina en S. clavuligerus. Las flechas discontinuas indican las unidades transcripcionales
descritas (Modificado de Robles-Reglero y col., 2013).

Ruta biosintética de holomicina

La ruta biosintética propuesta por Li y Walsh en 2010, mostrada en la Figura
1.9A, se basa principalmente en analisis bioinformatico de los dominios de las enzimas
codificadas por los genes de la agrupacidon y por un numero limitado de estudios
bioquimicos de algunas enzimas purificadas implicadas en la ruta, como las proteinas
HImE y Himl.
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Etapas tempranas

La biosintesis comienza con la unién del precursor L-cisteina al dominio T de la
proteina recombinante NRPS codificada por el gen himE, y el dominio A adenila el
aminodcido activandolo como L-cys-AMP. La ausencia de un segundo dominio de
activacion de aminoacidos para la segunda cisteina necesaria en la NRPS sugiere que
HImE pueda ser una enzima "interactiva", es decir, se mantiene unida al precursor
activado mientras otras enzimas de la ruta ejercen su actividad catalitica. De este
modo, la acil-CoA deshidrogenasa codificada por himB elimina dos atémos de
hidrégeno de la molécula de L-cisteina y el dominio de condensacidon de HImL une la
segunda L-cisteina. Una vez unidas ambas moléculas modificadas, se produce la
ciclacion por parte del dominio Cy de la NPRS formandose el primer anillo de la
holomicina. Este ultimo paso parece poder llevarse a cabo de forma espontanea. El
dipéptido L-cys-L-cys, que probablemente es liberado de HImE, se ha detectado en
solucion durante los andlisis enzimaticos realizados con HImE (Li y Walsh, 2010). Se ha
propuesto que la tioesterasa codificada por hImC sea la que libere el dipéptido
modificado por la enzima HImE. Tras la liberacién de HImE, el dipéptido es
descarboxilado por accién de la flavoproteina con actividad oxidorreductasa codificada
por himF. Sin embargo, esta reaccion todavia no ha sido demostrada
experimentalmente. El intermediario descarboxilado se reduce luego por accion de la
oxidorreductasa HImD y espontdneamente se obtiene holotina reducida (también
llamada dihidroholotina) (Li y Walsh, 2010).

Etapas tardias

Las etapas tardias de la via comprenden dos actividades enzimaticas (HIml y
HImA) por las cuales la dihidroholotina se transforma en holomicina, pudiendo actuar
en distinto orden (Figura 1.9A). Una tiorredoxina oxidorreductasa codificada por himl/,
emplea como sustrato la dihidroholotina o dihidroholomicina para dar holotina u
holomicina, respectivamente. La enzima HIml ha sido purificada mediante métodos
recombinantes, requiriendo en su actividad catalitica el cofactor FAD.q y O, puesto
gue solamente es activa en condiciones aerobias. La accién de esta enzima permite el
cierre del segundo anillo del cromdforo (Li y Walsh, 2010). Finalmente, la actividad
acetil transferasa de la enzima codificada por h/mA da lugar a la conversion irreversible
de la holotina a holomicina (holomicina sintasa) en presencia de acetil-CoA. Esta
actividad fue medida por Fuente y colaboradores (2002) en extractos de células
dializadas, donde la actividad especifica era proporcional al nivel de holomicina
producido por los distintos mutantes de S. clavuligerus.

Regulacion de la biosintesis de holomicina

La regulacion de la produccién de holomicina en Streptomyces parece ser
compleja. Estudios iniciales indicaban que la cepa Streptomyces sp. P6621 productora
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de cefamicina C no producia holomicina. Sin embargo, la mutagénesis quimica en dicha
cepa inducia la produccién de holomicina, mientras que se reducia drasticamente la
produccién de cefaminina C (Okamuray col., 1977).

Como ya se indicé anteriormente, la cepa silvestre S. clavuligerus ATCC 27064
so6lo produce cantidades traza de holomicina, a diferencia de lo que ocurria con el
mutante superproductor de holomicina S. clavuligerus 1T1, generado por irradiacién
ultravioleta (Kenig and Reading, 1979). La elaboracion mediante mutacién dirigida en
nuestro laboratorio de una serie de cepas mutantes implicadas en las etapas tardias de
la produccién de acido clavulanico (cyp, cary orf12) y de los reguladores especificos de
ruta (ccaR y claR), pusieron de manifiesto la produccion de holomicina. Destaca S.
clavuligerus oppA2::aph, mutante interrumpido en la oligopéptido permeasa OppA2
implicada en la produccién de &cido clavuldnico, como cepa superproductora de
holomicina, produciendo mas de 1000 pg/mg DNA (Lorenzana y col., 2004; Fuente y
col., 2002). Estudios transcripcionales y protedmicos de algunas de estas cepas
confirman dicha sobreproduccién. Asi, los estudios transcripcionales mediante
micromatrices de las cepas S. clavuligerus oppA2::aph, S. clavuligerus AclaR::aph vy S.
clavuligerus AccaR::tsr mostraron una mayor expresion de algunos de los genes
biosintéticos de la agrupacion de holomicina en comparaciéon con la cepa parental
(himA, himB, himC, himD, himF, himG o himl). El analisis proteémico de las cepas S.
clavuligerus oppA2::aph y S. clavuligerus AccaR::tsr confirmaron la presencia de las
proteinas HImD, HImF y HImG, ausentes en la cepa parental (Robles-Reglero y col.,
2013).

Se han identificado una serie de genes cuya expresién modula la produccion de
holomicina. Un ejemplo es el gen rhlA, que codifica una proteina de tipo rodanesa con
actividad tiosulfato sulfurotransferasa, presente en el proteoma de la cepa
superproductora S. clavuligerus oppA2::aph. El andlisis funional del doble mutante
interrumpido en oppA2 y delecionado en rhlA mostré una drastica reduccion de los
niveles de produccién de holomicina, sugiriendo el papel de RhIA en la formacién del
precursor de cisteina, poseedor de azufre en su estructura (Nardiz y col., 2010).

Los genes afsR y afsS, que codifican reguladores globales en la produccién de
antibioticos (ver epigrafe 1.1.3.1.2), parecen estar implicados en la produccién de la
holomicina y del acido clavuldnico, puesto que la introduccidon de una copia adicional
del operon afsRS del propio S. clavuligerus en la cepa parental provoca la induccién en
la produccion de holomicina, e incrementa en cinco veces la produccion de acido
clavulanico respecto a la cepa parental (Chen y col., 2012).

En el Capitulo Il de Resultados de la presente tesis doctoral abordaremos el
papel que ejerce el megaplasmido lineal pSCL4 en la produccion de holomicina.
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2. Objetivos

El tema del proyecto de tesis doctoral inicialmente presentado fue titulado
"Analisis transcriptémico diferencial entre Streptomyces clavuligerus ATCC 27064 y
mutantes alterados en la produccidon de antibidticos". A partir de los resultados
transcripcionales obtenidos mediante micromatrices, se abordaron nuevos objetivos
de trabajo a los propuestos inicialmente. Los objetivos planteados en la presente tesis
doctoral han sido los siguientes:

1. Anadlisis comparado de la expresion génica en las cepas mutantes S.
clavuligerus AccaR::tsr, S. clavuligerus AclaR y S. clavuligerus oppA2::aph con
su cepa parental S. clavuligerus ATCC 27064.

2. Estudio del efecto de la eliminacién del megapldsmido pSCL4: Andlisis
morfoldgico y de la produccién de metabolitos secundarios en la cepa S.

clavuligerus pSCL4".

3. Caracterizacion de la agrupacién biosintética de acido clavuldnico en otros
actinomicetos.

4. Produccién de nuevos compuestos bioactivos en S. clavuligerus ATCC 27064.
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3. Resultados
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de evaluacion .
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Factor de impacto: 3,023 (2013)
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Ademas de las publicaciones cientificas presentadas como resultados, el

doctorando a participado como coautor en los siguientes trabajos:
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3.1.1. SUMMARY

S. clavuligerus ATCC 27064 and S. clavuligerus AccaR::tsr cultures were grown in
SA medium and samples were taken in the exponential and stationary growth phases.
Transcriptomic analysis showed that the expression of one hundred and eighty six
genes was altered in the ccaR-deleted mutant. These genes belong to the cephamycin
C gene cluster, clavulanic acid gene cluster, clavams, holomycin, differentiation, carbon
and nitrogen, amino acids or phosphate metabolism and energy production. All the
clavulanic acid biosynthesis genes showed Mc values in the order of -4.23. The blip
gene encoding a B-lactamase inhibitory protein was also controlled by CcaR (M. -2.54).
The expression of the cephamycin C biosynthesis genes was greatly reduced in the
mutant (M. values up to -7.1), while the genes involved in putative B-lactam resistance
were less affected (M. average -0.88). Genes for holomycin biosynthesis were up-
regulated. In addition, the lack of clavulanic acid and cephamycin production
negatively affected the expression of genes for the clavulanic acid precursor arginine
and of miscellaneous genes involved in nitrogen metabolism (amtB, ginB, glnA3, ginA2,
g/lnA1l). The transcriptomic results were validated by RT-gPCR and luciferase assay of
luxAB-coupled promoters. Transcriptomic analysis of the homologous genes of S.
coelicolor validated the results obtained for S. clavuligerus primary metabolism genes.

75



3.1. Resultados. Capitulo I

3.1.2. INTRODUCTION

Streptomyces species are the largest group of antibiotic-producing
microorganisms. Antibiotic biosynthesis genes are usually clustered and their
expression is regulated in response to nutritional environment, culture time and cell
density. Most of the gene clusters for antibiotic biosynthesis contain regulators
responding to these parameters (Martin and Liras, 2010). Regulators of LysR- (Pérez-
Redondo et al., 1998) or LAL-type (Antdn et al., 2004; Wilson et al., 2001; Tahlan et al.,
2007) are present in several clusters, but the most common ones are the activator
proteins belonging to the SARP (Streptomyces antibiotic regulatory proteins) family.
They are present in many antibiotic clusters (Garget al., 2010; He et al., 2010; Bate et
al., 2002 and 2006) and bind specific DNA sequences activating expression of antibiotic
biosynthesis genes.

Cephamycin C biosynthesis in S. cattleya is controlled by a SARP-type protein
encoded by thnU, a gene which is not located in the cephamycin C cluster (Rodriguez
et al., 2008). In S. clavuligerus, a similar protein, CcaR, encoded by a gene located in
the cephamycin C cluster, controls both cephamycin and clavulanic acid (CA)
biosynthesis (Pérez-Llarena et al., 1997; Santamarta et al., 2011). The two clusters are
located side by side in the chromosome.

Specific sequences for the binding of SARP proteins have been described in
antibiotic biosynthesis genes (Wietzorrek and Bibb, 1997). In S. clavuligerus, triple
heptameric conserved sequences are responsible for CcaR binding and controls the
expression of the lat, cefF, cefD and ccaR genes in the cephamycin C cluster. In the
clavulanic acid cluster, CcaR binds sequences upstream of ceaS2, which encodes the
first enzyme of the CA pathway, and of claR, for the Lys-type regulator controlling late
steps in CA biosynthesis (Santamarta et al., 2011).

At the beginning of this study, the S. clavuligerus genome was not published
but many S. clavuligerus genes had been deposited in the database and additional
genes were available through the DSM (The Netherlands) S. clavuligerus sequencing
project. Therefore, we constructed microarrays containing probes for 800 genes of the
S. clavuligerus genome as well as for 7728 genes of the S. coelicolor genome in order to
compare the housekeeping genes of both strains. This microarray has been used to
detect gene expression in different S. clavuligerus mutants. In this article, we report
the results observed for S. clavuligerus AccaR::tsr, a strain lacking the SARP regulator
that controls cephamycin C and CA biosynthesis.
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3.1.3. RESULTS

Transcriptomic analysis of antibiotic biosynthesis genes in S. clavuligerus
ATCC27064 and S. clavuligerus AccaR::tsr.

S. clavuligerus ATCC 27064 and S. clavuligerus AccaR::tsr cultures were grown in
SA medium and samples were taken in the exponential and stationary growth phases
(Figure 3.1.1) as indicated in Experimental Procedures. The microarrays analysis
showed differences in expression in one hundred and eighty six genes of the ccaR-
negative mutant at one specific sampling time at least (Table 3.1.1).
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Figure 3.1.1. Growth and antibiotic production in SA medium. Strains used: S.
clavuligerus ATCC 27064 (open symbols) and S. clavuligerus AccaR::tsr(closed symbols).
A)Growth (circles) as measured by the DNA content. B) Cephamycin C (circles) or clavulanic
acid (triangles) production. C) Holomycin production (squares).
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These genes belong to the cephamycin C gene cluster, clavulanic acid gene
cluster, clavams, holomycin, cellular differentiation, carbon and nitrogen, amino acids
or phosphate metabolism and energy production.

Clavulanic acid biosynthesis genes.

Transcriptomic studies showed that expression of the four genes of the ceaS2
to cas2 operon, encoding enzymes for the early steps of CA biosynthesis, dropped in
the mutant to an average M. value of -6.34 in the exponential phase. Expression of
claR, encoding the regulatory protein ClaR, is under CcaR control (Pérez-Redondo et
al., 1998; Santamarta et al., 2011). This gene was underexpressed in the ccaR-deleted
mutant (M. -4.61) and concomitantly transcription of the genes for the late steps of
the pathway car, gca$ as well as cyp, orf12, orfl3, orfi4, oppA2, oppAl and orf16, of
unknown function, dropped an average M. value of -4.23, being oat2, orf13 and car
above this value.

Expression of orf18 and orf19, which encode penicillin-binding proteins, orf20
of cytochrome P450, and pcbR, all of them tentatively involved in B-lactam resistance,
was lower in the mutant than in the wild type strain. All these genes were expressed at
higher M. values (average M. -0.88) than the biosynthetic genes in the ccaR-mutant.
An interesting finding was made in relation to genes encoding B-lactamase proteins.
The blp gene, encoding a putative B-lactamase inhibitory protein, which is located
downstream of ccaR, was clearly underexpressed in the mutant (M -6.2 and -4.8 in the
exponential and stationary phases), which might be due to the absence of the ccaR
promoter in the ccaR-mutant. The second gene, blip, encoding a well characterized -
lactamase inhibitory protein, was also underexpressed in the mutant. This gene,
located outside the CA gene cluster, presented M. values of -2.54 and -2.19 in the
exponential and stationary phases, respectively.

A gene external to the CA cluster, adpA, encoding a regulatory protein involved
in antibiotic biosynthesis (Lépez-Garcia et al., 2010), was also slightly down-regulated.

Genes for clavulanic acid precursors.

CA biosynthesis occurs through condensation of arginine and glyceraldehyde-3-
phosphate by carboxyethylargininesynthase (CEAS), the first enzyme of the CA
pathway. S. clavuligerus and S. coelicolor probes of genes for arginine biosynthesis and
glycerol utilization were present in the microarrays.

The arginine biosynthesis genes were down regulated in the ccaR-deleted
mutant. Six genes for arginine biosynthesis, located in three separated locations in the
S. clavuligerus genome, showed average M. values of -2.01 and -2.85 in the
exponential and stationary phases, respectively. These genes are controlled by the
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argR-encoded regulator ArgR, whose expression decreased to -1.45 and -2.34, at both
sampling times.

The co-transcribed genes for glycerol utilization, glpF1-glpK1-glpD1, were
weakly but significantly affected by the lack of the CcaR regulator, and the same
occurred to the gyIR gene, encoding the glycerol utilization regulatory protein (Bafos
et al., 2009). However, a positive effect of CcaR on the second cluster for glycerol
utilization might occur, since glpF2and glpKk2 were underexpressed in the ccaR-deleted
strain. The most affected gene in this group was gap2, encoding glyceraldehyde-3-
phosphate dehydrogenase (M. -2.61 in the exponential growth phase).

Cephamycin C biosynthesis genes.

In relation to cephamycin C biosynthesis, the transcriptomic data fitted well
with those previously obtained by RT-PCR (Santamarta et al., 2011). The M. values for
lat, cmcl, cmcl, cefD and cefF, genes either starting transcriptional units or close to the
first gene of the operon, showed values ranging from -6.15 to -7.48 in the exponential
phase, close to the -7.12 value of ccaR (which is deleted in the mutant), indicating a
complete lack of transcription of these units. All other genes related to cephamycin
biosynthesis showed M. values between -3.2 and -7.12 in the exponential phase and
their expression dropped in the ccaR mutant by an average of 18% in the stationary
phase. The pbp74,and bla genes were barely affected in the exponential phase but
were less expressed in the mutant in the stationary phase.

Genes for other antibiotics produced by S. clavuligerus.

All the holomycin biosynthesis genes tested were overexpressed in the ccaR-
deleted mutant, with an average M. value of 5.57 in the exponential phase, while the
regulatory gene himM had a M. value of 2.01. These results coincide with the
formation of holomycin by the S. clavuligerus ccaR::aph disrupted mutant detected by
Fuente et al. (2002). A down regulation was observed in the clavams and CA
paralogous clusters, especially in the stationary phase. Production of clavams is
relatively variable and medium-dependent. However, casl encoding the second
clavaminate synthase isoenzyme (M. -3.32 and -4.29) and cvmS8, encoding a serine
hydroxymethyltransferase (M. -2.59 and -3.18) were strongly down-regulated in the
ccaR-deleted mutant.

Nitrogen and phosphate metabolism.

The lack of CcaR and, therefore, of clavulanic acid and cephamycin C formation,
affected nitrogen metabolism. A strong downregulation was observed in the
exponential phase in the expression of the ammonium transporter encoding gene
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amtB (M. -4.1) and the downstream gene, glnB (M. -4.39), which encodes the
uridilyltransferase regulatory protein PIl. This effect was stronger in the stationary
phase (M. -5.04 and -5.09, for amtB and ginB, respectively). Also genes for glutamine
synthetase (g/nA3, glnA2, ginAl) were under expressed in the ccaR-deleted mutant
(M. -4.67, -3.56 and -1.77) in the exponential phase. A weaker, but clear down
regulation also occurred in gluD1, encoding a glutamate permease. The homologous
probes of S. coelicolor (also present in the arrays) for glutamine synthetase (g/nA, ginll,
SC01613) as well of genes for urease (ureAB) and an allantoinase (SC06247) gave a
lower signal when hybridized with S. clavuligerus AccaR::tsr mRNA in relation to S.
clavuligerus ATCC 27064 mRNA. This might indicate that cephamycin C and clavulanic
acid production requires a strong demand of nitrogen-derived precursors and,
therefore, nitrogen metabolism slows down when antibiotic production is blocked.

Some genes involved in phosphate transport (pstA, pstC and pstS) showed a
weak but clear underexpression in the ccaR-mutant, especially in the stationary phase
sampling point.

Miscellaneous genes.

Several genes involved in energy production or lipid metabolism were affected
in the ccaR-deleted strain. This was the case for the genes encodingputative acetyl-
CoA synthetases and acetyl-CoA carboxylases (SCLAV_4986, SCLAV_3405,
SCLAV_3406) and the same occurred with the acetyltransferase and methyltransferase
encoding genes (SCLAV_4530 and SCLAV_p1123). A set of genes whose function is
unknown (SclaA2_010100027930, SclaA2_010100028330 and SclaA2_010100028335)
all located in plasmid pSCL2, showed a clear overexpression in the mutant in the
exponential phase of growth.

Effect on regulatory genes.

The transcription of thirteen genes encoding different types of regulators was
affected in the mutant, including adpA (see above). A very strong downregulation was
observed for the whiB gene, for a transcriptional regulator (M:2.62) and for the gene
encoding an AmphR1-like regulator (SCLAV_5278) with an M. value of 2.0 in the
exponential phase.

Expression of S. clavuligerus genes as detected by transcriptomic analysis of
orthologous S.coelicolor genes.

The whole S. coelicolor genome was represented in the microarrays. Therefore,
we were able to compare expression of miscellaneous genes by heterologous
hybridization of S. coelicolor probes present in the microarray with mRNA from S.
clavuligerus. Heterologous transcriptomic studies confirmed the lower expression of
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the glnA, ginll, SCLAV_0834, ureAB and gap2 genes in the AccaR mutant. Other blocks
of underexpressed genes were those encoding succinate dehydrogenases
(SCLAV_3969 and SCLAV_3970) and the nuo genes (nuoEFJKLMN) for different subunits
of the NADH dehydrogenase. Genes for membrane proteins or for hypothetical
proteins were also found to be underexpressed but some were overexpressed,
including the orthologous aminotransferase encoded by SCLAV_5663 (M. 2.63) and the
methyltransferase encoded by SCLAV_5654 (M. 2.56) (Table 3.1.51).

Validation studies.

RT-gPCR. The validation of many genes differentially expressed in this
transcriptomic analysis has already been carried out using proteomics or RT-qPCR
(Santamarta et al., 2011). Such is the case for all the down-regulated genes of the
clavulanic acid pathway and for the lat, cmcl, cefD or cmcT genes in the cephamycin C
gene cluster.

Other differentially regulated genes present in Tables 3.1.1 and 3.1.51 were
validated by quantitative real time PCRs performed on reverse transcribed RNA
samples. A total of 15 genes (pcbC, pcd, claR, ceaS2, blip, himl, himA, gapA2, glnAl,
g/lnA2, SCLAV_4359, SCLAV_3668, mprA2, SCLAV_5661 and, as control, hrdB) were
chosen for analysis (Fig.3.1.2). The Pearson’s correlation coefficient (R = 0.9243)
between M. values and relative expression values of RT-qPCR indicates a good
validation of the results.

Luciferase activity.

Promoters of the argR, phoH, amtB and SCLAV_p1123 genes were coupled to
the luxAB genes and the constructions were introduced in S. clavuligerus ATCC 27064
and S. clavuligerus AccaR::tsr. Luciferase activity was lower in S. clavuligerus AccaR::tsr
when the luxAB genes were expressed from the argR and phoH promoters (Fig. 3.1.2C)
and higher when expression was carried out from the amtB and SCLAV_p1123
promoters in agreement with the results obtained in the transcriptomic experiments.
The correlation index between the data obtained measuring luciferase activity and the
M. values of the respective genes was 0.796. Luciferase activity differed slightly from
the expected data of the microarrays when the enzyme was formed in the stationary
phase using the phoH promoter.

3.1.4. DISCUSSION

A transcriptomic study reveals the complete gene expression in a
microorganism, allowing the comparison of overproducing strains and wild type strains
(Medema et al., 2010). However, while this method is convenient for understanding
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the metabolic flow in industrial strains, these strains have been obtained through
heavy mutagenesis and selection programs; therefore, the final results observed might
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Figura 1.1. Validation of the microarray results byRT-qPCR. Quantitative RT-PCR of
genes indicated below using the oligonucleotides shown in Table 3.1.52. The relative values
are referred to 1, assigned relative value for the expression of each gene in S. clavuligerus
ATCC 27064. Error bars were calculated by measuring the standard deviation among biological
replicates of each sample. A) Antibiotic biosynthesis genes. B) Miscellaneous genes indicated
below. C) Validation of the microarray data using the luciferase coupled method. S.
clavuligerus ATCC 27064 (black bars), S. clavuligerus AccaR::tsr (white bars). The numbers
indicate for each gene the relative M, values of S. clavuligerus AccaR::tsr for each gene.
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not be targeted at a particular mutation but derive from indirect effects of randomly
mutated genes.

In this study, we compared the wild type strain S. clavuligerus ATCC 27064 and
a ccaR-deleted mutant obtained by molecular methods (Alexander et al., 1998). As
expected, the clavulanic acid and cephamycin C biosynthesis genes are strongly
downregulated in the mutant in agreement with the activator effect found previously
for CcaR (Pérez-Llarena et al., 1997; Santamarta et al., 2011). These differences are
very marked (a 37-fold decrease in the exponential phase) for all the CA biosynthesis
genes, or the cephamycin biosynthesis genes (559-fold) but lower (average 1.6 fold)
for genes located at the ends of the clusters (orf18, orf19, orf20, pcbR, pbpA), which
are supposed to be involved in B-lactam antibiotic resistance. Interestingly, two genes
encoding B-lactamase inhibitory proteins, blip and blp, are down-regulated in the
mutant. This is the first description of a relationship between CcaR and blip expression,
a gene located outside the CA cluster. According to the transcriptomic data, blip is
expressed as an independent gene. A putative heptameric sequence for CcaR binding
is present 104 bp upstream of blip, suggesting a direct effect of CcaR on the expression
of this gene; however, EMSA analysis has to be performed to confirm this hypothesis.
The function of the blp-encoded protein has not been clearly elucidated (Thai et al.,
2001) but this gene is strongly down-regulated in the ccaR-mutant, perhaps due to a
co-transcription with the ccaR gene located upstream.

Medema et al. (2010) found several uncharacterized gene clusters, including
one for secondary metabolism, that were overexpressed in the high producing strain.
The opposite is found in S. clavuligerus AccaR::tsr, in which all the genes for holomycin
biosynthesis (hImA to himM) are overexpressed (average values of 32-fold) confirming
that the ccaR-knock out mutant produces more holomycin than the wild type strain
(Fuente et al.,, 2002; Robles-Reglero et al., 2013). These results agree with those of
Chen et al. (2009) who reported an overexpression of the filipin biosynthesis genes in
an avel-disrupted mutant unable to produce avermectin and suggest that precursor
and energy flow might be directed to the production of a different secondary
metabolite once the most abundant metabolite pathway has been disrupted.

Expression of the clavams biosynthesis cluster or the ‘paralogous’ clavulanic
acid cluster, including the cvm7 gene, encoding a LAL regulator, was weakly down-
regulated except for the casl and orf8 genes, encoding the clavaminate synthetase 1
isoenzyme and a serine hydroxymethyltransferase, which were strongly
downregulated. This result contrasts with that of Medema et al. (2010) who described
a significant overexpression of all these genes in the CA overproducing mutant that
overexpresses ccaR.
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The effects of CcaR absence on the transcription of S. clavuligerus primary
metabolism genes are validated by the parallel transcription results for S. coelicolor
genes present in the microarray. Clavulanic acid is formed from arginine and a C3-
compound derived from glycerol. All genes for arginine biosynthesis are strongly
downregulated in the mutant suggesting that cells detect the lack of arginine
requirement for CA biosynthesis in the ccaR-deleted mutant and shut down the
arginine pathway. Genes for glycerol utilization (glpF2, glpK2) are expressed in the CA
non producing mutants in the order of 0.4-fold in relation to the control strain, which
is a small reduction if compared to the two-fold expression increase observed for these
genes by Medema et al. (2010) in the high clavulanic acid-producing strain; however,
our result in the gap2 gene, for glyceraldehyde-3-phosphate dehydrogenase 2,
indicates that this gene is down-regulated (0.16-fold), confirming what was observed
by Medema et al. (2010) in the high CA producing strain and the relevance of gap2-
disruption in increasing the glyceraldehyde-3-phoshate required for CA production (Li
and Townsend, 2006).

In summary, our results confirm most of those previously obtained for a CcaR
overproducing strain. CcaR binds heptameric sequences in many clavulanic acid and
cephamycin C genes. However, no clear heptameric sequences have been found in
nitrogen metabolism genes, genes controlling energy flow or genes for the antibiotic
precursors suggesting that the lack of clavulanic acid and cephamycin C production
directly affects the flow of these pathways.

3.1.5. EXPERIMENTAL PROCEDURES

Culture conditions.

S. clavuligerus ATCC 27064 and the mutants S. clavuligerus AccaR::tsr
(Alexander et al., 1998) and S. clavuligerus ccaR::aph (Pérez-Llarena et al., 1997) were
used in this work. Strain S. clavuligerus AccaR::tsr was chosen for the transcriptomic
experiments since the ccaR was deleted. To determine the more homogeneous and
repetitive conditions for RNA sampling, the wild type strain and S. clavuligerus
AccaR::tsr were grown in SA medium and DNA, cell dry weight and antibiotics
production were analyzed. TSB medium (100 ml) was inoculated with 1 ml of frozen
mycelia and the culture was grown to an ODggnm Of 6.5. This culture was used to
inoculate (5% v/v) 500 ml baffled flasks containing 100 ml of semi-defined SA medium
(starch-asparagine) (Aidoo et al., 1994). The cultures were maintained at 282C with
220 rpm shaking. Exponential phase sampling was done when the cultures reached a
DNA content of 75 and 80 pg/ml in the wild type and the mutant (24 and 32 h,
respectively) and 160 and 170 pug DNA/ml in the wild type and the mutant for the early
stationary phase (40 and 50 hours, respectively) (Figure 3.1.1).
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RNA isolation and purification.

Samples (2 mL) from S. clavuligerus ATCC 27064 and S. clavuligerus AccaR::tsr in
the exponential and stationary growth phase in SA medium were stabilized with two
volumes of RNA Protect Bacteria Reagent (Qiagen) for 5 min, then 1% pB-
mercaptoethanol was added. The samples were treated as indicated by Alvarez-
Alvarez et al. (2013).

Labelling and Microarray hybridizations

S. clavuligerus microarrays were obtained from Agilent Technologies, in the
Agilent 8x15K format. They include S. clavuligerus quadruple probes for about 800
genes and intergenic regions of some clusters involved in secondary metabolism, and
also duplicated probes for 7728 chromosomal genes (out of 7825) of the S. coelicolor
genome. Four biological replicates were made for each condition (two strains and two
growth times). Labelling reactions were performed according to the recommendations
described by BioPrime® Array CGH Genomic Labeling Systems (Life Technologies). Total
RNA was labelled with Cy3-dCTP (Amersham) using random primers and Superscript Il
reverse transcriptase (Invitrogen). gDNA was labelled with Cy5-dCTP (Amersham) from
random primers extended with the Klenow fragment of DNA polymerase (Roche). The
final products were purified with MinElute columns (Qiagen) and labelling efficiencies
were quantified spectrophotometrically. Cy3-cDNA (300 ng) and Cy5-labeled gDNA (10
pmol) were mixed, vacuum dried, resuspended in 32 pL of hybridization solution
(Agilent) and applied on the microarray surface. Hybridizations were carried out at
552C and extended to 60 h to improve the quality of the results (Sartor et al., 2004).
Washing, scanning with an Agilent DNA Microarray Scanner G2565BA and image
quantification were carried out as indicated previously (Rodriguez-Garcia et al., 2007).

Identification of differentially transcribed genes and transcription profile
classification.

Microarray data were normalized and analyzed with the Bioconductor package
limma (Smyth and Speed, 2003; Smyth, 2004). Weighted median was applied within
arrays. Weights were assigned as follows: 1, probes corresponding to S. coelicolor
genes showing a raw Cy3 intensity value higher than 2000; 0.25, probes corresponding
to S. clavuligerus genes; 0, the remaining probes. The normalized log, of Cy3/Cy5
intensities is referred to as the Mg value, which is proportional to the abundance of
transcripts for a particular gene (Mehra et al., 2006). The procedure by Smyth et al.
(2005) to include the information from within-array replicates was applied to the set of
quadruple probes. The M, transcription values of the four experimental conditions
were compared using two contrasts, mutant vs. wild-type, corresponding to the two
studied growth phases (exponential and stationary). For each gene, the M. value is the
binary log of the differential transcription between the mutant and the wild strain. A
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positive M. value indicates upregulation, and a negative one, downregulation. False-
discovery rate (FDR) correction for multiple testing was applied. A result was
considered as statistically significant if the FDR-corrected p-value <0.05. The
microarray data have been deposited in NCBI-GEO Database under accession number
GSE51435.

RT-qPCR

The oligonucleotide primers used in this work are shown in Table 3.1.52
(Supporting Information). All PCR reactions were performed using total DNA of S.
clavuligerus strains as a template in a T-gradient (Biometra) thermocycler. The PCR
reaction (30 ul) was performed as described by Kieseret al. (2000), and contained 300
ng DNA template, 0.5 mM each oligonucleotide, 28 mM each dGTP and dCTP, 12 mM
each dATP and dTTP, 1 mM MgCl,, dimethylsulfoxide 5%, and 0.8 U Taq DNA
polymerase. The amplification programme was as follows: after a step of 95°C for 30 s,
the annealing temperature was reduced in a touch-down of 1°C from 60°C to 55°C in
one cycle, with an annealing time of 30 s; an annealing temperature of 55°C was used
in the next 25 cycles with an extension step of 1 min at 72°C. Quantification and purity
analysis of all PCR products was determined using a NanoDrop ND-1000
Spectrophotometer (Thermo Scientific).

Gene expression analysis by RT-qPCR was performed as previously described
(Lopez-Garcia et al., 2010). S. clavuligerus RNA was obtained in the same way as that
used for microarray experiments. RNA samples were prepared using RNeasy mini-spin
columns. The samples were treated with DNase | (Qiagen) and Turbo DNase (Ambion)
to eliminate DNA. Negative controls on RT-gPCR amplification (to confirm the absence
of contaminating DNA) were carried out with each set of primers. The efficiency of the
primers used was measured by serial dilution of genomic DNA as template. Relative
quantification of gene expression was performed by the AAC; method (Livak and
Schimittgen, 2001), using the constitutive housekeeping gene hrdB as reference
(Buttner et al., 1990).

Luciferase assay

For luciferase reporter analysis, promoter regions were amplified with primers
containing Ndel and BamHI restriction sites (Table S2) to clone the promoters in the
ATG codon of the /uxA gene in pLUXAR-neo. Cultures of S. clavuligerus exconjugants
harbouring the promoter—probe constructs were carried out in SA medium. Sample
treatment and the luciferase assays were done as described by Pérez-Redondo et al.
(2012). At least two different cultures from the same strain were analysed for
luminescence production and measured in triplicate.
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3.2.1. ABSTRACT

A large part (21%) of the wild type S. clavuligerus genome is located in a 1.8 Mb
megaplasmid that greatly influences secondary metabolites biosynthesis even if the
secondary metabolites are chromosomally encoded. The megaplasmid copy number
may change depending on the nutritional and environmental conditions. The S.
clavuligerus oppA2::aph mutant described by Lorenzana et al. (2004) does not form
aerial mycelium, spores and clavulanic acid, but overproduces holomycin.
Transcriptomic studies, PCR, gPCR and RT-gPCR analysis showed that S. clavuligerus
oppA2::aph has a drastically reduced number of copies (about 25.000-fold lower than
the parental strain) of plasmids pSCL1 (10.5 kb), pSCL2 (149.4 kb) and the megaplasmid
pSCL4 (1.8 Mb). To clarify the role of the linear plasmids and the function of OppA2 in
S. clavuligerus oppA2::aph we constructed oppA2 mutants which contained: i) a
normal copy number of the linear plasmids, ii) completely lack of the linear plasmids,
and iii) a parA-parBpscia mutant what resulted in lack of pSCL4. In addition, a strain
with a functional oppA2 gene was constructed lacking the megaplasmid pSCL4. The
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results confirmed that the oppA2 gene is essential for clavulanic acid production,
independently of the presence or absence of linear plasmids, but oppA2 has little
relevance on differentiation. We demonstrated that the lack of sporulation of S.
clavuligerus oppA2::aph is due to the absence of linear plasmids (particularly pSCL4)
and the holomycin overproduction is largely due to the lack of pSCL4 and is stimulated
by the oppA2 mutation.

3.2.2. INTRODUCTION

S. clavuligerus ATCC 27064 is the producer organism of two important
compounds used in clinic, the B-lactam antibiotic cephamycin C and the B-lactamase
inhibitor clavulanic acid (CA) (Baggaley et al., 1997; Liras et al., 2011). Genes for the
biosynthesis of both compounds are located side by side in the 6.76 Mb S. clavuligerus
chromosome (Ward and Hodgson, 1993) and share a common SARP-type regulatory
gene (ccaR) (Pérez-Llarena et al.,, 1997). Also located in the chromosome is the gene
cluster for holomycin (Li and Wals, 2010; Robles-Reglero et al, 2013) a
dithiolopyrrolone compound, described as RNA polymerase inhibitor (Oliva et al.,
2001), with antitumoral properties (Webster et al., 2000; Li et al., 2007). In addition, S.
clavuligerus has the potential to produce up to 48 putative secondary metabolites
(Medema et al., 2010) including polyketides (PK), non-ribosomal peptides (NRP), mixed
PK-NRP compounds and terpenes.

The S. clavuligerus genome appears to be dynamic containing several small and
one very large linear plasmid that might recombine with the chromosome. Three small
linear plasmids, pSCL1 to pSCL3 of 10.5, 149.4 and 444.2 kb, have been described in S.
clavuligerus ATCC 27064 (Wu and Roy, 1993; Netolitzky et al., 1995). However, only
the replicons for pSCL1 and pSCL2 have been identified in S. clavuligerus genome
sequence (Medema et al., 2010; Song et al., 2010) while pSCL3 has been only detected
by pulse field electrophoresis and might have been integrated in the chromosome.
Sequencing of S. clavuligerus genome revealed a new large linear plasmid of 1.8 Mb,
named pSCL4, packed with 25 gene clusters for secondary metabolites. The pSCL4
megaplasmid does not seem to have genes essential for primary metabolism, it
contains a replication origin different from that of the chromosome and is supposed to
be dispensable (Medema et al., 2010). However, no studies are available on the effect
of complete removal of pSCL4 on growth, morphology or the production of secondary
metabolites encoded by chromosomally located gene clusters.

In previous studies on clavulanic acid biosynthesis we constructed by gene
disruption the mutant S. clavuligerus oppA2::aph (Lorenzana et al., 2004). The oppA2
gene is located in the clavulanic acid gene cluster and encodes an oligopeptide
permease (Mellado et al., 2002). The OppA2 protein of S. clavuligerus has been
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crystallized and found to bind in vitro arginine and, probably, arginine containing
intermediates of the clavulanic acid pathway (Mackenzie et al., 2009). Disruption of
oppA2, results in lack of production of clavulanic acid but, interestingly, the original
mutant overproduces large amounts of holomycin, a compound undetectable in the
wild type strain cultures (Fuente et al., 2002); this report was one of the first examples
of the awakening of expression of a silent gene cluster in Streptomyces. The original
oppA2 mutant shows a bald phenotype (Lorenzana et al., 2004). In the present study
we compare the S. clavuligerus oppA2::aph mutant with the wild type strain using
transcriptomic and gPCR techniques and we prove that only trace amounts of the
plasmids pSCL1, pSCL2 and pSCL4 are present in this mutant. The wild type S.
clavuligerus ATCC 27064 and the original mutant S. clavuligerus oppA2::aph have been
used to get strains completely devoid of pSCL4 or devoid of the three plasmids.
Particularly, S. clavuligerus mutants deleted in the pSCL4 parA-parB genes
(SCLAV_p0885 and SCLAV p0884) led to the complete loss of this plasmid. The
behaviour of these linear plasmid-free strains indicates that the linear plasmids have
an important role on secondary metabolites biosynthesis and differentiation.

3.2.3. MATERIALS AND METHODS

Culture conditions and strains.

The origin and characteristics of the Streptomyces strains used in this work is
shown in Table 3.2.1. To start Streptomyces seed liquid cultures the strains were
grown in 100 ml of TSB (Tryptic Soy Broth) medium at 282C and 220 rpm for 24 h.
These seed cultures were used to inoculate (5% v/v) 500 ml baffled flasks containing
100 ml of defined SA medium (Starch-Asparagine) (Aidoo et al., 1994) and the culture
was grown for 84 hours under the same conditions. ME medium (Lorenzana et al.,
2004) was used to test sporulation and aerial mycelium formation. The strains used in
this work are listed in Table 3.2.1.

Antibiotics assays.

Clavulanic acid and cephamycin C were quantified as indicated by Pérez-
Redondo et al. (1998). Holomycin was determined by bioassay against Micrococcus
luteus ATCC 9341 and by HPLC as described by Fuente et al. (2002).

S. clavuligerus oppA2::aph protoplasts formation and regeneration.

S. clavuligerus oppA2::aph was grown for 36 h in 100 ml TSB medium at 282C
and 220 rpm to an optical density (O.D.gg0 nm) Of 7 to 10. Ten ml of this culture were
used to inoculate 50 ml of YEMEG medium (Garcia-Dominguez et al., 1989)
supplemented with glycine (8 mg/ml). After 48 h the cells were washed with sucrose
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(10.3%), resuspended in 2 ml of “P buffer” containing lysozime (1 mg) and kept at 302C
for 30 min. The protoplasts obtained were washed three times with “P buffer”,
adequately diluted in “P buffer” and plated on R2YEG plates (Kieser et al., 2000) in
which the glucose was substituted by glycerol, since S. clavuligerus is unable to utilize
glucose (Garcia-Dominguez et al., 1989).

Strain Origin Characteristics of the strain

S. clavuligerus ATCC 27064 ATCC Wild type strain.

Clavulanic acid non-producer, holomycin
Lorenzana et overproducer strain. Kanamycin resistant.
al.,, 2004 Non sporulating strain. Carry low copy
number of pSCL1, pSCL2 and pSCL4.

S. clavuligerus oppA2::aph
(renamed S. clavuligerus
oppA2::aph pSCL"")

Clavulanic acid non-producer, holomycin

S. clavuligerus oppA2::aph overproducer strain. Kanamycin resistant.

pSCL B T Non sporulating strain. It lacks pSCL1, pSCL2
and pSCLA4.
Clavulanic acid non-producer, holomycin low
S. clavuligerus AoppA2::acc . producer strain. Apramycin resistant. Carry
This work
pscL* normal copy number of pSCL1, pSCL2 and
pSCLA4.
S. clavuligerus pSCL4 This work Holomycin producer strain. Non sporulating.
Clavulanic acid non-producer, holomycin
S. clavuligerus AoppA2::acc This work overproducer strain. Apramycin resistant.

pSCL4 Non sporulating. Carry normal copy number
of pSCL1 and pSCL2. It lacks pSCL4.

Wangetal.,, Clavulanic acid, cephamycin C non producer.

. clavuli AccaR:: . .
3. clavuligerus AccaR::tsr 2004 Thiostrepton resistant.

Table 3.2.1. Characteristic of the Streptomyces strains used in this work

Construction of plasmid-free and oppA2 mutants

S. clavuligerus oppA2::aph pSCL. This plasmid-free strain (lacking pSCL1, pSCL2
and pSCL4) derives from the original S. clavuligerus oppA2::aph pSCL'OW
obtained by protoplasts regeneration. The colonies obtained after protoplasts
regeneration were grown in TSA and ME plates. DNA from twenty four clones was
separately purified and tested for PCR amplification of SCLAV_p1328, SCLAV_p0126
and SCLAV_p1452 genes, located at each end of pSCL4. None of the 24 clones analyzed
gave amplification bands after 35 PCR cycles for SCLAV_p0126, SCLAV_p1328 and
SCLAV_p1452 whereas using DNA from the wild type strain the expected 413 bp, 430

and was
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bp and 421 bp DNA bands corresponding to each gene amplification were observed.
The strain was deposited in the University of Leon culture collection under the number
ULCC-701.

S. clavuligerus AoppA2::acc pSCL*. A SuperCosl S.clavuligerus ATCC 27064
cosmid library was used to locate cosmids containing the clavulanic acid gene cluster

using the PCR amplified orf14-oppA2-orf16 genes as probe. Additional mapping with
restriction endonucleases and hybridization with other CA gene internal probes
demonstrated that cosmid D11-7 contained the whole CA cluster. Gene deletion of
oppA2 was performed on the wild type S. clavuligerus ATCC 27064 using the Redirect
Method (Gust et al., 2002) and the oligonucleotides shown in Table 3.2.51. Four
exconjugants designed S. clavuligerus AoppA2::acc pSCL" were obtained. Each of them
was tested for the adequate antibiotic resistance and confirmed by PCR and Southern
hybridization; in addition, all the exconjugants were grown separately in liquid cultures
and antibiotic production was studied to prove that they were identical.

S. clavuligerus pSCL4’, devoid of the megaplasmid. The proteins encoded by the

parA-parB genes of pSCL4 are only 30-40% identical to those encoded by the parA-
parB genes of the chromosome suggesting that they are not able to complement each
other. Using cosmid D10-10, in which the pSCL4 parA-parB genes are centrally located,
oligonucleotides parAB-D and parAB-R and the Redirect® system we obtained three S.
clavuligerus exconjugants apramycin resistant, kanamycin sensitive. The clones
(previously tested by PCR to confirm the substitution of the parA-parB genes in pSCL4
by the apramycin cassette), were grown in ME medium to allow sporulation. Spores
were isolated, and individual clones were tested for growth in the presence and
absence of apramycin. Most of the colonies apramycin sensitive showed a smaller size
and were candidates as pSCL4-free clones. The lack of pSCL4 was tested as indicated in
Results. The strain was deposited in the University of Leon culture collection under the
number ULCC-702.

S. clavuligerus AoppA2::acc pSCLA". This double deletion strain was obtained as

indicated before for S. clavuligerus AoppA2::acc pSCL" but using S. clavuligerus pSCL4’,
devoid of pSCL4, instead of the wild type strain as starter strain.

RNA isolation and purification.

Samples from the Streptomyces cultures were stabilized with two volumes of
RNA Protect Bacteria Reagent (Qiagen) for 5 min, then 1% B-mercaptoethanol was
added. After 10 min the samples, in a cryogenic bath, were sonicated with 6 pulses of
30 s in a XL2020 Sonifier, set at 3.5 volts. The preparation was extracted with one
volume of phenol/chloroform-isoamylic alcohol and the aqueous-phase was applied to
RNeasy Mini Kit Columns (Qiagen) according to the manufacturer’s instructions. RNA
preparations were incubated with DNasel (Qiagen) to eliminate DNA contamination.
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Sample quantification was done with a NanoDrop ND-1000 UV-Vis Spectrophotometer
and the integrity of the RNA was determined in a Bioanalyzer 2100 (Agilent
Technologies). Only RNAs with an RNA integrity value above 7.0 were used.

Polymerase chain reactions (PCR) and RT-PCR analysis

Oligonucleotide primers used in this work are shown in Table 3.2.51. All PCR
reactions were performed in a T-gradient (Biometra) thermocycler using total DNA as
template. The PCR reaction, performed as described by Kieser et al. (2000), contained
in 30 pl volume: 30 nM DNA template, 0.2 mM dNTP’s each, 1 mM MgCl,, 4% dimethyl
sulfoxide (DMSO) and 0.1 unit Go Tag Polymerase (Promega). The amplification
program was as follows: after a step of 95°C for 30 s, the annealing temperature was
reduced in a one cycle touch-down of 1°C from 68°C to 60°C; an annealing
temperature of 72°C was used next (between cycles 20 and 35) with an extension step
of 10 min at 72°C. Quantification and purity analysis of all PCR products was
determined using a NanoDrop ND-1000 190 Spectrophotometer (Thermo Scientific)
and the fidelity of the amplification was confirmed by sequencing. Gene expression
was studied by RT-PCR (Santamarta et al., 2007; Lépez-Garcia et al., 2010) using gene
specific primers (Table S1). Negative controls to confirm the absence of contaminating
DNA were carried out with each set of primers. cDNA was prepared using 200 ng RNA
as template, oligonucleotides at 4 pg each, Superscript™ One-Step RT-PCR mixed
Platinum® Taq (Invitrogen) 0.3 ul and 0.05% DMSO 1 pl. The retrotranscription
reaction was performed at 552C for 30 min. The samples were denaturalized at 942C
for 2 min and then were amplified using 30 PCR cycles as follows: denaturation at 942C
for 30 s, hybridization for 30 s at the optimal temperature according to the primers,
extension 15-30 s at 722C, and a final extension of 10 min at 722C. Negative controls
contained Platinum Tag (0.18 ul) instead of the Superscript™ One-Step RT-
PCR/Platinum® Taq mixture.

Quantitative RT-PCR (qRT-PCR) and qPCR.

Gene expression analysis by qRT-PCR was performed as previously described
(Lépez-Garcia et al., 2010) using RNA obtained as described above. Detection of
plasmids pSCL1, pSCL2 and pSCL4 in the strains was performed by qPCR (Lee et al.,
2006) using 2 ng of gDNA template.

Labelling and Microarray Hybridizations.

S. clavuligerus microarrays were obtained from Agilent Technologies, in the
format of Agilent 8x15K. They include quadruple probes for about 800 genes and
intergenic regions of some clusters involved in secondary metabolism. In addition, they
included duplicated probes for 7728 chromosomal genes (out of 7825) of S. coelicolor
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genome. Culture conditions were optimized using SA medium and RNA was extracted
at the exponential and early stationary growth phase of the cultures of S. clavuligerus
ATCC 27064, S. clavuligerus oppA2::aph and S. clavuligerus AccaR::tsr. Four biological
replicates were made for each condition. Labelling reactions were performed
according to the recommendations described by BioPrime® Array CGH Genomic
Labeling Systems (Life Technologies). Total RNA was labelled with Cy3-dCTP
(Amersham) using random primers and SuperScript™ Il reverse transcriptase
(Invitrogen). gDNA was labelled with Cy5-dCTP (Amersham) from random primers
extended with the Klenow fragment of DNA polymerase (Roche). The final products
were purified with MinElute columns (Qiagen) and labelling efficiencies were
quantified spectrophotometrically. Cy3-cDNA (300 ng) and Cy5-labeled gDNA (10
pmol) were mixed, vacuum dried, resuspended in 32 pl of hybridization solution
(Agilent) and applied on the microarray surface. Hybridizations were carried out at
552C and extended to 60 h to improve the quality of the results (Sartor et al., 2004).
Washing, scanning with an Agilent DNA Microarray Scanner G2565BA, and image
quantification were carried out as reported previously (Rodriguez-Garcia et al., 2007).

Identification of differentially transcribed genes and transcription profile
classification.

Microarray data were normalized with the Bioconductor package limma (Smyth
and Speed, 2003; Smyth, 2004). Weigthed median was applied within arrays. Weights
were assigned as follows: 1, probes corresponding to S. coelicolor genes showing a raw
Cy3 intensity value higher than 2000; 0.25, probes corresponding to S. clavuligerus
genes; 0, the rest of probes. The normalized log2 of Cy3/Cy5 intensities is referred as
the Mg value, which is proportional to the abundance of transcripts for a particular
gene (Mehra et al., 2006). The information from within-array spot duplicates (Smyth et
al., 2005) and empirical array weights (Ritchie et al., 2006) were taken into account in
the linear models (Smyth, 2004).

The transcription results of the six experimental conditions were compared
using four contrasts. For each contrast p-values and Mc values (log measure of the
differential transcription between a specific mutant and the wild strain) were
calculated. False-discovery rate (FDR) correction for multiple testing was applied. For
each contrast or comparison between two experimental conditions, a result was
considered as statistically significant if the FDR-corrected p-value was <0.05. Mc
positive values indicates a downregulation, and Mc negative values indicates up
regulation.
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3.2.4. RESULTS

Transcriptomic studies in S. clavuligerus oppA2::aph revealed that the pSCL4-
and pSCL2-located genes are poorly expressed in this strain.

A transcriptomic study was made to compare the original mutant S. clavuligerus
oppA2::aph with the wild type strain, S. clavuligerus ATCC 27064. The microarrays used
contained 800 genes for secondary metabolites biosynthesis, nitrogen and carbon
utilization, arginine biosynthesis and all those genes known previously to the S.
clavuligerus genome sequencing project.

Two culture times were chosen for the transcriptomic studies, i.e. exponential
phase (t1) and stationary phase of growth (t2) in SA medium. No significant differences
in the transcription of most of the genes for clavulanic acid biosynthesis were found
between the wild type strain and the original oppA2-disrupted mutant (not shown).
Forty seven of the 800 S. clavuligerus genes studied in the microarray (Table 3.2.2) are
located in plasmid pSCL2, and forty genes belong to the megaplasmid pSCL4 (Table
3.2.3) but it lacks genes of pSCL1. Strikingly, all the genes located in either of these
linear plasmids showed significant changes and 99% of them were underexpressed.
The average Mc values for genes located in pSCL2 was -2.35 and -2.34 at the
exponential and stationary phase of growth, and those located in pSCL4 showed
average Mc values of -2.57 and -3.17 at these two times. These results indicate an
decrease in expression of the plasmid-encoded genes in S. clavuligerus oppA2::aph
ranging from 5,06-fold (Mc -2.34) to 9-fold (Mc -3.17).

To validate the transcriptomic results 11 genes strategically separated in the
megaplasmid pSCL4 were tested by RT-PCR (Fig. 3.2.1A) using RNA extracted at the
exponential phase of growth. The genes chosen have diverse functions including
regulators, ferredoxin-related proteins, sigma factors, a GInT-like protein or a SAM-
dependent methyltransferase (Fig. 3.2.1B). As shown in Fig. 3.2.1A all these genes,
with the exception of SCLAV_p1328 showed a good amplification in the wild type
strain. In contrast none of the RNAs obtained from S. clavuligerus oppA2::aph at both
culture times gave amplification. These results confirmed the previous transcriptomic
analysis and demostrated that in the oppA2 mutant the megaplasmid pSCL4-encoded
genes are expressed at very low levels or not expressed at all.

These lower values of expression of the plasmid genes in the original oppA2
mutant may be explained by an unknown general mechanism of regulation of all the
genes in the plasmids or, alternatively, might be due to lower plasmids copy number
and therefore, reduced levels of the mRNA’s encoded in the oppA2::aph disrupted
strain.
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Gene (SCLAV_): PRODUCT Mc FDR Mc FDR Mc FDR Mc FDR
p0032. MMPL domain precursor 0,08 9,88 ™ 0,02 9,90E™| -0,45 8,028 021 911"
P0126: Hypothetical protein 3,55  6,98E%° 0,28 496" | -3,67 5,127 0,15 6,20
p0353: Acetyltransferase 0,81 842" 0,26 3,33"| -083 2,298 0,05 9,07
p0528:Putative lysR-family regulator -1,68  9,63” 0,15 9,076 | -2,26 1,976 -1,22  4,45”
p0713:Ferredoxin 2[4Fe-4S] related protein -1,41 2,96 0,86 516" | -2,14 2,40 0,46  2,36E™
p0828:Oxygenase-reductase PgaM -3,79 9,566 0,42 3,426 | -404 8,136 -1,24  1,36™
p1090:Putative RNA polymerase sigma factor 41,09 9,20e” 0,22 836E™| -1,28 2,546 -1,16  4,15%
p1250:Regulatory protein, LuxR:TPR repeat -1,15 5,356 0,53 504E™| -1,88 4,13 2,17 4,95e%
p1328:5AM-dependent O-methyltransferase 2,03 343”044 7,79™| -2,84 1,076® -1,70  5,136%
p1452:GInT-like protein (EC 6.3.1.2) 339  3,70e®  -0,60 3,33E”| -4,50 2,246 -1,54  1,60e™
p1539:Related to folylpolyglutamate synthase | -3,01 1,256™ -048 3,176 | -4,70 8,86 2,38 1,76™

Figure 3.2.1. Expression of genes located in the megaplasmid pSCL4 of S. clavuligerus.
A) Map of pSCL4. In each case the location and name of the gene studied by RT-PCR is
indicated. The RT-PCR analysis corresponds to 24 h cultures in SA medium of S. clavuligerus
oppA2::aph pSCL" (2) and S. clavuligerus ATCC 27064 (3). B) Microarrays expression values of

the eleven genes tested in pSCL4 in S. clavuligerus oppA2::aph pSCL

low

and S. clavuligerus

AccaR. C) PCR amplification of the parAysci> gene in: (1) S. clavuligerus oppA2::aph pSCL®" (1),
S. clavuligerus ATCC 27064 (2), S. clavuligerus Noppa2::acc pSCL' (3,4), S. clavuligerus AccaR
(5,6). Negative control without DNA (7).
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Figure 3.2.2. Quantification of S. clavuligerus plasmids by PCR and qPCR. A) PCR
amplification of the 11 genes studied in Fig. 3.2.1 (in the same order) after 20 PCR cycles (left
panel) and 35 cycles (right panel) of amplification using total DNA from S. clavuligerus ATCC
27064 (upper panels) or S. clavuligerus oppA2::aph pSCL®" (lower panels). B) Amplification
curves of the gPCR for the parA,sci» gene, located in pSCL2, brp gene, located at pSCL4 and the
chromosomal adpA gene in the three strains studied. C) Relative amount of DNA for pSCL1
gene (SclaA2_010100027590 and SclaA2_010100027570), pSCL2 gene (parApscio
SclaA2_010100027930, SclaA2_010100028210, SclaA2_010100027690), brp, traA and parB (all
in pSCL4) and the chromosomal adpA gene in S. clavuligerus AccaR (gray bars), and S.
clavuligerus oppA2::aph pSCL" (black bars).
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Plasmids pSCL1, pSCL2 and pSCL4 are present in very low copy number in the
S. clavuligerus oppA2::aph.

The presence of the plasmids pSCL4 and pSCL2 in the oppA2 mutant was also
tested by PCR (Figs. 3.2.1C and 3.2.2A) with the oligonucleotides used for the qRT-PCR
experiment. No amplification of the 11 genes located in pSCL4 was observed after 20
cycles of PCR amplification in S. clavuligerus oppA2::aph, while clear bands were
detected in the wild type strain (Fig. 3.2.2A) and also in the control strain S.
clavuligerus AccaR::tsr (not shown). However, when the number of PCR cycles was
increased to 35 cycles, clear amplification bands were found also in the oppA2-
disrupted mutant (Fig. 3.2.2A). Three of the bands were sequenced and found to
correspond to the expected genes. This amplification after a large number of cycles
suggests that the multicellular hyphae of S. clavuligerus oppA2::aph contained a very
low copy number of the megaplasmid pSCL4, but is not completey devoid of it. To
confirm this hypothesis, gPCR analysis of genes located in these plasmids was made as
described by Lee et al. (2006). gPCR quantification efficiency curves were obtained for
genes of pSCL2 (parApsc,,  SclaA2_010100027930, SclaA2_010100028210,
SclaA2_010100027690), genes of pSCL4 (parBgscis, traA) involved in plasmid stability
and for genes involved in regulation of antibiotic production (brp) (Fig. 3.2.2B and C)
and two genes located in pSCL1 (SclaA2_010100027590 and SclaA2_010100027570).
No genes have been ascribed so far to plasmid pSCL3 which has only been detected by
pulse field electrophoresis (Netolitzky et al., 1995) and whose identity is unclear. As
control for the qPCR the chromosomal genes adpA and hrdB (not shown) were used.
Amplification of parAgsci,, located in pSCL2, was twenty-five thousand-fold lower in S.
clavuligerus oppA2::aph than in the wild type strain and other genes tested were in the
order of ten thousand fold lower. Similarly, as shown by qPCR, brp, traA and parBgscia,
located in the megaplasmid pSCL4, were present only in trace amounts (10* lower
concentration than in the parental strain) as occurs with the genes located in pSCL1. In
contrast, in the control strain S. clavuligerus AccaR::tsr (lacking the specific SARP
regulator CcaR), all the genes tested were present in a number of copies similar to
those of the wild type strain (Fig. 3.2.2C). Consequently, the strain S. clavuligerus
oppA2::aph was renamed S. clavuligerus oppA2::aph pSCL'°W because it contains a very
low number of copies of all plasmids.

Characteristics of S. clavuligerus-derived strains constructed to discriminate
the effects due to oppA2 and to the lack of plasmids.

In order to discriminate between the effects produced by the oppA2 mutation
and the lack of plasmids in S. clavuligerus we constructed the strains indicated in Table
3.2.1. The three strains indicated below knocked-out in oppA2 were unable to produce
clavulanic acid, although they are different in other characteristics as follow:
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S. clavuligerus DoppA2::acc_pSCL', obtained from the wild type strain S.

clavuligerus ATCC 27064 by deletion of oppA2, contains a copy number of plasmids
pSCL1, pSCL2 and pSCL4 identical to that of the wild type strain (as determined by
gPCR, not shown), produced aerial mycelium and sporulated in ME plates as the wild
type strain. It has a growth pattern similar to that of the wild type strain. This strain
lacks a functional oppA2 gene but has two important phenotypic differences with
respect to the original oppA2 mutant, i.e. the normal ability to sporulate (Fig. 3.2.3)
and a weak yellow color (lower holomycin production) of the colonies in SA medium.
These results indicate that the oppA2 mutation of the original S. clavuligerus
oppA2::aph pSCL®" is not responsible for the high production of holomycin.

Figure 3.2.3. Effect of the presence of plasmids on the morphologic differentiation of
S. clavuligerus strains. The strains were grown in ME plates. 1) S. clavuligerus ATCC 27064, 2)
S. clavuligerus DoppA2::acc pSCL*, 3) S. clavuligerus NoppA2::acc pSCL4™ 4) S. clavuligerus
pSCL4" and 5) S. clavuligerus oppA2::aph pSCL .

S. clavuligerus oppA2::aph pSCL, obtained by protoplast regeneration of the

original S. clavuligerus oppA2::aph pSCL'°W, it completely lacks pSCL1, pSCL2 and pSCL4
as determined by gRT-PCR of genes internal to these plasmids. This strain does not
sporulate (Fig. 3.2.3).

S. clavuligerus pSCL4 . Colonies with reduced growth, obtained by deletion of

the parA-parBpscia genes, as indicated in Materials and Methods, were shown to lack
the megaplasmid pSCL4. Plasmid genes brp, traA and parByscia and the chromosomal
adpA and hrdB genes, as control, were amplified. While PCR amplification of the
chromosomal genes was in the same level than in the wild type strain (Fig. 3.2.4),
amplification of 9 genes located in pSCL4 did not give amplification after 35 cycles of
PCR. However, plasmids pSCL1 and pSCL2 were present in this strain, as shown by the
normal amplification of pSCL1 genes (SclaA2_010100027590 and
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SclaA2_010100027579) and pSCL2 genes (parApsciz and SclaA2_010100028210).
Therefore, the strain obtained was named S. clavuligerus pSCL4™ (Fig. 3.2.4). These
results indicates that the different linear plasmids have distint parA-parB genes.

S. clavuligerus AoppA2::acc pSCL4A™ was obtained from S. clavuligerus pSCL4™ by
deletion of the oppA2 gene.

These two last strains, which lack the megaplasmid pSCL4, did not sporulate
and showed a poor aerial mycelium formation ability (Fig. 3.2.3). Since the only
common characteristic of the three strains, and the only difference with plasmid-
containing S. clavuligerus AoppA2::acc pSCL', is the lack of pSCL4 we conclude that
plasmid pSCL4 carries genes involved in the control of aerial mycelium formation and
genes essential for sporulation.
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Figure 3.2.4. Linear plasmids present in S. clavuligerus pSCL4". Study of genes located
in pSCL4, pSCL1, pSCL2 and in the chromosome as shown by qPCR. The location of the tested
genes is indicated above.

The growth pattern in defined SA liquid medium was also different. Growth of
S. clavuligerus MoppA2::acc pSCL was slower than that of the wild type strain and the
DNA content of the mycelium (as a measure of the growth) was in the order of 80% of
that of the wild type. Growth of S. clavuligerus NoppA2::acc pSCL4" was even lower
showing average DNA content in the order of 60% of that in the wild type strain.

105



3.2. Resultados. Capitulo IT

Therefore, the lack of plasmids is correlated with a slow growth of the strains. The
plasmid carry genetic information required for optimal growth.

Antibiotic production by plasmid-less strains and oppA2-deleted mutants
carrying a normal plasmid copy number.

Production of cephamycin C and clavulanic acid. Production of cephamycin and

CA by the strains constructed above was tested in liquid defined SA medium. In
general, cephamycin C production was not significantly affected by the absence of
plasmids in the strains (Fig. 3.2.5 right panels).

Clavulanic acid production was slightly reduced (20-30%) by the lack of the
pSCL4 megaplasmid with respect to the wild type strain (Fig. 3.2.5, upper left panel).
However the disruption or deletion of oppA2 resulted in a complete lack of clavulanic
acid production which is not restored by the presence of all the plasmids in S.
clavuligerus NDoppA2::acc pSCL™ (Fig. 3.2.5 middle left panel). Clavulanic acid
biosynthesis only depends on a functional oppA2 gene as shown by comparing S.
clavuligerus pSCL4™ and S.clavuligerus AoppA2::acc pSCL4 (Fig. 3.2.5 lower left panel).
This result confirms previous reports indicating that oppA2 is essential for CA
biosynthesis.

Production of holomycin. Holomycin production (Fig. 3.2.5 central panels) by

the wild type strain is null; however, when plasmid pSCL4 is eliminated from the wild
type strain holomycin production reach 1000 pg/mg DNA (185,4 ug/ml) (Fig. 5 upper
middle panel).The lack of pSCL4 is sufficient for holomycin production. The lack of
pSCL4 in S. clavuligerus NoppA2::acc pSCL4™ or the lack of all the plasmids in S.
clavuligerus oppA2::aph pSCL results in holomycin overproduction up to 1600 pg/mg
DNA (Fig. 3.2.5 central middle panel). The mutation of oppA2 in S. clavuligerus
NoppA2::acc pSCLY, carrying all the plasmids, results in an holomycin production of 400
pug/mg DNA (Fig. 3.2.5 central middle panel) what indicates that OppA2 has some
effect on holomycin production. No great differences in holomycin were observed by
the lack of the small plasmids pSCL1 and pSCL2. However, the production values of S.
clavuligerus MoppA2::acc pSCL4™ and S. clavuligerus oppA2::aph pSCL (which lacks all
plasmids) are about 2.5-fold higher than those observed in the strain S. clavuligerus
AoppA2::acc pSCL' that carries all the plasmids. Therefore, we can conclude that the
mutation in oppA2 results in production of holomycin but the additional loss of pSCL4
increases drastically the production of this antitumoral agent.

106



3.2. Resultados. Capitulo IT

Clavulanic Acid Holomycin Cephamycin C
2000 12000
1600 =
1200} BoooF

— 2000
L
= 6o}
(=] | 1600
(=]
E 120}
o 1200
" A
—
L wf soo}
o -
0
= o
"":‘ 400
o b
NPT = S .
2000,
160§
| 1600
1200
B0O
400

0 20 40 GOj 8O
Time (h)

Figure 3.2.5. Antibiotic production by S. clavuligerus strains with different genetic
background. Cephamycin C production (right panels), clavulanic acid production (left panels)
and holomycin production (central panels). Strains: S. clavuligerus ATCC 27064 (open
squares), S. clavuligerus pSCL4™ (closed squares), S. clavuligerus oppA2::aph pSCL (closed
circles), S. clavuligerus NoppA2::acc pSCL" (open triangles), S. clavuligerus AoppA2::acc pSCL4
(closed triangles). The effect of the presence of plasmid pSCL4 in antibiotic production is
shown in the upper panels. In the middle panels is shown the influence of plasmids pSCL1 and
pSCL2 (closed circles and triangles) on antibiotic production in an oppA2-minus genetic
background, a strain lacking only pSCL4 (open triangles) is included for comparison. The lower
panels show the effect of the oppA2 mutation (closed triangles) on antibiotic production by
two strains lacking plasmid pSCL4.
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3.2.5. DISCUSSION

Linear mini and megaplasmids occur in S. clavuligerus ATCC 27064 (Medema et
al., 2010) and in several other Streptomyces species (Kinashi, 2011). Deletion of
megaplasmids, if they are dispensable, is a valuable strategy to save energy and
precursors of secondary metabolites encoded by genes located in the megaplasmid.
Although three linear small plasmids pSCL1, pSCL2 and pSCL3 have been described
using pulse field electrophoresis (Netolitzky et al., 1995) only pSCL1 and pSCL2 were
clearly identified as separate replicons in genome sequencing (Medema et al., 2010;
Song et al., 2010). Our results on the loss of pSCL1 and pSCL2 confirm that these
plasmids are separate units and not chromosome integrated. The linear megaplasmid
pSCL4 (1.8 Mb) is supposed to derive from the chromosome by double crossover with
a smaller plasmid or by consecutive recombination events (Medema et al., 2010). The
apparent lack of genes for primary metabolism suggested that pSCL4 is a dispensable
plasmid and not a small chromosome.

Although the whi and bld genes, involved in aerial mycelium and spore
formation are located in the S. clavuligerus chromosome, the pSCL” strains were unable
to sporulate indicating that an additional, still unknown gene located in the plasmids is
essential for these morphological changes.

During the study of the original S. clavuligerus oppA2::aph mutant we observed

low

that this strain (now designated S. clavuligerus oppA2::aph pSCL"") has a greatly
reduced number of copies of plasmids pSCL1, pSCL2 and pSCL4, what is responsible for
some of the phenotypical alterations observed in this mutant. The original oppA2
mutant strain shows very high production of holomycin (Lorenzana et al., 2004; Li and
Walsh, 2010), complete lack of clavulanic acid formation and was unable to produce

aerial mycelium and spores.

The reduced copy number of linear plasmids suggested initially a mutation in
the par genes or in other genes involved in plasmids replication or segregation. Each
of S. clavuligerus plasmids has its own set of par genes. These genes are not very
similar to each other and different from the par genes in the chromosome. The parA-
parBpscia genes appear to be relatively stable and difficult to manipulate as shown by
the lack of success of our initial trials to completely delete them. Therefore, the
concomitant lower copy number of the three plasmids, pSCL1, pSCL2 and pSCL4,
suggest that a different gene controlling the copy number of all the plasmids (different
from parA-parB) appears to be spontaneously altered in S. clavuligerus oppA2::aph
pSCL™.

In this work, we constructed plasmid-free strains by protoplasts regeneration of
S. clavuligerus oppA2::aph pSCL
located along the whole length of pSCL4 megaplasmid after 35 cycles of PCR and by

low

as shown by the lack of amplification of genes
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gPCR studies of genes located in the other plasmids. Strains carrying or lacking the
plasmids, allowed to differentiate the role of the oppA2-mutation in plasmid-
containing and plasmid-free backgrounds and highlighted the role of the lack of linear

oW This work confirmed

plasmids in the phenotype of S. clavuligerus oppA2::aph pSCL
that : i) the oppA2 mutation has a role on activating the expression of the silent

holomycin gene cluster.

The loss of plasmids pSCL1, pSCL2 and pSCL4 causes a large increase of
holomycin production by S. clavuligerus oppA2::aph pSCL in relation to S. clavuligerus
AoppA2::acc pSCL'. Similar results were observed with S. clavuligerus AoppAZ2::acc
pSCL4’, obtained after deletion of parA-parBpscia. Therefore, the larger production of
holomycin by these strains suggests that, ii) a repressor of the holomycin cluster is
located in pSCL4. In fact, Kirby (1978) already associated the production of a yellow
pigment (now known to be holomycin) by this strain with the presence of plasmids.
The high production of holomycin by the plasmid-less strain is stimulated by the lack of
OppA2 protein, although the mutation of the oppA2 gene is not strictly required for
holomycin production as shown by the holomycin production of S. clavuligerus pSCL4"
which contains a functional oppA2 gene. Therefore, we can conclude that: iii) the
effect of OppA2 and an holomycin putative repressor encoded by pSCL4 are additive.
The linear plasmids in the wild type S. clavuligerus ATCC 27064 are quite stable in the
absence of genetic manipulation. The pSCL4 deletion appears to be a ramdom
phenomenon; Charusanti et al. (2012) found that only 1 in 14 clones suffered the
reduction in copy number or the loss of pSCL4 when challenged with pathogenic
bacteria (Charusanti et al., 2012). As conclussion of our study it should be borne in
mind that all the mutant strains obtained from S. clavuligerus ATCC 27064 should be
checked for the presence of linear plasmids before a clear characterization of the
effect of the mutations is done.
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3.3.1. ABSTRACT

Clusters for clavulanic acid (CA) biosynthesis are present in the actinomycetes
Streptomyces flavogriseus ATCC 33331 and Saccharomonospora viridis DSM 43017.
These clusters, which are silent, contain blocks of conserved genes in the same order
as those of the S. clavuligerus CA cluster but assembled in a different organization. S.
flavogriseus was grown in nine different media but clavulanic acid production was
undetectable by bioassays or HPLC analyses. RT-PCR of S. flavogriseus CA biosynthesis
genes showed that the regulatory genes ccaR and claR and some biosynthetic genes
were expressed whereas expression of cyp, orf12, orf13 and oppA2 was undetectable.
The ccaR gene of S. clavuligerus was unable to switch on CA production in S.
flavogriseus::[Psy-ccaRc] but insertion of a cosmid carrying the S. clavuligerus CA
cluster (not including the ccaR gene) conferred clavulanic acid production on S.
flavogriseus::[SCos-CA] particularly in TBO and YEME media; these results suggests that
some of the S. flavogriseus CA genes are inactive. The known heptameric sequences
recognized by CcaR in S. clavuligerus are poorly or not conserved in S. flavogriseus.
Quantitative RT-PCR analysis of the CA gene clusters of S. clavuligerus and S.
flavogriseus showed that the average expression value of the expressed genes in the
former strain was in the order of 1.68-fold higher than in the later. The absence of CA
production by S. flavogriseus can be traced to the lack of expression of the essential
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genes cyp, orfl2, orfl3, orfl4 and oppA2. Heterologous expression of S. clavuligerus
CA gene cluster in S. flavogriseus::[SCos-CA] was 11 to 14-fold lower than in the
parental strain, suggesting that the genetic background of the host strain is important
for optimal production of CA in Streptomyces.

3.3.2. INTRODUCTION

Clavulanic acid (CA) is a beta-lactamase inhibitor with clavam structure
produced industrially from cultures of Streptomyces clavuligerus. The CA molecule is
formed by condensation of a five carbon fragment of arginine (the ornithine moiety)
with a three carbon glyceraldehyde-3-phosphate unit ( Khaleeli et al., 1999; Valentine
et al., 1993) by the carboxyethylarginine (CEA) synthase encoded by ceaS2 (Pérez-
Redondo et al., 1999). The product of this condensation, carboxyethylarginine, is
cyclized to proclavaminic acid by the B-lactam synthetase (b/s2) (Bachmann et al.,
1998) and modified in sequential steps by the clavaminate synthetase (cas2) and the
proclavamic acid hydrolase (pah2) that removes the amidino group of arginine to
produce clavaminic acid (Marsh et al., 1992; Aidoo et al.,1994) (Fig.3.3.1A). The known
late steps of the CA pathway involve at least two enzymes, the glycyl clavaminic acid
synthase (encoded by gcaS) forming the peptide-like intermediate N-glycyl-clavaminic
acid. This compound is the precursor of clavaldehyde from which clavulanic acid is
formed by the final enzyme of the pathway, clavaldehyde reductase (Car) (Pérez-
Redondo et al., 1998; Nicholson et al., 1994).

Besides the biosynthetic genes encoding enzymes of the pathway, some
additional genes located in the CA cluster are important for CA production. These
include oppAl1 and oppA2, encoding two oligopeptide permeases; cyp, encoding a
P450 cytochrome monooxygenase and orfl2, encoding a putative lipoprotein.
Disruption of each of these genes led to lack of CA production (Bachmann et al., 1998;
Mellado et al., 2002; Lorenzana et al., 2004). Other genes in the cluster (orf13, orf14
and oat2) are required for maximum CA production but their disruption still allows
some production of the B-lactamase inhibitor (for a review see Liras et al., 2011).

The CA gene cluster of S. clavuligerus is adjacent to the cephamycin C gene
cluster (including 17 genes from bla to pbpR). A SARP-type regulatory gene, ccaR,
controlling clavulanic acid and cephamycin C biosynthesis (Pérez-Llarena et al., 1997a)
is located within the cephamycin C gene cluster. A second regulatory gene, claR, of the
LysR family, located in the CA cluster controls expression of genes for the late steps of
the CA pathway (Pérez-Redondo et al., 1998; Paradkar et al.,1998).

The ability to produce B-lactams and other secondary metabolites is usually
restricted to a few species within different genera (Martin et al., 2000; Martin and
Liras, 2010) and this ability is due to: i) the ancestral assembling of the gene cluster, or
ii) to the acquisition of genes by horizontal transfer either in the same species (there
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are two sets of paralogous clavam genes in S. clavuligerus) or between different
species (Liras et al., 1998). The availability of microbial genomes is revealing the
existance of gene clusters for secondary metabolites which are not expressed. The
awakening of these silent clusters is a challenge for the pharmaceutical industry and
requires understanding of the molecular basis for this lack of expression (Laureti et al.,
2011).

a)
NH__NH,
!:‘ 0, NHy oH
A - = —p —p — o —
[+[}]
W o0oH ceaS2 bls2 pah2 cas2 00N gcas car -
GImeraldshyda- - Clavaminic Clavulanic
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Figure. 3.3.1. Clavulanic acid biosynthesis pathway and gene clusters. A) Scheme of
the clavulanic acid pathway. The genes encoding enzymes involved in the different steps are
indicated. B) Clavulanic acid gene cluster in S. clavuligerus, S. flavogriseus and Sac. viridis. The
transcriptional pattern of the S. clavuligerus cluster is indicated with broken arrows. The
grouped subclusters (blocks A, B and C) referred in the text are enclosed in square boxes. The
regulatory gene ccaR (block C) is indicated with a black filled arrow.

Taking into account the increasing number of fully or partially sequenced
microbial genomes (www.ncbi.nlm.nih.gov) we undertook the search for other
putative CA gene clusters in different microorganisms that may contain (or lack)
additional genes. Our aim was to test production of CA or related compounds in
different media using HPLC and biological assays to determine if those novel CA gene
clusters were expressed.
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In this work the CA cluster of Streptomyces flavogriseus and Saccharomonosora
viridis (hereafter abbreviated as Sac. viridis) was analyzed and production of CA by
these strains in different media was tested using HPLC and biological assays. In
addition, the heterologous expression of S. clavuligerus CA cluster in S. flavogriseus
allowed to identify non-expressed genes what explain the silent nature of the S.
flavogriseus CA cluster.

3.3.3. MATERIALS AND METHODS

Strains and culture conditions.

Streptomyces strains used in this work are described in Table 3.3.1. They were
grown at 282C and 220 rpm in 500 ml baffled flasks containing 100 ml TSB medium for
24 h to an O.D. g0 nm Of 6.5 and used to inoculate (5 % v/v) the final cultures. The
following media were used to grow the Streptomyces species: defined SA and MG as
described by Paradkar et al. (1998) and Doull and Vining (1989). Complex TSB, YEME,
R5 media, MEY or MS as described by Kieser et al. (2000), TBO as described by Higgens
et al. (1974) and ISP4 (Difco ™). Kanamycin (50 pg/ml), thiostrepton (10 pg/ml),
hygromycin (50 pug/ml) and nalidixic acid (25 pug/ml) were added to the cultures when
required.

Clavulanic acid analysis.

Clavulanic acid production was quantified by bioassay using Klebsiella
pneumoniae ATCC 29665 as test strain as indicated by Romero et al. (1984). When
required the bioassays were repeated in plates lacking penicillin G. Broth of the
cultures of S. flavogriseus::[SCos-AC] was derivatized with imidazole as described by
Foulstone and Reading (2005). These samples were analyzed by HPLC in a SunFire
column (5 um, 4.6 x 250 mm, Waters), using an isocratic elution with acetonitrile and
0.1% trifluoroacetic acid in water (10:90), at 1 ml/min. Peaks were detected at 318 nm.
For HPLC-MS analysis, an Alliance chromatographic system coupled to a ZQ4000 mass
spectrometer and an Atlantis T3 column (3 um, 2.1 x 150 mm, Waters) was used.
Samples (10 ul) were injected and eluted with 0.1% formic acid in water during 4 min,
followed by a linear gradient from 0% to 40% acetonitrile over 16 min, at 0.2 ml/min.
MS analysis were done by electrospray ionization in the negative mode, with a
capillary voltage of 3 kV and a cone voltage of 20 V. Clavulanic acid was detected by
selected ion recording at m/z 198. Pure clavulanic acid (Antibiéticos SA, Ledn) was
used as standard.
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Strain

Origin

Characteristics of the strain

S. clavuligerus ATCC
27064

S. clavuligerus AccaR::tsr

S. clavuligerus
(AccaR::tsr):: [Psy,-ccaRy]

S. flavogriseus ATCC
33331

S. flavogriseus:: [Ps,,-

ccaR(]

S. flavogriseus ::[SCos-
CA]

S. flavogriseus ::[Ps,~ccaR(]

::[SCos-CA]

S.coelicolor M 1146

ATCC

Alexander and
Jensen, 1998

This work

ATCC

This work

This work

This work

Gomez-
Escribano and
Bibb, 2011

Wild type strain

Clavulanic acid and cephamycin C non
producer. Thiostrepton resistant.

Clavulanic acid and cephamycin C non
producer. Thiostrepton resistant. It carries,
integrated in the genome the ccaR: gene
expressed from the Ps, promoter.

Wild type strain

Clavulanic acid non producer. It carries the
ccaR: genes the Ps,
promoter of S. coelicolor, integrated in the

expressed from

genome. Hygromycin B resistant.

Clavulanic acid producer. It carries the [SCos-
AC] containing the clavulanic acid gene
cluster of S. clavuligerus integrated in the

genome. Kanamycin and tetracycline
resistant.
Clavulanic acid producer. It carries

integrated in the genome [SCos-AC] and the
ccaRc gene expressed from the Ps,, promoter.
Kanamycin, tetracycline and hygromycin B
resistant.

Strain for expression of heterologous gene
clusters.

Table 3.3.1. Streptomyces strains used in this work.

Nucleic Acid Manipulation.

Oligonucleotides. Oligonucleotides used in this work (Laboratorios Conda,

Madrid) are shown in Table 3.3.51. The oligonucleotides designed to discriminate
orthologous genes of S. clavuligerus ATCC 27064 and S. flavogriseus ATCC 33331 were
tested in both strains to ensure the specific amplification of the analyzed gene.

Isolation of nucleic acid. DNA was obtained by the modified Kirby method as
described by Kieser et al. (2000). RNA was obtained using the RNeasy kit (Qiagen).
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Samples to extract RNA were taken at 24 and 48 hours of culture. The RNA was
quantified in a Nano-Drop spectrophotometer and the integrity analyzed using a
Bioanalyzer 2100 (Agilent Technologies) and the chips included in the RNA 6000 Nano
LabChip® kit (Agilent).

Construction of plasmids [Ps.-ccaRg] and [Ps.-ccaRc]. Using DNA of S.
flavogriseus and the oligonucleotides Sfla_0552-D and Sfla_0552-R (Table 3.3.51) a 854
bp DNA fragment was amplified containing Ncol and Hindlll digestion sizes at the ends.

This DNA fragment, containing the ccaRr gene (Sfla_0552 gene, orthologous to ccaRc)
was ligated to plasmid pUFurReg digested with the same enzymes to introduce ccaR¢
in phase downstream of the constitutive promoter Py, (Ortiz de Orué et al., 2003) to
avoid the regulation by sigma-antisigma factors of ccaR (Bignell et al., 2005). The ccaR¢
containing fragment was isolated with BamHI-Hindlll, filled with Klenow and subcloned
in the EcoRV site of the integrative vector pMS82 (Matthew et al., 2003). The resulting
plasmid, [Ps,-ccaRf] was transformed in E. coli ET12567[pUZ8002], which was later
conjugated with S. clavuligerus AccaR::tsr to give S. clavuligerus (AccaR::tsr)::[Psu-
ccaRg]. To construct [ccaRc.psu] the S. clavuligerus ccaRc gene was amplified by PCR
using oligonucleoties SCLAV_ccaR-D and SCLAV_ccaR-R wich carry at the ends an Ncol
and a Hindlll site, respectively. The following steps were carried out in parallel with
those described for [Ps,-ccaRg].

Location and analysis of the [SCos-CA] cosmid. Two DNA fragments from the

clavulanic acid gene cluster were amplified. They corresponded to: i) a 502 bp DNA
fragment internal to ceaS2 which was amplified with oligonucleotides ceaS2_D and
ceaS2_R, and ii) a 516 bp DNA fragment containing the intergenic region and part of
the orf18 and gca$ genes, which was amplified with oligonucleotides orf18-gcaS_D and
orf18-gcaS_R. The amplified regions were used to scan a SuperCos gene library of S.
clavuligerus DNA (Robles-Reglero and Liras, unpublished results). One cosmid giving
positive hybridization with both probes, analyzed by restriction digestion, PCR of
internal zones and partial sequencing, was found to carry the whole CA gene cluster.
This cosmid, that will be named [SCos-CA], carries an insert including genes from ceaS2
to gca$ but not carry the ccaR gene.

Vector pFL1272, a plJ787-derived plasmid (Eustaquio et al., 2005), was digested
with Xbal and the integration cassette (containing the int and tet® genes, and the att
site of $C31), was isolated and filled with Klenow in the presence of thymines and
cytosines. Cosmid [SCos-CA] was digested at a single site with Hindlll, the ends were
filled with Klenow in the presence of adenines and guanines and the linear fragment
was ligated to the pFL1272 integration cassette. The resulting construction was
transformed in E.coli DH5a and colonies resistant to both kanamycin and tetracycline
were isolated. After confirmation of the correct construction the cosmid was
introduced in E. coli ET12567[pUZ8002] which was conjugated with spores of S.
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flavogriseus. Exconjugants resistant to kanamycin were tested by PCR for the presence
of the [SCos-CA] cosmid. Ninety percent of the exconjugants tested showed
amplification by PCR of a 1700 bp DNA fragment containing oppA2 which was not
amplified when DNA from S. flavogriseus ATCC 33331 was used.

RT-PCR. The one step RT-PCR reaction mixture contained in a 20 pl volume RNA
template (200 ng), reaction mixture 1X, oligonucleotides 0.5 mM each, DMSO (5%),
SuperScriptTM Il reverse transcriptase and Platinum® Taq 2 U (Invitrogen). Control
reactions contained Platinum® Tag DNA polymerase but no reverse transcriptase. The
reaction to synthesize cDNA was carried out at 552C for 30 min. Amplification by PCR
of the cDNA (30 or 35 cycles) was as follows: 95 2C/30 seconds; 60 2C/30 seconds; 72
2C/40 seconds and a final extension of 72 2C/10 minutes. Controls (not shown) to test
the S. clavuligerus CA gene expression in the different media were always included
using oligonucleotides already tested for S. clavuligerus CA gene amplification
(Santamarta et al., 2011; Lopez-Garcia et al., 2010).

RT-gPCR. Gene expression analysis by RT-qPCR was performed as previously
described (Kurt et al., 2013). The quantification of gene expression was performed by
the 2 *“method (Livak and Schmittgen, 2001; Schmittgen and Zakrajsek, 2000), using
the gene hrdB as internal control ( Aigle et al., 2000).

3.3.4. Results

Genes for clavulanic acid biosynthesis occur in other actinomycetes different
from S. clavuligerus

The complete clavulanic acid gene cluster occurs infrequently in the genome of
actinomycetes. This cluster is located side by side to the cephamycin C gene cluster in
S. clavuligerus, S. jumonjinensis and S. katsuharamanus (Ward and Hodgson, 1993),
but no information on the CA gene cluster sequence of the last two species is
available. S. antibioticus Tli1718, a clavam producer (Nobary and Jensen, 2012; Janc et
al., 1995), contains a complete ceaS-bls-pah-cas cluster for the early genes of CA
biosynthesis, but lacks the genes for the late steps of the CA pathway. A complete CA
cluster is present in S. flavogriseus ATCC 33331 (Sfla_0539 to Sfla_0558) (Fig. 3.3.1B),
previously unknown to be a clavulanic acid producer, and in Sac. viridis DSM 43017
(Svir 33300 to Svir_33490); this is an actinomycete, member of the
Pseudonocardiaceae family, with Gram negative staining properties (Pati et al., 2009)
and a circular chromosome different to Streptomyces species which have a linear
chromosome. In addition, some genes of the CA cluster are present in the Gram
positive bacterium Anoxybacillus flavithermus WK1.

The clusters in S. flavogriseus ATCC 33331 and Sac. viridis DSM 43017 contain
all the CA genes and show a strong conservation of several blocks of genes of the
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known CA cluster but with important differences between them. All the CA proteins of
S. flavogriseus show a similar length and higher percentage of amino acids identity
with those of S. clavuligerus (ranging from 88% for OppA1l to 61% for ClaR) than with
those of Sac. viridis (Table 3.3.2). In Sac. viridis the claR gene, encoding the LysR-type
regulator of the late steps of the pathway, has a poor identity (31%) with respect to S.
clavuligerus claR (as compared to the 61% of S. flavogriseus claR) but the identity is
spread throughout the whole gene what excludes frame shift mutations.

The GcaS protein encoded by S. flavogriseus and Sac. viridis supports the
annotation of a short version for S. clavuligerus Gca$ as suggested by Arulanantham et
al. (2006). Also, the putative membrane protein encoded by orf13 of S. clavuligerus,
has a stretch of 26 amino acids at the C-terminal end (amino acids 433 to 458) which
are not present in the other orthologous proteins. However the orfl2-encoded
putative lipoprotein of S. clavuligerus contains several internal amino acid stretches
(amino acids 1-18, 49-55, 75-80, 146-155, 198-226, 346-358, 380-388 and 433-458)
that are not present in the S. flavogriseus and Sac. viridis orthologous.

Organization of the clavulanic acid gene cluster in S. flavogriseus and Sac.
viridis

All the genes described in the CA cluster of S. clavuligerus are present in S.
flavogriseus with the exception of pbpA. This gene encodes a penicillin G binding
protein (Ishida et al., 2006) whether its involvement in CA biosynthesis is not clear
(Liras et al., 2011). Genes with 79 and 39% identity to the orthologous S. clavuligerus
pbpA are 3.25 Mb and 3.2 kb away, respectively, from the CA cluster in S. flavogriseus
and Sac. viridis.

Three blocks of genes (Fig. 3.3.1B) are almost identical in the CA cluster of the
three strains and in the clavam producer S. antibioticus:

Block A (Fig. 3.3.1B) includes the genes for the early steps of CA biosynthesis
(ceaS2-bls2-pah2-cas2) which are co-transcribed in S. clavuligerus (Santamarta et al.,
2011), next to oat2, a non-essential gene related to arginine utilization, which is in the
opposite orientation in S. flavogriseus and S. viridis. These genes are in the same order
in S. clavuligerus, S. flavogriseus and S. antibioticus (Nobary et al., 1995) but genes in
block A are in the opposite orientation with respect to block B in S. flavogriseus (Fig.
3.3.1B).

Block B. A large set of genes (block B in Fig. 3.3.1B) in S. clavuligerus carries
oppA1l-claR-car-cyp-fd-orfl12-orf13-orfl4-oppA2-orfl6-gcaS  and includes late
biosynthetic, regulatory and signal transport genes. This block is fully conserved in S.
flavogriseus and has the opposite orientation in relation to block A in S. flavogriseus
and Sac. viridis as compared to S. clavuligerus. It is interesting that in Sac. viridis, block
B lacks the claR, oppAl and gcaS genes, which are located elsewhere in the cluster. In
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Sac. viridis block A contains in addition, inserted between bls2 and pah2, the gca$S gene
which in S. clavuligerus and S. flavogriseus is located in block B.

The regulatory gene ccaR of S. flavogriseus is located inside the CA cluster at a
different location than in S. clavuligerus

Block C. The third block (Fig. 3.3.1B) includes only the regulatory gene ccaR.
This gene encodes the SARP-type regulatory protein CcaR that, in S. clavuligerus, binds
heptameric sequences upstream of ceaS2 and claR and activates expression of these
genes and of those located downstream of ceaS2 (Santamarta et al., 2011). The ccaR
gene in S. clavuligerus is located at 21.5 kb away from the CA cluster, central to the
cephamycin C gene cluster (Pérez-Llarena et al., 1997a). S. flavogriseus lacks a
cephamycin C biosynthesis cluster and in this species ccaR is located downstream of
Sfla_0553, in the middle of the CA cluster.

Surprisingly no ccaR gene is present in the CA cluster of Sac. viridis; the gene
with highest similarity to ccaR is Svir_28940 (32% amino acids identity), located about
40 kb away from the CA cluster.

Heterogeneous genes inserted in the CA cluster of S. flavogriseus and Sac.
viridis

Three genes, unrelated to the S. clavuligerus CA gene cluster are inserted into
the CA cluster of S. flavogriseus. One gene, Sfla_0550, encodes a protein with 53%
identity to NocE, a protein with a SGNH hydrolase-type esterase domain encoded by
SCLAV_5162 in S. clavuligerus but outside the CA cluster. In Nocardia uniformis NocE is
a protein of unknown function encoded by a gene (nocE) located in the nocardicin
cluster (Gunsinor et al., 2004). The second gene, Sfla_0551, encodes a small protein
(93 amino acids) annotated as a transport-related protein, but with no correspondence
to any protein required for clavulanic acid biosynthesis. The third gene inserted in the
cluster, Sfla_0553, encodes a 335 amino acid protein 51% identical to SCLAV_4203, a
protein of unknown function encoded by orf11 which in S. clavuligerus is located in the
cephamycin C gene cluster. It is unclear if the presence of these genes affects CA
production in S. flavogriseus and the elucidation will require studies using deleted
mutants.

Three CA biosynthesis unrelated genes, Svir_ 33330, Svir_33340 and
Svir_33350, are inserted in the CA cluster of Sac. viridis (Fig. 3.3.1); they encode
respectively a 625 amino acids penicillin-binding protein with putative transpeptidase
activity, a 1414 amino acids hypothetical protein with some similarity to NocE and a 88
amino acids hypothetical protein.
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Expression of the CA gene cluster and clavulanic acid production by cultures
of S. flavogriseus

Due to the lack of a regulatory ccaR gene in Sac. viridis genome and since initial
tests showed that Sac. viridis grows poorly in our standard media and growth
conditions, we decided to focus in S. flavogriseus to study clavulanic gene expression.
Both S. clavuligerus and S. flavogriseus were grown in parallel cultures in nine different
media, the complex YEME, MS, R5, MEY, TBO, ISP4 and TSB media and the defined MG
and SA media under the normal growth conditions used for S. clavuligerus. While S.
clavuligerus produced CA with different yields in all the media, no detectable
production of CA by S. flavogriseus was observed at any time by bioassays or by HPLC
analysis of broth of the liquid cultures. Supplementation of the S. flavogriseus cultures
with the CA precursors glycerol (2% v/v), arginine (5 or 10 mM) or both did not result
in CA production (data not shown).

To test whether the lack of CA production was due to the absence of
transcription, RNA was purified from S. flavogriseus cultures after incubation in YEME,
R5, TSB and SA media for 24 and 48 h and RT-PCR analyses were performed for the
biosynthetic genes and some other genes essential for CA production using
oligonucleotides specific for S. flavogriseus genes (see Table 3.3.51). Positive and
negative PCR controls (not shown) confirmed that the sets of oligonucleotides used
were effective in amplification and discriminates between S. clavuligerus and S.
flavogriseus CA ortologous genes.

The results of the S. flavogriseus RT-PCR reactions are shown in Fig. 3.3.2.A
clear expression of the ccaR and claR regulatory genes was observed, especially in
YEME, R5 and SA media, that suggested that the genes for the early and late steps of
the pathway activated by these regulators might be also expressed. However, the
expression of orf12, orfl4 and orfl6 in S. flavogriseus was low or undetectable in all
the tested media and the expression of cyp, car and cas2 was low (data not shown),
even after 35 amplification cycles. The low expression of some biosynthesis genes and
the undetectable levels of others could explain the lack of CA production by S.
flavogriseus in the culture conditions tested.

The ccaR: gene of S. flavogriseus and the ccaRc of S. clavuligerus are not
functional in the heterologous strains

Although the ccaR gene (named ccaRr thereafter) was expressed in S.
flavogriseus ATCC 33331, as shown by RT-PCR (see Fig. 3.3.2), the protein might be
present at low levels or might not be functional what could explain the silent nature of
S. flavogriseus CA cluster. To eliminate these hypothesis we introduced the S.
clavuligerus ccaR gene (that will be named ccaR¢) expressed from the Py, promoter in
S. flavogriseus ATCC 33331 by conjugation. The strain obtained, S. flavogriseus::[Ps, -
ccaRc], expressed ccaRc as detected by RT-PCR but did not produce clavulanic acid in
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any media (data not shown) suggesting that ccaRc is not functional in S. flavogriseus
perhaps due to the lack of conserved heptameric CcaR-binding sequences in the
putative target promoters.

Media: YEME R5 TSB SA

12 121 21 2

Gene:

oppA1
cyp
orf12
orf14
orf16
hrdB

Figire. 3.3.2. Expression of the CA biosynthesis genes as detected by RT-PCR. Isolated
RNA from S. flavogriseus cultures grown in YEME, R5, TSB and SA media for 24 h (1) and 48 h
(2) was submitted to 35 cycles of amplification for the genes indicated at the left side of the
figure. The hrdB gene is used as external control.

To determine whether the S. flavogriseus ccaRg was able to complement ccaRc
in the disrupted mutant S. clavuligerus AccaR::tsr, unable to produce clavulanic acid or
cephamycin C, ccaRr (under the Pg, promoter), was introduced in S. clavuligerus
AccaR::tsr. Seven exconjugants of S. clavuligerus (AccaR::tsr)::[Ps,-ccaRg] were grown
in solid and liquid TSB, MEY and TBO media for up to 60 hours. However, neither
cephamycin C nor clavulanic acid was detected in any conditions in spite of the positive
expression of ccaRy, as detected by RT-PCR. This result suggests that the CcaRr protein
is unable to complement the lack of CcaRc in the S. clavuligerus disrupted mutant,
perhaps because CcaRr does not recognize promoters essential for clavulanic acid
biosynthesis located in the CA gene cluster of S. clavuligerus. Positive controls
complementing the AccaR S. clavuligerus strain with ccaRc proved that the
homologous regulatory protein complements the CA production as reported
previously (Perez-Llarena et al., 1997).

Heterologous expression of S. clavuligerus clavulanic acid cluster in S.
flavogriseus ATCC 33331 and S. coelicolor M1 1146

Since the endogenous CA cluster of S. flavogriseus was not functional and ccaRc
did not improve CA production we decided to study the heterologous expression of
the complete S. clavuligerus CA cluster (except the ccaR gene that is in the cephamycin
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Ccluster) in S. flavogriseus ATCC 33331 and in the model organism S. coelicolor M 1146
to analyze the influence of the genetic background of these strains on the CA cluster
expression. The whole cluster for clavulanic acid, present in cosmid [SCos-CA] was
introduced by conjugation in these strains and in derived strains carrying the ccaRc
gene expressed from the Pg, promoter; the strains obtained were named S.
flavogriseus::[SCos-CA], S. flavogriseus::[Ps,-ccaRc]::[SCos-CA] and S. coelicolor::[Ps,-
ccaRc]::[SCos-CA].
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Figure. 3.3.3. Heterologous clavulanic acid production by exconjugants of S.
flavogriseus. Growth (left panels) and clavulanic acid production (right panels) in MEY (A) and
TBO medium (B) of S. flavogriseus ATCC 33331 (open triangles), S. flavogriseus::[Ps,~ccaR]
(open squares), S. flavogriseus::[SCos-CA] (black triangles) and S. flavogriseus  ::[Py,-
ccaR(]::[SCos-CA] (black squares). Inset in the lower-right panel: Bioassays of broth samples
from S. flavogriseus ATCC 33331 (1) and S. flavogriseus::[SCos-CA] (2) cultures grown in TBO
medium for 48 hours.

These strains and their control, lacking [SCos-CA], were tested in the nine solid
media previously described. No production of CA was ever detected in the S. coelicolor
exconjugants (data not shown). However, a clear inhibition zone produced by CA was
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observed in plugs of S. flavogriseus::[SCos-CA] and S. flavogriseus::[Ps,-ccaRc]::[SCos-
CA] (Fig. 3.3.3 inset) but not in the control S. flavogriseus grown in MS, ISP4 and
particularly in MEY and TBO medium.

To validate these results two exconjugants of S. flavogriseus::[SCos-CA] and S.
flavogriseus::[Ps,-ccaRc]::[SCos-CA] were separatedly grown in MEY and TBO liquid
cultures using cultures of S. clavuligerus ATCC 27064 and S. flavogriseus ATCC 33331 as
controls (Fig. 3.3.3). The growth of the strains was relatively similar with the exception
of S. flavogriseus ATCC 33331 that grew more slowly. The MEY medium supported a
faster growth with top growth values at 45 h of cultivation while in TBO the maximum
growth value was reached at 70 h. Production of clavulanic acid was particularly high in
TBO medium with values of 4.5 to 6 ug CA/mg DNA (0.6 pg/ml) at 45 h, about 4 to 5-
fold higher than in MEY medium. These values were, however, lower than those of S.
clavuligerus ATCC 27064 grown in the same medium and conditions (not shown) which
reached maximal values of 87 and 750 pug/mg DNA (28.5 and 164.5 pg/ml) in MEY and
TBO media, respectively. The inhibition zone on penicillin-resistant Klebisella bioassays
produced by broths of the cultures is shown in the inset of Fig. 3.3.3.

Taken together these results indicate that the S. clavuligerus CA genes (except
ccaR) are functional in S. flavogriseus. Therefore the lack of CA production in S.
flavogriseus is due to lack of CA biosynthesis enymes.

Confirmation by HPLC-MS that the product is clavulanic acid

To further confirm that the product responsible for the inhibition zones was
clavulanic acid, the broth of cultures of two S. flavogriseus::[SCos-CA] exconjugants
was analyzed by HPLC. A small peak was detected with the same retention time as
authentic clavulanic acid (not shown). These broths were also analyzed by HPLC-MS.
Using electrospray ionization in the negative mode and selected ion recording at m/z
198, a peak eluting at 14 min was detected in both the standard and the cultures of
two exconjugants (Fig. 3.3.4A and B). In both cases, mass spectra of that peak showed
a negative ion, [M-H], with an m/z value of 198, as expected for clavulanic acid (Fig.
3.3.40).

Expression of the endogenous and heterologous clavulanic acid gene clusters
in S. flavogriseus as determined by RT-qPCR

To further investigate the lack of clavulanic acid formation in S. flavogriseus
ATCC 33331 we compared by RT-qPCR the expression of the clavulanic acid genes of S.
flavogriseus ATCC 33331 and S. clavuligerus ATCC 27064. In addition, expression of
both the endogenous and the heterologous CA gene clusters were studied also (using
specific sets of oligonucleotides) in S. flavogriseus::[SCos-CA] which carries the CA
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cluster of S. clavuligerus. The studies were done at 48 h of growth in liquid TBO
medium which support high CA formation by all the strains.
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Figure. 3.3.4. Mass chromatography obtained by selected ion recording at m/z 198.
A) Clavulanic acid standards (0.1 pg); B) Broth (10 ul) from a 60 h culture of S.
flavogriseus::[SCos-CA] grown in TBO medium. C) Mass spectra of the clavulanic acid peak at
chromatogram B detected in negative mode (M-H).

All the CA genes were well expressed in control S. clavuligerus ATCC 27064 (Fig.
3.3.5A) with expression values between 4 (ceaS, car) and 6 (oppA1l). Interestingly
several genes of the endogenous CA cluster of S. flavogriseus ATCC 33331 (not shown)
and S. flavogriseus::[SCos-CA ] (Fig. 3.3.5B, black bars) were expressed with a similar
pattern but at lower intensities in both S. flavogriseus strains. All the endogenous
genes for the early steps of the pathway (ceaS2 to cas2) were expressed in S.
flavogriseus::[SCos-CA] with expression values of about 2 to 2.3, while oat2, oppAl and
gca$S reached values of 4 to 4.6. These expression values, even though lower than
those of S. clavuligerus (Fig. 3.3.5A), should be high enough to support CA formation in
S. flavogriseus. However, endogenous genes essential for CA formation as cyp, orf12,
orfl3, orf14 or oppA2 were barely or not expressed (expression values around 0.01) in
S. flavogriseus or S. flavogriseus::[SCos-CA]. The low expression of these genes, that
might have an accumulative negative effect, is the most pausible explanation of the
lack of clavulanic acid production in this strain. All S. clavuligerus original genes are
poorly expressed in the recombinant S. flavogriseus::[SCos-CA] (without the S.
clavuligerus ccaR gene) (Fig. 3.3.5B white bars) with average values of expression of
0.3 to 0.4, which was about 11 to 14-fold lower than in their S. clavuligerus natural
host; however, there was an expression of the exogenous cyp, orfl12, orf13 or oppA2
genes, that although small, still was 3-4 fold higher than in S. flavogriseus ATCC 33331.
This expression of the heterologous genes explains the formation of CA by the
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recombinant S. flavogriseus::[SCos-CA] which in TBO reaches 0.6 pg/ml compared to
the 164.5 pg/ml produced by S. clavuligerus in the same medium. The absence of
heterologous expression in S. coelicolor and the low expression in S. flavogriseus
illustrates the important role of the rest of the genes (i.e. the genetic background) on
the expression of the CA cluster.

3.3.5 DISCUSSION

Streptomyces species are prolific producers of antibiotics and other related
secondary metabolites (Martin et al., 2000; Berdy, 2012). The availability of an
increasing number of genome sequences of species of Streptomyces (Pati et al., 2009;
Ikeda et al., 2003; Bentley et al., 2002; Barreiro et al., 2012 among others) has
provided evidence for the presence of about 20 to 30 gene clusters for secondary
metabolites in each of the genomes (Bentley et al., 2002; Medema et al., 2010).
However, the presence of these gene clusters does not mean that all of them are
expressed (Laureti et al., 2011) Many secondary metabolites gene clusters may be
silent or expressed only at very low levels under the culture conditions used in the
laboratory (Brakhage and Schroeckh, 2011) but they might be expressed in natural
environment resulting in an ecological advantage for the strain. An important
challenge is to understand why silent clusters are silent, and to modify the genes to
achieve their expression.

In this work we report the presence of a complete clavulanic acid gene cluster
in two actinomycetes, S. flavogriseus and Sac. viridis. The organization of CA genes in
these genomes shows gene conservation in specific subclusters similar to those of S.
clavuligerus; however, these subclusters are rearranged in a patchwork-like
organization indicating that reorganization of these blocks has occurred during
evolution of the clusters probably associated with horizontal transfer phenomena. We
found previously a similar patchwork-like arrangement of the cephamycin C gene
clusters in Amycolatopsis (formely Nocardia) lactamdurans and S. clavuligerus (Liras et
al., 1998; Enguita et al., 1998). It is very interesting that the genes of block A for the
early steps of CA biosynthesis are also required for clavam biosynthesis in S.
antibioticus, a strain that does not produce clavulanic acid and lacks blocks B and C
(Nobary et al., 2012). These observations suggest that the full CA pathway has been
evolutively assembled by combining an early pathway (up to clavaminic acid
formation, block A) common to the biosynthesis of antifungal clavams and the present
“late” biosynthesis pathway of CA (block B).

An important difference between the CA cluster in S. clavuligerus and S.
flavogriseus is the presence in the later of the ccaR gene, encoding a the SARP type
regulator (block C in Fig. 3.3.1B) (Pérez-Llarena et al., 1997a). These differences
suggest that intense reorganization processes have occurred within the genus
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Streptomyces that cannot be explained by simple rearrangements during vertical
inheritance of the CA genes from a common Streptomyces ancestor.
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Figure 3.3.5. Quantitative expression by RT-qPCR of the clavulanic acid biosynthesis
genes. A) White bars show the expression of the genes (indicated at the bottom of the figure)
in S. clavuligerus grown in TBO medium after 48 h of culture. B) Expression of the clavulanic
acid biosynthesis genes in S. flavogriseus::[SCos-CA]. Expression of genes of the endogenous S.
flavogriseus cluster is shown in black bars. Heterologous expression of genes of S. clavuligerus
CA clusterin S. flavogriseus::[SCos-CA] is shown in white bars.

S. flavogriseus did not produce CA in nine different culture media, in which S.
clavuligerus produces high levels and therefore the S. flavogriseus CA cluster might be
considered as silent. Several of the S. flavogriseus CA biosynthesis genes analyzed by
RT-PCR were found to be expressed at different degrees depending on the media, but
always at low levels as reflected by the requirement of a high number of PCR cycles
needed to detect their expression. RT-qPCR studies allowed to identify which genes of
the CA cluster are really silent. They are cyp, orf12, orf13, orf14 and oppA2, all known
to be essential for CA formation in S. clavuligerus (Mellado et al., 2002; Li et al., 2000;
Lorenzana et al., 2004). Some of these genes are underexpressed in the absence of
CcaR (Santamarta et al., 2011). The high expression of the genes for the early steps of
the pathway and the poor expression of other genes suggest that S. flavogriseus is in
an intermediate evolutive stage and might lose eventually the functionality of the
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genes for the late steps, leading to a strain similar to S. antibioticus (Nobary et al.,
2012).

Heterologous expression of particular genes to increase antibiotic production is
a common strategy. Moreover, the heterologous expression of complete gene clusters
is a new approach for novel antibiotic production based on the analysis of gene
clusters located in rare actinomycetes (Tong et al., 2013) or in Streptomyces with
unstable antibiotic gene expression levels. Specific S. coelicolor host strains have been
constructed with this purpose (Gomez-Escribano and Bibb, 2011). In some cases, as
that of aminocoumarins or trithiazolylpyridine-containing derived compounds, the
heterologous expression in genetically modified strains of S. coelicolor and S. lividans is
satisfactory (Eustdquio et al., 2005; Flinspach et al., 2010; Young and Walsh, 2011) but
other gene clusters, as that of holomycin are poorly expressed (Huang et al., 2011;
Robles-Reglero et al., 2013). When the S. clavuligerus CA cluster was introduced in S.
flavogriseus the genes were expressed although at very low levels, as detected by RT-
gPCR, independently of the presence of the S. clavuligerus regulatory activator CcaRc.
Indeed the introduction of the S. clavuligerus regulatory ccaRc gene does not improve
significantly the low production of CA in S. flavogriseus .

An interesting question is why some genes of the S. flavogriseus CA gene
cluster are not expressed since both the ccaR and claR regulatory activators are well
expressed in this species (Fig. 3.3.2). The simplest explanation is that the promoter
regions of those genes have evolved in S. flavogriseus being unable to make stable
interactions with the RNA polymerase and the CcaR or ClaR positive regulators. A
similar situation has been found with a 19 kb thienamycin-like cluster located 41 kb
away from the CA cluster in S. flavogriseus. The thienamycin cluster, although
apparently complete, is silent in several media (Blanco, 2012) although there are no
expression studies available.

S. flavogriseus is unable to use the heterologous CcaR¢ regulatory protein of S.
clavuligerus for the expression of its own CA genes when introduced in plasmid
pMS82. Moreover, the S. flavogriseus CcaRr protein activates expression of its own
(homologous) CA genes in the wild type S. flavogriseus to a lower degree than in S.
clavuligerus. The lack of effect of CcaR¢ on the S. flavogriseus CA genes might be
explained by the lack of detectable heptameric sequences for CcaR¢ binding
(Santamarta et al., 2011) in the promoter regions of the S. flavogriseus CA biosynthesis
genes.

The low degree of activation of the S. clavuligerus CA genes by CcaR¢, when the
structural genes and the CcaR¢ regulator (both from S. clavuligerus), are introduced in
S. flavogriseus suggests that a molecule required for full CcaR-mediated induction of
homologous CA genes is deficient (at least partially) in S. flavogriseus. This might be a
still unknown ligand required for full CcaR activity as occur in other Streptomyces
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species (Wang et al., 2009; Xu et al., 2010). Interestingly the constructions carrying
[Psur-ccaR¢] and [SCos-CA] results in heterologous production of clavulanic acid in S.
flavogriseus but not in S. coelicolor. This might reflect differences in the genetic
background in both host microorganisms, with S. coelicolor phylogenetically much
more distant in relation to S. clavuligerus than S. flavogriseus (Zhou et al., 2011). We
propose that in many cases, heterologous expression may be limited by the lack of
appropriate pools of precursors (as a result of different biosynthetic steps) or of
unknown ligands or protein modifying systems that may decrease or even prevent the
expression of an apparently complete gene cluster. Indeed, the availability of arginine,
a well known precursor of CA (Valentine et al., 1993; Romero et al., 1986) is probably
affected by the very different organization of the arg gene clusters in S. clavuligerus
and S. coelicolor (Rodriguez-Garcia et al., 1997). Heterologous expression is easier if
the host used has a very similar or at least a related pathway providing adequate
precursors (e.g. rare amino acids biosynthetic pathways for heterologous expression of
a non-ribosomal peptide compounds). This is the case of S. flavogriseus as host for the
heterologous expression of CA genes when compared with S. coelicolor.
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3.4.1. SUMMARY

A compound present in cultures broths of S. clavuligerus ATCC 27064 grown in
complex TSB medium but not in defined SA medium has been characterized by LC-MS
and NMR as naringenin. This plants typical metabolite, not described previously to be
produced naturally by microorganisms, is formed by the action of a chalcone
synthase. Bioinformatic search of S. clavuligerus genome detected a gene encoding a
chalcone synthase (SCLAV_5492, ncs) side by side with a gene for a P4so cytochrome
oxigenase (SCLAV_5491, ncyP). The starting unit for the formation of naringenin in
plants is p-coumaroyl-CoA which is formed from tyrosine. A gene encoding a
tyrosine/phenylalanine ammonia lyase (SCLAV_5457, tal) has been located in S.
clavuligerus genome. Disruption of any of the three genes (ncs, ncyP, tal) resulted in
lack of production of naringenin and the complemented mutants regain the ability to
produce the compound, indicating that these genes are involved in naringenin
formation. Addition of acetate, butyrate, palmitic acid or oleic acid did not improve
significantly naringenin production, but tyrosine and phenylalanine supplementation
resulted in cultures producing up to 3-fold more naringenin.
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3.4.2. INTRODUCTION

S. clavuligerus ATCC 27064 is an industrially relevant actinomycete, used for the
production of clavulanic acid (CA) (Baggaley et al., 1997). This strain has a peculiar
carbohydrate metabolism (Pérez-Redondo et al., 2010) and is able to produce in
addition to CA other bioactive compounds such as cephamycin C (Liras and Demain,
2009), clavams (Jensen, 2012), and holomycin (Li and Walsh, 2010; Robles-Reglero et
al., 2013). Interestingly sequencing of the S. clavuligerus genome revealed that this
organism has potential ability to produce a wealth of additional secondary metabolites
(Medema et al., 2010). Up to 25 clusters for putative secondary metabolites are
located in the 6.8 Mb chromosome of S. clavuligerus and 23 more are present in the
1.8 Mb megaplasmid pSCL4 (Medema et al., 2010; Song et al., 2010). They include ten
clusters containing genes for nonribosomal peptide synthetases (NRPS), six clusters
with genes for polyketide synthases (PKS), as well as NRPS-PKS hybrid clusters and
genes for putative terpene synthesizing enzymes.

New gene clusters encoding novel bioactive products are of utmost interest.
The homology of some clusters with previously studied orthologous in other
Streptomyces species suggest that S. clavuligerus might produce staurosporine,
moenomycin, indigoidine, and enediyne-like compounds, some of which are antitumor
agents.

Since most of these compounds have never been detected in S. clavuligerus
cultures they must be silent clusters that are only expressed in response to specific
nutritional or physiological signals, or in response to elicitors (Ochi and Hosaka, 2013;
Martin and Liras, 2014).

Chalcone synthases are type Il polyketide synthases involved in the
condensation of different CoA-activated precursor units (particularly phenylpropenoids
as starter units) to produce flavonoid-type chalcones. They are very frequent in plants,
where they serve as precursors of different types of flavonoids, and in fungi (Schroder,
1999) but are rare in actinomycetes. Some types of flavonoid intermediates, e.g. the
naringenin appeared to be restricted to plants. Interestingly, we found in this work
that S. clavuligerus ATCC 27064 is able to produce naringenin. Search of the S.
clavuligerus genome for chalcone synthases revealed the presence of a gene encoding
a chalcone synthase (SCLAV_ 5492) similar to rppA of S. griseus (Ueda et al., 1995;
Funa et al., 2002) or SCO1206 in S. coelicolor (Li et al.,, 2007) that is involved in the
biosynthesis of a red-brown pigment (Funa et al., 2000). However, S. coelicolor does
not produce naringenin among its secondary metabolites (Bentley et al., 2002).
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An interesting question is whether there are chemical structures of secondary
metabolites restricted to plants or if most of them can be found in some
actinobacteria. In this work we describe that S. clavuligerus is able to produce
naringenin, a flavanone important as antioxidant (Cavia-Saiz et al., 2010), described to
act as anti-inflammatory and chemoprotective and antitumor agent (Jagetia et al.,
2007; Wu et al., 2014). Naringenin is naturally produced in several plants, especially in
grapefruit, and its biosynthesis has been studied in Medicago, parsley and other plants
(Fig.3.4.1) but it is unknown if the same pathway occurs in S. clavuligerus. The starter
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Fig. 3.4.1. Proposed naringenin biosynthesis pathway in S. clavuligerus. The names
of the intermediate compounds, enzymes involved and genes are indicated. Naringenin
biosynthesis starter in plants is usually phenylalanine and there are additional steps for the
hydroxylation of cinnamic acid to produce p-coumaroic acid.

unit for naringenin biosynthesis is 4-coumaroyl-CoA, which in dicotyledonous plants
derives from phenylalanine by the action of a phenylalanine ammonia lyase (PAL) and
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a hydroxylation step by a cinnamate-4-hydroxylase followed by activation by a CoA-
dependent ligase (Kyndt et al., 2002). In dicotyledonous plants the ammonia lyase uses
tyrosine (and phenylalanine) as substrate producing p-coumaric acid without the need
of the cinnamate-4-hydroxylase. A related enzyme, encoded by the encP gene has
been detected in Streptomyces maritimus and found to convert phenylalanine in
cinnamic acid, required for enterocin biosynthesis (Xiang and Moore, 2002) but
production of naringenin in prokaryotes has never been reported. It was therefore of
interest to study if the putative naringenin gene cluster(s) in S. clavuligerus is similar to
that of plants and whether it is expressed under some specific conditions.

3.4.3. MATERIALS AND METHODS
Strains and culture conditions

The wild type strain, Streptomyces clavuligerus ATCC 27064 was used to purify
naringenin. Strains S. clavuligerus Ancs::acc, S. clavuligerus AncyP::acc and S.
clavuligerus Atal::acc were obtained from the wild type strain by the REDIRECT
Technique.

All the strains were grown at 282C in an orbital shaker incubator at 220 rpm for
24 h in 500 ml baffled flasks containing 100 ml of TSB medium. A 5% (v/v) of this seed
culture was used to inoculate TSB (Trypticaseine Broth) or SA (Starch-Asparagine
medium pH 6.8) cultures grown in the same conditions. All the cultures were made in
triplicate flasks. The TSB was supplemented with tyrosine, phenylalanine or with
organic acids (acetate, butirate, oleic acid, palmitic acid) as sodium salts, when
required. Cultures of transformants strains were supplemented with kanamycin (50
ug/ml), tetracycline (10 pg/ml), hygromycin (50 pg/ml), apramycin (50 pg/ml) or
nalidixic acid (25 pg/ml) when required.

Naringenin purification by HPLC

Naringenin was purified by HPLC using an Alliance 2695 HPLC with a
refrigerated autosampler, a column furnace and a photodiode array detector (PDA)
2998 (Waters Corp.). Naringenin was quantified at its absortion peak (290 nm). The
system was equipped with 3.5 mm pore particle XBridge™ C18 (2,1x150 mm, Waters
Corp.) column.

The culture samples were centrifuged at 13000 rpm for 5 min and the
supernatants filtered through sterile 0.2 mm polyethersulphone (PES) syringe filters
(VWR, Intl.). The whole sample (100 ml) was loaded in multiple injections. HPLC
conditions were as follows: column temperature 40°C; the flow was kept at 0.32
ml/min from 0 to 2 min and then increased gradually to reach 0,40 ml/min at 10 min. A
mixture of Milli Q water with 0,01% trifluoroacetic acid (A) and acetonitrile (B) were
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used as solvent with the following program: 0-2 min increase from 20 to 30% B and
kept at 30% B thereafter. The peak eluting at 6 min from repeated injections was
pooled and the solvent from the pooled preparation was evaporated under low
pressure (SpeedVac Savant Sc110, Thermo Sci.). The concentrated solution was
lyophilized and kept at -20°C until NMR analysis and identification. Pure naringenin
and genistein (Sigma Ch. Co.) were used as standards.

NMR Analysis

NMR spectra were recorded in metanol-d; at room temperature using a Bruker
WM 500 spectrometer [500 MHz (*H NMR) and 125 MHz (**C NMR)]. Chemical shifts
are given on the &-scale and were referenced to the solvent (6c=49.0 ppm) and to the
TMS as internal standard. The pulse programs of the following 2D experiments were
taken from the Bruker software library and the parameters were as follows: 500/125
MHz gradient-selected HMQC spectra [1]: relaxation delay D;=1.5 s; 500/125 MHz
gradient-selected HMBC spectra [1]: relaxation delay D;=1.5 s; evolution delay D,=3.33
ms; delay for evolution of long range coupling Dg=60 ms. 500 MHz gradient-selected
'H, 'H COSY spectra [2]: relaxation delay D;=1.5 s; 902 pulse for *H.

Mass spectrometry

The mass spectra were determined by HPLC-MS (Agilent Technologies). Using a
HP-1100 Series HPLC and MS: 6120 Quadrupole LC/MS.

Molecular Biology Studies
The oligonucleotides used in this work are shown in Table 3.4.51.

Extraction and purification of RNA. RNA was extracted from 1.5 ml samples
taken at 24 and 48 h of growth in TSB and SA media. Two volumes of RNA-protect
(Quiagen) were added to the samples. The commercial system Quiagen, RNAeasy was

used following the manufacturer instructions as described previously (Santamarta et
al., 2011).

RT-PCR. For RT-PCR amplification the final 20 ul reaction contained RNA (200-
300 ng), reaction mixture 1x, 0.5 mM each oligonucleotide; 5% DMSO; SuperScriptTM
Il Reverse Transcriptase and Platinum® Taq (Invitrogen) 1-2 units. Control reactions
were done with the same procedure but only with Platinum® Tag. Amplification
conditions: cDNA was formed in a 502C 30 min cycle. Then, an initial 942C 2 min
denaturation cycle was followed by 25 to 35 30-seconds cycles at 952C. A final
extension cycle of 10 min at 722C reaction was allowed.

Construction of the complemented strains. In order to complement the ncs,

ncyP and tal-deleted strains, each of those genes was obtained by PCR amplification,
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sequenced to confirm their integrity and subcloned downstream of the
anhydrotetracycline-inducible tcp-830 promoter in the EcoRV site of the conjugative-
integrative vector pAV11l (Rodriguez-Garcia et al., 2005). The constructions were
introduced in E.coli ET/pUZ8002, and then were transferred to the adequate
Streptomyces strain by conjugation. Hygromycin resistant exconjugants were tested by
PCR to confirm the presence of the complementing genes.

3.4.4. RESULTS
Characterization of a new compound produced by S. clavuligerus ATCC 27064

In the course of a comparative HPLC study of the compounds produced by S.
clavuligerus in TSB and SA media a compound showing a large absorbance peak was
found in cultures grown in TSB medium that was not present in the broth of SA grown
cultures. TSB is a tryptic hydrolysate of soybean meal rich in plant-derived amino acids
whereas SA contains only asparagine as nitrogen source. The peak eluted at 6 minutes
under the HPLC conditions used in the study assay (Fig. 3.4.2) and corresponds to an
extracellular compound that is also present in extracts of washed cells at about 1% of
the concentration with respect to that found in the broth. No appreciable amount of
the compound was associated to the mycelium.
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Fig. 3.4.2. HPLC analysis of culture broths of S. clavuligerus. The broth of cultures

grown in SA medium (discontinuous lane) and TSB medium (continuous line) were analyzed as
indicated in materials and methods. The peak with a retention time of 6.0 min coincides with
pure commercial naringenin (N). Genistein (G) has a retention time of 5.4 min.
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In order to purify the compound batch cultures were carried out for 72 h to
obtain a total of 2.4 | of supernatant. The centrifuged culture supernatant was
concentrated under vacuum and extracted with ethyl acetate as indicated in Material

and Methods. After repeated HPLC injections the compound eluting at 6.0 min was

pooled and lyophilized to obtain 5 mg of pure material that was used for the chemical

characterization of the molecule.

The compound produced by S. clavuligerus as identified by LC-MS and NMR is
naringenin and coelutes in HPLC with authentic naringenin

A mass (m/z) of 273 and a molecular formula of C;5H1,05 was obtained from LC-
MS [MH'] and from the *C-NMR analysis. Examination of NMR data analysis (Fig.
3.4.3) suggested that compound 1 was a flavanone. Its 'H-NMR spectrum revealed

characteristic resonances of aromatic protons such as four proton signals of the B-ring

A)
B)
N° B¢ H
2 79.04 5.40 (dd, Jp3,= 13.1; J3.= 3.0 Hz )
3 42.66 H-3a:2.70 (dd, Js,3 = 17.2; J5,,=3.0Hz)
H-3b : 3.15 (dd, Jsp.30 = 17.2; Jap2 = 13.1Hz )
4 196.26
4a 102.19
5 164.11
6 95.00 5.95 (d, Jeg = 2.0 Hz)
7 166.59
8 95.80 5.94 (d, Jgg = 2.0 Hz
8a 163.50
1 129.49
2,6 128.10 7.37 (d, Jo 3= Jg 5= 8.6 Hz)
3,5 115.22 6.87 (d, J3 = J5-6= 8.6 Hz))
4 157.82
5-OH 12.15 s

Fig. 3.4.3. NMR analysis for the purified compound. A) Heteronuclear multiple-
bond correlation. B) 'H and *C-NMR chemical shifts assignements for naringenin en acetone-

dé.
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appearing as two doublets at § 7.37 and 6.87 ppm with J=8.6 Hz due to ortho- coupling
were assigned to H-2",6’and H-3’,5, respectively; the two meta-coupled protons at &
5.95 and 5.94 ppm with J=2.0 Hz were assigned to H-6 and H-8. The presence of the
quelated signal of 5-OH with the 4-keto group at 6 12.15 and signals at 6 5.40 (1H, dd,
J=13.1 and 3.0 Hz), 6 2.70 (1H, dd, J=17.2 and 3.0 Hz) and 6 3.15 (1H, dd, J=17.2 and
13.1 Hz), in conjunction with the *C-NMR signals at 6 79.04 and 42.66 ppm, inferred
from HMQC spectrum, pointed to the presence of an -O-CH-CH,-CO- system in the C-
ring of the flavanone component. This conclusion was reinforced by the peak
correlating signals at 6 3.15 and 2.70 ppm with the signal at & 5.40 observed in the 'H-
'H cosy spectrum.

The assignment of the signals of the BC-NMR spectrum, corresponding at &
95.00 (C-6), 6 95.8 (C-8), 6 115.22 (C-3’and C-5) and 6 128.10 (C-2and C-6") was
carried out by using HSQC-HMQC spectrum, which showed a correlation peak via Y.
Other heteronuclear correlations deduced from the HMBC spectrum (Fig. 3) via *Jcq
and *Jc., were used to assign the signals corresponding at 6 196.26 (C-4), 6 157.82 (C-
4), 6 166.59 (C-7), 6 164.11 (C-5), 6 163.50 (C-8a), 6 129.49 (C-1") and &6 102.19 (C-4a).

All these NMR data together with the mass spectrum suggested the structure
of naringenin [3] for compound 1. The compound was different from genistein, a plant
flavonoid intermediate similar to naringenin but carrying an additional double bond;
both compounds were clearly resolved by HPLC (retention times of 5.4 and 6.0 min for
genistein and naringenin, respectively).

Production of naringenin is stimulated by aromatic amino acids

Production of naringenin in TSB medium increases in parallel to the growth of
the culture reaching the maximum level at 84 h (Fig. 3.4.4). TSB is a complex medium;
however, it might not have the adequate requirements for naringenin production.
Since this compound is known to be formed from malonate and tyrosine or
phenylalanine in different plants, we supplemented the TSB medium separately with
different organic acids (acetic, butyric, palmitic and oleic acid, as sodium salts) and
measured the final production of naringenin in each case. Acetate and oleic acid did
not improve naringenin production, while butyrate and palmitic acid improved it 1.15-
and 1.63-fold, respectively.

In addition, cultures were supplemented with phenylalanine or tyrosine at 5
and 10 mM concentration (Fig. 3.4.4C). Tyrosine improved the naringenin production
by 1.83- and 2.32-fold at 5 and 10 mM concentration, respectively. The best
production was observed by addition of phenylalanine, resulting in a naringenin
increase of 2.16- and 3.7-fold respectively, at 5 and 10 mM concentration (up to 184
ug/ml). This concentration is much higher than the production obtained by a multistep
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engineered E. coli strain (Wu et al., 2014) indicating that S. clavuligerus ATCC 27064 is
an excellent naringenin producer.
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Fig. 3.4.4. Production of naringenin by S. clavuligerus. A) Profile of a culture of S.

Phe

clavuligerus grown in TSB medium Growth (open circles), naringenin production (closed
circles). B) Naringenin production at 84 h of cultures by S. clavuligerus ATCC 27064 in the
absence and presence of phenylalanine, acetate, butyrate, palmitic acid or oleic acid at 5 mM
concentration. C) Production of naringenin in TSB cultures supplemented with each
phenylalanine and tyrosine at 5 and 10 mM concentration.

Bioinformatic analysis of genes putatively encoding naringenin biosynthetic
enzymes in the S. clavuligerus genome

The putative pathway for naringenin biosynthesis (Fig. 3.4.1) requires the
action of a naringenin chalcone synthase (Ncs) condensing the p-coumaroyl-CoA
starting unit and three malonyl-CoA molecules. Therefore, using the sequence of
Glycine max naringenin chalcone synthase (CAA38456) we searched the S. clavuligerus
genome for homologous genes using the BLAST Program. A single match corresponded
to S. clavuligerus SCLAV_5492; this gene (named ncs) encodes a 351 amino acids
protein with characteristics of a type lll polyketide synthase and a 29 % identity (44 %
functionally conserved amino acids) along the entire sequence with G. max naringenin
chalcone synthase, hereafter named Ncs. Interestingly, this chalcone synthase is
closely related to type lll PKSs of the RppA family occurring in many Streptomyces
species (see Discussion).

Upstream of ncs we found a gene, SCLAV_5491, encoding a 454 amino acid
cytochrome Pyso oxygenase that, will be named hereafter ncyP. Genes encoding Pysg
oxygenases are frequently present in secondary metabolites gene clusters and we
postulated that ncyP might encode the enzyme required for the chalcone cyclyzation
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(see disruption and complementation experiments). This cytochrome P50 gene is more
closely related to rppA-linked Py4sq’s in several Streptomyces species than to the other
S. clavuligerus Py4so’s (see Discussion).

Genes encoding proteins analogous to Ncs and NcyP are present with the same
organization in S. coelicolor (SCO_1206 and 1207), S. lividans (Sli_1485 and 1486) or S.
griseus (SGR_6619 and 6620) while in S. venezuelae (SVEN_5366 and 5367) are located
tail to tail, and in S. avermetilis (SAV_1171 and SAV_7131) are separated in the
genome. The linkage of the ncs and ncyP genes may be relevant for efficient formation
of naringenin (see Discussion). A tyrosine, at position 224, conserved in the S.
clavuligerus Ncs protein, might be involved in the recognition of the first (starter) unit
of p-coumaroil-CoA, or malonyl-CoA as proposed in the RppA synthase of S. coelicolor
(Li et al., 2007).

Location of genes putatively involved in the formation of the 4-coumaroil-CoA
precursor

Naringenin is formed from a 4-coumaric acid starting unit. In order to find
genes encoding the enzyme required for 4-coumaroyl formation, the encP gene of
Streptomyces maritimus, encoding a phenylalanine/ tyrosine ammonia lyase (Xiang
and Moore, 2002), was used to search the S. clavuligerus genome. One single gene,
SCLAV_5457, located 47.3 kb upstream of the ncs-ncyP cluster was found that encodes
a protein with 37% amino acids identity ( 51% conserved residues) to EncP along the
whole sequence. SCLAV_5457 has 1679 bp and encodes a 559 amino acid protein
related to TAL or PAL tyrosine/phenylalanine ammonia lyases (Appert et al., 1994).
These enzymes are able to deaminate phenylalanine to produce cinnamic acid and
tyrosine to produce coumaric acid. A short chain dehydrogenase/reductase encoded
by SCLAV_5458, located downstream of the former gene may act on the double bond
of the propenoyl side chain of 4-coumaric acid to reduce the double bond.

Activation of coumaric acid is likely to be mediated by the action of the aryl-
CoA ligase encoded by SCLAV_3408. This last enzyme contains an ATP binding site for
activation of the aromatic acid as an acyl-adenylate and is similar to coumaroyl-CoA
ligases of plants and Penicillium chrysogenum (Schneider et al., 2003; Lamas-Maceiras
et al., 2006; Martin et al., 2012) and to the benzoyl-CoA ligase of S. maritimus involved
in the biosynthesis of enterocin (Xiang and Moore, 2002).

Deletion of S. clavuligerus ncs and ncyP genes blocks naringenin bioynthesis

In order to elucidate if the ncs or ncyP genes are involved in naringenin
biosynthesis we proceeded to delete, separately, each of these genes using the
Redirect procedure. Seven clones of S. clavuligerus Ancs::acc were obtained. The
deleted strains showed the same pigmentation, aerial mycelium and spores formation
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as the parental strain. However, when tested for naringenin biosynthesis in TSB liquid
cultures, production of naringenin at 84 h cultures was drastically reduced to about 9%
of that in the parental strain, in the seven clones (Fig. 3.4.5).
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Fig. 3.4.5. Production of naringenin by S. clavuligerus deleted mutants and
complemented strains. A) Production of naringenin by S. clavuligerus 27064 (open circles), S.
clavuligerus ncs::acc (closed circles), S. clavuligerus ncyP::acc (open triangles), S. clavuligerus
tal::acc (open squares). B) Production of naringenin by S. clavuligerus deleted and
complemented strains at 96 h of growth. 1) S. clavuligerus ATCC27064, 2) S. clavuligerus
[pAV11], 3) S. clavuligerus Ancs::acc 4) S. clavuligerus Ancs::acc [pAV11] 5) S. clavuligerus
Ancs::acc [pAV11-ncs), 6) S. clavuligerus AncyP::acc 7) S. clavuligerus AncyP::acc [pAV11], 8) S.
clavuligerus AncyP::acc [pAV11-ncyP], 9) S. clavuligerus Atal::acc 10) S. clavuligerus Atal::acc
[pAV11] and 11) S. clavuligerus Atal::acc [pAV11-tal].

Deletion of ncyP produced two exconjugants designated as S. clavuligerus
AncyP::acc. Both mutants produced only traces of naringenin, about 4% of the level of
the parental strain indicating that ncyP (but not other P50 oxygenases present in the
cell) is strictly required for naringenin biosynthesis. Therefore, for the first time it is
demonstrated that both genes, ncs and ncyP, are involved in naringenin formation (see
Discussion).

Complementation of the ncs and ncyP genes in the deleted mutants restores
naringenin production.

Streptomyces clavuligerus mutants Ancs::acc and AncyP::acc were
complemented with each of the deleted genes subcloned in the integrative plasmid
pAV11l downstream of the anhydrotetracycline-inducible tcp80 promoter. The
complemented strains were grown in TSB medium in the presence of
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anhydrotetracycline (10 pug/ml) to induce the tcp80 promoter (Rodriguez-Garcia et al.,
2005). Production of naringenin was measured after 96 h of culture in all strains. S.
clavuligerus ATCC 27064 produced 58 pg/ml. The control transformant with the
integrated empty plasmid, S. clavuligerus [pAV11], produced a slightly lower
naringenin level (48 pug/ml). The production in the deleted mutants and their controls
transformed with the empty plasmid dropped to 2 to 7 ug/ml in the different strains.
However, complementation of the ncs-deleted mutant resulted in restoration of
naringenin production (to 55 pg/ml) and complementation of the ncyP-deleted mutant
resulted in naringenin concentrations of 42 ug/ml (Fig. 3.4.5B). These results
confirmed the involvement of ncs and ncyP in naringenin biosynthesis.

S. clavuligerus Atal::acc, deleted in the tal gene, does not produce naringenin
and production is restored by complementation

Using oligonucleotides tal_F and tal_R a 1929 bp DNA fragment was amplified,
sequenced and used to locate a cosmid containing the tal gene. Two cosmids D6-6 and
D9-10 gave positive hybridization with the 1.9 kb DNA fragment. The sequencing of the
insert of both cosmids showed that the tal gene was in a central position in cosmid D9-
10 which was used for further studies. Seven apramycin resistant kanamycin sensitive
clones, deleted in tal, were obtained by the Redirect technique. The seven clones were
identical by restriction mapping, PCR amplification and sequencing confirming that the
tal gene was substituted by the acc gene; the deleted strain was named S. clavuligerus
Atal::acc. The tal mutant showed a normal behavior in sporulation and aerial mycelium
formation in TSB and ME media. When they were grown in TSB liquid cultures the
naringenin production at 96 h was lower than 6% in comparison to the wild type strain.
Complementation of one of these mutants with the tal gene results in a transformant
producing 46 pg/ml, which is 95% of the production of the control strain S. clavuligerus
[pAV411] (Fig. 3.4.5B). This confirms that the ammonia lyase encoded by tal is
involved in naringenin formation, probably by using tyrosine or phenylalanine as
substrates to form the 4-coumaric acid precursor unit. In this respect, S. clavuligerus is
similar to monocotyledonous plants that are able to use a TAL to form directly p-
coumaric acid and differs from dicotyledonous plant cells which form coumaric acid
through a hydroxylation of trans-cinnamic acid by the enzyme cinnamate-4-
hydroxylase. The genome of S. clavuligerus does not contain a coumarate-4-
hydroxylase.

RT-PCR transcription analysis of the genes involved in naringenin biosynthesis

Expression of ncs and ncyP in two different media (SA and TSB) was tested by
RT-PCR at 24 and 48 h of culture. As shown in Fig. 3.4.6 a very weak amplification band
of these two genes is observed in cultures grown in SA medium while a strong
amplification signal appears in TSB medium what corroborates our initial results on
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production of naringenin in each of these media. Expression of these genes might be
induced by soybean-derived compounds in the triptic soybean broth as reported for
other P4so genes (Sariaslani and Kuntz, 1986). Using the oligonucleotides indicated in
Table 3.4.51 an RT-PCR analysis was done for the intergenic ncs-ncyP region. No
amplification of the intergenic fragment was detectable (not shown) in RNA samples in
which both ncs and ncyP were clearly amplified, indicating that each of these genes
was expressed as a monocistronic unit.

A
I B S
B SCLV_5490 ncyP ncs SCLA 5493
Medium: SA TSB SA TSB

Sampling Time(h): 24 48 24 48 24 48 24 48

M SLAV_5491(ncyP) SCLV_5492 (ncs) M

Fig 3.4.6. Organization and expression of the ncs and ncyP cluster of S.
clavuligerus. A) Organization of the ncs-ncyP gene cluster. B) Expression of the ncyP and ncs
genes in SA and TSB medium at 24 and 48 h of growth as detected by RT-PCR after 35 cycles of
amplification in the conditions indicated in Materials and Methods.

To determine whether the stimulatory effect observed by phenylalanine and
tyrosine addition to the cultures was due to an induction effect, quantification by qRT-
PCR of the ncs, ncyP and tal transcripts in control cultures and cultures supplemented
with phenylalanine or tyrosine (each at 5 and 10 mM concentration) was made. No
significative differences in the transcription of the three genes was observed following
phenylalanine or tyrosine addition, and only a very weak stimulation of the ncs
transcription was observed in the presence of phenylalanine. Therefore the
stimulatory effect of aromatic amino acids on naringenin production is likely due to a
precursor effect and not to induction of the naringenin biosynthetic genes.

3.4.5. DISCUSSION

The two genes ncs-ncyP cluster and the tal gene, although located in two
separate not too distant positions in the genome (47.3 kb), may cooperate in the
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formation of the p-coumaric acid precursor unit and in the assembly of the naringenin
molecule.

Bacterial type lll polyketide synthases are a group of PKSs that contain two KS
domains and catalyze repeated condensations of malonyl/CoA units. They reassemble
plant chalcone synthases (Austin and Noel, 2003) in amino acid sequence, although the
plant chalcone synthases are usually larger enzymes. Some type lll PKSs have been
described in soil dwelling Streptomyces species and some related actinobacteria (Zeng
et al.,, 2012). Several of these PKSs are involved in the production of red-brown
pigments and consequently the encoding gene was named rppA (Cortés et al., 2002;
lkeda et al.,1996; Funa et al., 2005). The best known of these PKSs is the 1,3,6,8
tetrahydroxynaphtalene (THN) synthase of S. griseus and S. coelicolor encoded by the
rppA gene. In the formation of THN the RppA PKS uses malonyl-CoA as starter unit and
three additional malonyl-CoA as elongation units (Funa et al.,, 1999). In some
Streptomyces species the THN is further oxidized to the naphthoquinone flavolin (Zeng
etal., 2012).

The Streptomyces RppA were hypothesized to have a small active center cavity
that allowed only the entry of small acyl-CoA derivatives such as malonyl-CoA (Funa et
al., 2002) at difference of the plants chalcone synthases that use bulky starter units
such as p-coumaroyl-, caffeyl- or trans-cinnamoyl-CoA.

In S. clavuligerus, as shown in this article, and also in plants, the initial product
of the Ncs is the naringenin chalcone that in plants is usually later converted in
flavonoids. Naringenin is synthesized by cyclization of a tetraketide formed by
condensation of a p-coumaroyl-CoA starter and three malonyl-CoA elongation units
(Fig. 3.4.1). The cyclization mechanism catalyzed by Ncs that leads to the formation of
the pyrone ring of naringenin (Fig. 3.4.1) is different from the aromatization
mechanism that results in the formation of THN, which involves a condensation with
the free carboxyl group of the starter malonyl-CoA.

Crystal structure of some CHSs (Ferrer et al., 1989; Jez et al., 2000) have
revealed an important role of the size of the cavity of the active center in the selection
of the starter unit, and therefore, of the product of Ncs versus other related type |l
PKSs.

The high degree of identity of the S. clavuligerus Ncs and the RppAs of S.
avermitilis and S. coelicolor (76 and 74% identity, respectively) and the presence of the
catalytic triad indicates that the S. clavuligerus Ncs enzyme is a member of the RppA
family. However, S. clavuligerus does not produce significant amounts of THN or THN-
derived pigments indicating that p-coumaroyl-derived naringenin is the major product
of this enzyme. Furthermore, the Ancs mutant is not albino at difference of the S.
griseus ArppA mutant and does not change in colour with respect to its parental strain.
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The ncs-encoded naringenin chalcone synthase contains the characteristic catalytic
triad Cys™®® and His?’® but has Asn®® instead of the standard GIn*%
several RppA and RppA-analogues from different Streptomyces species (Li et al., 2007;
Zeng et al., 2012).

that is present in

The Tyr?** in the entry channel of of RppA’s was proposed as the amino acid
determining the selective use of malonyl-CoA as starter unit, although this hypothesis

224 rasidue

was later disputed by new evidence provided by a set of mutants in the Tyr
(Li et al., 2007). Interestingly, the S. clavuligerus Ncs has a conserved Tyr at position
224 thus indicating that this amino acid is not an obstacle for the entry of p-coumaroyl-
CoA as starter unit of the polyketide. Indeed, the wild type S. coelicolor RppA enzyme
is able to use benzoyl-CoA (and even phenylacetyl-CoA) as starter for the formation of
the corresponding tetraketide-derived pyrone (Li et al., 2007) these products contains
an starter-derived aromatic ring and are closed as a pyrone ring, and, therefore,
resemble naringenin. In S. coelicolor these pyrones were considered to be
“derailment” products of the THN pathway but reflect the potential of RppA to
synthesize naringenin-like compounds. These pyrones may be natural products formed
together with THN in low concentration probably due to the scarcity or lack of benzoy-
ICoA, p-coumaroyl-CoA or other aryl-CoA precursors which are abundant in S.
clavuligerus and S.maritimus (Xiang and Moore, 2002) due to the presence of a PAL or
TAL ammonia lyase.

Linked to the ncs gene there is a deduced ncyP gene encoding a P4s0 oxygenase
that is strictly required for naringenin biosynthesis. Similarly the P4s0 gene associated
with rppA in S. griseus (known as rppB) is also required for THN formation (Ueda et
al.,1995; Funa et al., 2002). Our transcriptional studies show that those two genes are
transcribed as separated transcripts whereas in S. griseus they appear to be co-
transcribed and are translationally coupled, suggesting that both proteins are likely to
form a functional couple. Cortés et al. (2002) suggested that the RppA associated P45
has a role in cross-linking of THN molecules and this hypothesis was later supported by
strains overexpression rppB that form dimers and trimmers of flavolin, the quinone
derived from THN. However, this P4so oxygenase has probably a role as a helper in the
cyclization of the tetraketides, both in THN and naringenin biosynthesis, what explains
the essential role of the P45¢ oxigenases in the formation of THN and naringenin that
proceeds by different final cyclization processes.

Tyrosine ammonia lyase and formation of p-coumaroyl-CoA

Phenylalanine and tyrosine ammonia lyases belong to a family of aromatic
amino acid ammonia lyases that are closely related to bacterial histidine ammonia
lyases and aminomutases (Louie et al., 2006). These enzymes catalyze the non-
oxidative deamination of aromatic amino acids resulting in the formation of trans-p-
coumaric acid when the substrate is L-tyrosine or trans-cinnamic acid when the
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substrate is phenylalanine. The biosynthesis of trans-cinnamic acid in dicotyledonous
plants is catalyzed by a large PAL that works as a tetramer. A separate enzyme
cinnamate 4-hydroxylase introduces the hydroxyl group at position 4 of the aromatic
ring. In monocotyledonous plants both reactions are catalyzed by a single enzyme with
TAL/PAL activities that may form directly p-coumaroic acid (Rosler et al.,, 1997). The
bacterial aryl ammonia lyases are smaller (about 400 amino acids) tetrameric enzymes
(Louie et al., 2006) ammonia lyases. Based on the crystal structure of the Rhodobacter
histidine ammonia lyase and in the kinetics data of some mutant enzymes Louie and
coworkers (2006) proposed that His®® has an important role in the recognition of
histidine or aromatic amino acids as substrates since His* forms hydrogen bridges with
the substrates of the enzyme.

s 102 161 316 365 452

YGVTTGFG.. LITYH.. SVGASGDLV.. QDPYSIR.. GGNFYGG.. EAHNQDKV.. Streptomyces clavuligerus
YGVTTGFG.. LITYH.. SVGASGDLV.. QDRYSIR.. GGNFYGG.. EAHNQDKV.. Saccharopolyspora spinosa 67%
YGVTTGFG.. LIKYH.. SVGASGDLV.. QDRYSVR.. GGNFYGG.. SAMQEDHV.. Saccharothrix espanaensis 67%
YGVTTGFG.. LIRYH.. SLGASGDLV.. QDRYSVR.. GGNFYGG.. EAHNQDKV.. Amycolatopsis decaplanina 56%
YGVTSGFG.. LIRFL.. SVGASGDLV.. QDRYSVR.. GGNFYGG.. EAHNQDKV.. Streptomyces rimosus 56%
YGVTTGFG.. MLRFL.. SCGASGDLI.. QDKYSIR. GGNFYGS.. EAHNQDKV.. Solirubrobacter soli 52%

YGVSTGFG.. IVRSH.. SLGCSGDLA.. QDAYSVR.. NGNFHGA.. SAMQEDHV Streptomyces coelicolor 39%
YGVSTGFG.. IVRSH.. SLGCSGDLA.. QDAYSVR.. NGNFHGA.. SAMQEDHV.. Streptomyces avermitilis 39%
YGVSTGFG.. IVRSH.. SLGCSGDLA.. QDAYSVR.. NGNFHGA.. SAMQEDHV.. Streptomyces globisporus 41%
YGVNTSMG.. LINAV.. SLGTSGDLG.. EDAYSIR.. NGHFHGQ.. TADFQDIV.. Streptomyces maritimus 37%

YGLTTGFG.. LVHHL.. TVGASGDLT.. QDAYSLR.. GGNFMGQ.. NAANQDVV.. Rhodobacter sphaeroides 40%
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Fig. 3.4.7. Partial amino acid sequence alignment of regions known to form the
ative site of TAL proteins. Above are indicated the amino acid positions in S. clavuligerus
SCLAV_5457 sequence. At the right side is shown the % of amino acids identity of the whole
protein. The sequences used in this figure are ammonia lyases from Saccharopolyspora
spinosa (WP_029535616.1), Saccharothris espanaensis (WP_015102494), Amycolatopsis
decaplanina (WP_007032994), Streptomyces globisporus (WP_029182093.1), Streptomyces
rimosus subsp. rimosus ATCC 10970 (ELQ83456.1), Streptomyces maritimus EncP
(gb|AAF81735.1), Solirubrobacter soli (WP_028063475.1), Streptomyces coelicolor
(WP_629085.1), Streptomyces avermitilis (WP_010984755.1) and Rhodobacter sphaeroides
(WP_011339422.1).

The S. clavuligerus TAL, as the homologous enzyme of Saccharothrix spanaensis
involved in the biosynthesis of saccharomicin (Berner et al.,, 2006), has a rather
different amino terminal region when compared with the Rhodobacter enzyme,
although six motifs described in the Rhodobacter enzyme to interact with the
substrate are conserved to some degree (Fig. 3.4.7). The H3° present in the

Rhodobacter ammonia lyase corresponds to Y'%°

in S. clavuligerus TAL; this Y is
conserved or substituted by Phe in a small group of Streptomyces species (or other
actinomycetes species) which have ammonia lyases with 50 to 60% identity to the S.

clavuligerus TAL, while the bulk of Streptomyces ammonia lyases have about 40%
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identity with the S. clavuligerus enzyme, have an IVRSH sequence with serine at the
corresponding 105 position. Although all the actinomycetes enzymes lack His* the
Phe® probably plays the same role of interaction with aromatic amino acid substrates.
Using in vitro reactions with the Saccharothrix enzyme, that has a LIKYH domain
carrying tyrosine (Berner et al.,, 2006) it has been clearly demonstrated that the
product of this ammonia lyase is p-coumaric acid and not trans-cinnamic acid and the
substrate used is L-tyrosine. Similar observations have been made for tyrosine amino
mutase of Streptomyces globisporus that forms p-coumaric acid as an intermediate in
the a- to B- tyrosine isomerization and has 37% identity to the S. clavuligerus TAL.
Similar enzymes are present in the genomes of several Streptomyces species that form
a separate class with the characteristic Phe® but it is unknown if they serve as aryl
ammonia lyases or as aromatic amino acid amino-mutases.

The aromatic amino acid ammonia lyases have an autocatalytically formed
prosthetic group that is also present in the S. clavuligerus TAL protein as deduced from
spectrophotometric studies (Alvarez-Alvarez, unpublished results). These enzymes
were thought to contain a dehydroalanine prosthetic group derived from serine (in the
Rhodobacter sphaeroides HAL protein) but later molecular genetics and
spectrophotometric studies (Schwede et al., 1999; Rother et al., 2000) established that
the prosthetic group is methylidene-imidazol-5-one (MIO). This molecule is formed by
autocatalytic dehydration and cyclization of the internal tripeptide ala-ser-gly that in S.
clavuligerus TAL corresponds to amino acids A'**-S'®*-G'®® (Fig. 3.4.7). This tripeptide
precursor of the prosthetic MIO group is present in all putative aromatic ammonia
lyases and aminoacid mutases in several Streptomyces species.
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4. Discusion

El interés industrial de Streptomyces clavuligerus se debe a que es el principal
productor del acido clavulanico, un inhibidor de beta-lactamasas, que se administra
combinado junto con antibidticos beta-lactdmicos como la amoxicilina para el
tratamiento de distintas infecciones. Este hecho explica el profundo estudio
microbioldgico, bioquimico y genético que se ha realizado de esta cepa desde su
aislamiento y caracterizacién por Higgens y Kastner en 1971.

Inicialmente, debido a los escasos conocimientos en genética molecular, los
mutantes superproductores de acido clavuldnico, cefamicina C u otros metabolitos
como la holomicina eran obtenidos meditante técnicas de mutagénesis al azar. El
posterior desarrollo de técnicas moleculares permitidé ahondar en la organizacién
génica de las agrupaciones biosintéticas implicadas en la producciéon de estos
metabolitos, asi como de los reguladores mds o menos especificos que coordinan
dicha producciéon y que en ocasiones pueden estar implicados en el metabolismo
primario, el desarrollo y diferenciacion morfolégica. En este sentido, durante los
ultimos treinta afios se han aislado y caracterizado en nuestro laboratorio los genes y
enzimas para la biosintesis de cefamicina C y de acido clavuldnico (Liras y col., 2008;
Liras y Demain, 2009), y se han estudiado los mecanismos de regulacion de su
produccién. Como ya se ha indicado anteriormente, las agrupaciones biosintéticas de
acido clavulanico y cefamicina C estan adyacentes en el cromosoma de S. clavuligerus 'y
controlados conjuntamente por un regulador positivo tipo SARP, codificado por el gen
ccaR, que se localiza en la agrupaciéon de genes para cefaminina C (Pérez-Llarena y col.,
1997).

Papel de CcaR en la regulacion global de la produccion de antibioticos en S.
clavuligerus

La regulacién especifica de la produccién de acido clavuldnico y cefamicina C
por la proteina activadora CcaR resulta evidente, ya que el mutante interrumpido en
ccaR anula la produccién de ambos metabolitos (Pérez-Llarena y col., 1997).
Resultados similares fueron obtenidos en otro grupo de investigacién con el mutante
delecionado S. clavuligerus AccaR::tsr (Alexander y Jensen, 1998). Sin embargo, la cepa
afectada en ccaR presenta otras diferencias fenotipicas respecto a la cepa parental.
Asi, los sobrenadantes de los cultivos de mutantes ccaR poseen una coloracion
amarilla, debido a la produccion de holomicina (de la Fuente y col., 2002). Este hecho
pone de manifiesto la compleja red de regulacién en Streptomyces clavuligerus, en lo
gue al metabolismo secundario se refiere, de forma que la inactivacion de un
regulador especifico de ruta para la biosintesis de acido clavulanico y cefamicina C
activa la produccién de la holomicina, compuesto no producido por la cepa parental en
las condiciones experimentales utilizadas. Podemos deducir que bien sea mediante de
forma directa o indirecta, CcaR ejerce un control negativo en la produccién de la
holomicina, no regulando exclusivamente la produccion del acido clavulanico y de la
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cefamicina C. También se ha observado que el regulador CcaR parece tener un papel
importante sobre el desarrollo y la diferenciacion morfoldgica, ya que el mutante ccaR
es defectivo en esporulacion.

La compaiiia DSM (Delf, Holanda) en colaboracién con el Institute for Genome
Research (TIGR) llevé a cabo la secuenciacién en 2005 del genoma de S. clavuligerus, y
ha publicado de forma fraccionada grandes partes de su genoma; la secuencia de unos
800 genes fue suministrada a nuestro grupo dentro de un convenio de investigacion .
En el afio 2008, la compafiia Agilent Technologies en base a estas secuencias elaboré
para nuestro grupo micromatrices que contienen parte del genoma de S. clavuligerus,
ademas del genoma completo de S. coelicolor, microorganismo modelo del género.

Con estos precedentes, se realizaron experimentos transcripcionales mediante
micromatrices de la cepa S. clavuligerus AccaR::tsr con el fin de analizar el efecto
global del regulador CcaR sobre el metabolismo primario y secundario (Capitulo I de
Resultados). Los resultados de expresion de los genes de agrupaciones biosintéticas
concuerdan con el perfil fenotipico y los estudios transcriptémicos previos (Santamarta
y col., 2011; Robles-Reglero y col., 2013).

Los genes de las agrupaciones de acido clavuldnico y cefamicina C presentan un
descenso generalizado en la tasa de transcripcion en la cepa mutante ccaR respecto a
la cepa silvestre debido a la ausencia del activador especifico. Todos los genes
biosintéticos de holomicina presentes en las micromatrices se encuentran
sobreexpresados en la cepa mutante. El analisis bioinformatico de las regiones
promotoras de estos genes no muestra cajas heptaméricas consenso de unién a CcaR,
en cuyo caso deberia ejercer un improbable control negativo, por lo que parece que la
activacion de la biosintesis de holomicina en el mutante ccaR se produce de forma
indirecta por una cascada reguladora aun desconocida.

En la introduccidn de esta tesis doctoral (ver epigrafe 1.1.3.1) cuestiondbamos
el modelo clasico de la regulacién del metabolismo secundario basado en un sistema
jerdrquico donde los reguladores globales o pleiotrépicos se ubican en un nivel
superior controlando los reguladores especificos de ruta. Lépez-Garcia y col. (2010)
observaron en el mutante S. clavuligerus AadpA una disminucion de la expresion del
gen ccaR en comparacion a la cepa parental, ajustandose al modelo clasico de
regulacién jerarquizada. Sin embargo, los resultados transcriptdmicos obtenidos en
relacion al gen adpA, el cual se haya reprimido en el mutante S. clavuligerus AccaR::tsr,
confirman la existencia de una compleja red de regulacién cruzada sin claros niveles
jerarquicos donde el regulador especifico CcaR parece modular la expresién del gen
del regulador pleiotrépico AdpA. Esta disminucion en la expresién de adpA se puede
explicar al ser la cepa mutante ccaR defectiva en la esporulacién, ya que AdpA es un
regulador clave en la correcta diferenciacion morfoldgica.
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La expresion de otros reguladores transcripcionales mas o menos especificos,
muchos de ellos de funcién desconocida, y de sistemas de dos componentes se
encuentra también afectada en el mutante ccaR. Este cambio en el patrén de
transcripciéon de genes reguladores puede explicar la activacion de la biosintesis de
otros metabolitos cripticos, como la holomicina, cuya regulacién directa ain no han
sido identificada experimentalmente. Esta regulacién cruzada entre distintos
metabolitos secundarios en la que la ausencia o disminucion de uno de ellos es
compensada con la activacion o aumento de la produccién de otro no es casual.
Estudios de Rodriguez y col. (2008) en Streptomyces cattleya son un ejemplo de este
hecho frecuente. S. cattleya es el microorganismo productor de tienamicina y
cefamicina C. En la agrupacién biosintética de tienamicina se localizan dos reguladores,
thnl y thnU. Thnl es un activador transcripcional tipo LysR que activa la produccién de
la tienamicina, mientras que ThnU es un regulador tipo SARP que actua regulando la
produccién de cefamicina C, sin un efecto sobre la produccion de tienamicina. La
eliminacién del gen thnl, provoca la anulacién en la produccidn de tienamicina, y a su
vez incrementa la produccidon de la cefamicina C en este mutante, aumentando la
expresion de los genes estructurales pcbAB y cmcl. El efecto de regulacion cruzada de
CcaR modulando la expresién el gen activador claR, regulador especifico, y otros genes
estructurales de la agrupacion de acido clavuldnico en S. clavuligerus mediante la
unién directa a sus regiones promotoras también ha sido demostrado (Santamarta y
col., 2011). Sin embargo, en este caso la delecién del gen ccaR provoca anulacién en la
produccién de cefamicina Cy 4cido clavulanico (Pérez-Llarenay col., 1997).

El metabolismo primario también se encuentra afectado en la mutante ccaR,
puesto que como es sabido, la produccién de metabolitos secundarios depende
directamente de precursores generados a partir de intermediarios procedentes del
metabolismo primario. La anulacién en la produccién de acido clavulanico o cefamicina
C implicaria una reduccién en la demanda de estos precursores, activandose una
cascada de sefializacidon. En este sentido, podemos observar un descenso en la tasa de
transcripcion de los genes pertenecientes a la agrupacién de la arginina, precursor
clave en la biosintesis del acido clavulanico. Resulta llamativo el fuerte descenso
generalizado en la expresion de los genes implicados en el metabolismo del nitréogeno.
Este hecho puede entenderse como la reduccién en la demanda de compuestos
nitrogenados debido la anulacién en la produccion de acido clavulanico y cefamicina C.

Activacion de la produccion de holomicina: papel modulador de OppA2 y del
megapldasmido pSCL4

La produccién de holomicina por diferentes cepas mutantes de S. clavuligerus
resulta ser un claro paradigma de la activacién de agrupaciones biosintéticas cripticas
de metabolitos secundarios. En el Capitulo Il de Resultados hemos profundizado en la

169



4. Discusion

regulacion de la biosintesis de la holomicina mediante la delecidn del gen oppA2 y del
megaplasmido pSCL4.

En 2002, de la Fuente y colaboradores describieron que la cepa interrumpida
en el gen oppA2 de S. clavuligerus era capaz de producir elevadas concentraciones de
holomicina, un metabolito secundario con actividad antitumoral de coloracidn
amarilla, no producido por la cepa parental a niveles detectables, siendo los niveles de
produccién en el mutante oppA2 mas altos que en la cepa interrumpida en ccaR.
(Fuente et al., 2002; Lorenzana et al.,, 2004). Se trataba de uno de los primeros
ejemplos de activacion de agrupaciones biosintéticas cripticas o silenciosas. El gen
oppA2, ubicado en la agrupacidon biosintética del acido clavuldnico, codifica una
oligopéptido permeasa implicada en la produccién del acido clavulanico, puesto que su
interrupcion anula completamente la biosintesis de dicho compuesto.

La secuenciacién completa y publicacion del genoma de S. clavuligerus (ver
epigrafe 1.2.1) facilité una valiosa informacidn sobre organizacién gendmica de este
microorganismo. El trabajo de Medema y col. (2010) reduce el tamafo del cromosoma
desde las aproximadamente 8 Mb inicialmente estimadas a poco mds de 6 Mb, siendo
uno de los cromosomas mas pequefios de todas las especies descritas del género.
Ademas, la secuenciacion puso de manifiesto la presencia del megaplasmido pSCL4 de
1.8 Mb, el cual constituye un importante reservorio de agrupaciones biosintéticas
cripticas de metabolitos secundarios (Medema y col., 2010).

En paralelo a los estudios realizados con la cepa S. clavuligerus AccaR::tsr, se
han realizado es esta tesis experimentos transcripcionales mediante micromatrices de
la cepa S. clavuligerus oppA2::aph (Lorenzana y col., 2004). Los resultados
transcripcionales han puesto de manifiesto que la cepa interrumpida en oppA2 posee
en bajo numero copias de los plasmidos pSCL1, pSCL2 y pSCL4, debido probablemente
a mutaciones en genes implicados en la replicacion o la segregacidén plasmidica
durante la obtencién de la cepa mediante regeneracion de protoplastos; debido a
estos estudios la cepa S. clavuligerus oppA2::aph ha sido redenominada S. clavuligerus
oppA2::aph pSCL'°W. Esta cepa es nula productora de acido clavulénico y presenta una
produccién de holomicina en torno a 1600 pug/mg DNA. Respecto a su diferenciacidon
morfoldgica, la cepa muestra fenotipo "bald", es decir, carece de micelio aéreo. La
interrupcion del gen oppA2 combinada con el bajo nimero de copias de los elementos
extracromosomales pSCL1, pSCL2 y pSCL4 en la cepa S. clavuligerus oppA2::aph pSCL"’W
no permite aclarar cudles son los cambios genéticos que provocan los cambios
fenotipicos descritos. La elaboracién de las cepas indicadas en la Tabla 3.2.1 han

permitido desarrollar un correcto analisis funcional de oppA2 y pSCL4.

La cepa carente de pSCL4 (S. clavuligerus pSCL4) produce 1000 pg de
holomicina/mg DNA de holomicina, mientras que la cepa delecionada en oppA2 con un
numero normal de copias de pSCL4 (S. clavuligerus AoppA2 pSCL) sélo produce 400 pg
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de holomicina/mg DNA. Cuando ambas mutaciones estan presentes en la misma cepa
(S. clavuligerus AoppA2 pSCL4) la produccion se incrementa a 1600 pg de
holomicina/mg DNA. En base a estos resultados, podemos concluir que la activacion de
la agrupacion criptica de holomicina responde independientemente a la ausencia de
OppA2 y de pSCL4, aprecidandose un efecto sinérgico debido a la pérdida de ambos
elementos. Es probable que se produzca una regulacién sobre la agrupacién de
holomicina debido a la presencia de una o varias proteinas represoras codificadas en
pSCL4.

En cuanto a la produccién de cefamicina C, tanto la delecién de oppA2 como la
eliminacidon de pSCL4 no parece tener un efecto negativo en produccidn. Sin embargo,
con las distintas cepas demostramos el papel fundamental del gen oppA2 en la
biosintesis de acido clavuldnico, la cual disminuye parcialmente en ausencia de sélo
pSCLA4.

La correcta esporulacién del mutante S. clavuligerus AoppA2 pSCL” y el fenotipo
"blad" de S. clavuligerus pSCL4" confirman que OppA2 no estd implicada en el proceso
de diferenciacion morfoldgica en S. clavuligerus. Los genes whi y bld implicados en la
formacién de micelio aéreo y la esporulacidon se localizan en el cromosoma, sin
embargo es posible que en pSCL4 puedan localizarse genes esenciales implicados en el
proceso de diferenciacién morfoldgica.

pSCL4: Un gran elemento extracromosomal reservorio de agrupaciones
biosintéticas de metabolitos secundarios en S. clavuligerus

Como se ha indicado anteriormente, pSCL4 actia como reservorio para la
biosintesis de aproximadamente la mitad de los metabolitos que potencialmente es
capaz de producir S. clavuligerus (Medema y col., 2010).

La construccion de la cepa S. clavuligerus pSCL4™ en este trabajo se ha basado
en la estrategia descrita por Hsu y Chen (2010) quienes eliminaron el plasmido lineal
SLP2 de 50 Kb en Streptomyces lividans. El plasmido pSCL4 de S. clavuligerus posee en
su zona central, préxima al oriC dos genes: parA (SCLAV_p0885) y parB (SCLAV_p0884).
Las proteinas ParA y ParB permiten especificamente la segregacion de este
megaplasmido durante la divisidon celular, en el proceso de esporulacidn. La obtencién
del mutante S. clavuligerus AparABpscia::acc y su posterior esporulacion permitio
seleccionar clones sensibles a apramicina de los que posteriormente se obtuvo la cepa
carente de pSCL4. Con esta cepa hemos demostrado que pSCL4 es un elemento
extracromosomal que pese a su gran tamano, resulta ser dispensable. El origen de este
plasmido de gran tamafio, como ocurre en otras especies del género, puede explicarse
mediante fendmenos de transferencia horizontal entre distintas especies (Kinashi,
2011). Aungue en condiciones experimentales la mayoria de las agrupaciones génicas
presentes en pSCL4 se encuentran silenciadas, su expresiéon en el habitat natural
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pueden conferir a la cepa que las contiene ventajas ecoldgicas frente a otros
organismos competidores (Brakhage and Schroeckh, 2011).

La activacion de todas las agrupaciones cripticas de metabolitos secundarios
presentes tanto en pSCL4 como en el cromosoma, mediante diferentes técnicas (ver
epigrafe 1.1.3.2), supone un valioso potencial de esta especie a la hora de producir una
amplia variedad de nuevos farmacos aun no descritos. Las predicciones
bioinformaticas de las proteinas codificadas por los genes de las supuestas
agrupaciones biosintéticas presuponen la naturaleza del metabolito por homologia a
las descritas en otras especies. Sin embargo, estas predicciones no dejan de ser meras
especulaciones, pudiendo producirse compuestos con una estructura quimica que
presente modificaciones distintas al compuesto inicialmente predicho, resultando en
actividades bioldgicas diferentes.

El silenciamiento de agrupaciones cripticas de metabolitos secundarios puede
ser debido al menos a tres mecanismos genéticos distintos (Martin y Liras, 2014). El
primero consiste en el silenciamiento de agrupaciones biosintéticas mediante
reguladores transcripcionales que actuan reprimiendo la expresion de los genes que la
forman. La activacion de estas agrupaciones cripticas puede tener lugar mediante
inductores externos o modificaciones bioquimicas en el metabolismo celular. En este
mecanismo de silenciamiento encajamos la regulacidon de produccién de holomicina,
donde la presencia de proteinas como CcaR, OppA2 o posibles represores codificados
en pSCL4 regulan negativamente su produccion. Una segunda clase de silenciamiento
de agrupaciones biosintéticas para metabolismo secundario consiste en la pérdida de
genes estructurales clave que participan en la reacciones cataliticas de sintesis del
compuesto, denomindandose a estas agrupaciones degeneradas. El tercer tipo de
silenciamiento de agrupaciones biosintéticas se basa en fallos de las regiones
promotoras de los genes estructurales o de los propios reguladores especificos de la
ruta.

La agrupacion de dcido clavuldnico en Streptomyces flavogriseus:
silenciamiento y transferencia horizontal génica

En el Capitulo Ill de Resultados analizamos la presencia de la agrupacion del
acido clavulanico en S. flavogriseus ATCC 3331 y Saccharomonospora viridis DSM
43017, centrando nuestro estudio en S. flavogriseus. La presencia de la agrupaciéon de
acido clavulanico en S. flavogriseus resulta ser un claro ejemplo de dos fendmenos
frecuentes en las especies del género Streptomyces: el silenciamiento de una
agrupaciéon génica de un metabolito secundario y el fendmeno de transferencia
horizontal de genes.

La agrupacion génica de biosintesis de acido clavuldnico en S. flavogriseus
posee todos los genes de la agrupaciéon de S. clavuligerus necesarios para la
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produccién del metabolito. Sin embargo, la disposicion de los genes no es idéntica,
existiendo una reorganizacidon de distintos bloques o "subclusters". Ademas, la la
agrupacion de acido clavulanico en S. flavogriseus, contiene el gen regulador ccaR que
en S. clavuligerus esta presente en la agrupaciéon de cefamicina C y es necesario en la
produccién de acido clavuldnico.

Debido a la ausencia de produccion de acido clavulanico por S. flavogriseus,
empleando nueve medios de cultivo distintos en los que S. clavuligerus produce altas
concentraciones, se ha considerado que en S. flavogriseus la agrupaciéon de acido
clavulanico es criptica o silenciosa. Los resultados mediante RT-PCR cuantitativa de los
genes biosintéticos en S. flavogriseus mostrados en la Figura 3.3.5B confirman el
silenciamiento parcial de la agrupacién, debido a diferentes niveles de expresion de los
subclusters que la forman. Asi, mientras el bloque de genes que codifica las enzimas
implicadas en las etapas tempranas se expresan a un alto nivel, otros grupos de genes
presentan tasas bajas de expresion. La correcta expresiéon de los reguladores
especificos ccaR y claR sugiere que los genes no expresados han sufrido modificaciones
en sus regiones promotoras que afectan a la correcta interaccién de la RNA polimerasa
y los activadores transcripcionales CcaR y ClaR.

S. flavogriseus posee en su genoma la agrupacidon de tienamicina, a 41 Kb
aproximadamente de distancia de la agrupacién de acido clavuldnico. Esta agrupacion
génica estd aparentemente completa y conserva la misma organizacion que en
Streptomyces cattleya, especie descrita como productora de tienamicina. Sin embargo,
S. flavogriseus no produce tienamicina en diferentes medios de cultivo, tratdndose de
otra mas agrupacion criptica o silenciosa (Blanco, 2012).

Generalmente, la presencia de las mismas agrupaciones biosintéticas para
metabolitos secundarios mas o menos conservadas en distintas especies, alejadas
filogenéticamente, responde al fendmeno de transferencia horizontal de genes. En el
habitat natural, las bacterias son capaces de "importar" e integrar en su genoma
fragmentos de DNA exdgeno de origenes diversos (Eisen, 2000; Nakumura y col., 2004;
Didelot y Maiden, 2010). Este hecho, conocido como transferencia horizontal genética
es, junto con las mutaciones mas o menos puntuales, la base de la evolucion de los
genomas bacterianos. Estos son vistos como procesos que ocurren continuamente en
las poblaciones bacterianas. La introduccién de este DNA exdgeno suele ser deletéreo,
aungue en circunstancias especificas pueden conferir un importante ventaja evolutiva
a la poblacidn bacteriana que lo recibe (Towsend y col., 2003; Orr, 2005).

Aunque las modificaciones que tienen lugar en los genomas de especies del
género Streptomyces por procesos de transferencia horizontal de genes son mas
drasticos, debido a los grandes fragmentos de DNA exdgeno introducido y el
consecuente cambio fenotipico a nivel metabdlico (en el caso de incorporar una
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agrupacion biosintética), las mutaciones puntuales pueden implicar importantes
diferencias en el proceso evolutivo, como veremos mads adelante.

Produccion de naringenina en S. clavuligerus: mutacion y divergencia en la
funcion génica

En el Capitulo 1V de Resultados estudiamos la produccién de naringenina por S.
clavuligerus; este es un metabolito de naturaleza flavonoide tipicamente producido
por plantas. La localizacién en el genoma y el andlisis funcional de los genes implicados
en su biosintesis (ncs, ncyP y tal) revelan como se producen fendmenos de
reordenacion de genes y cdmo mutaciones en la secuencia de algunos genes provoca
cambios metabolémicos entre las diferentes especies de Streptomyces.

Como se ha indicado en el apartado de resultados, en S. clavuligerus los genes
implicados en la biosintesis de naringenina ncs (policétido sintasa tipo Ill) y ncyP
(citocromo Pysg) se localizan contiguos en el brazo derecho del cromosoma. Ambos
genes aparecen conservados en diferentes especies del género, si bien ninguna otra
especie ha sido descrita como productora de este flavonoide (Figura 4.1B). La
ubicacidn relativa de un gen respecto al otro es diferente en cada especie, bien debido
a reordenamientos en el proceso de especiacion a partir del ancestro comin o por
reordenamientos producidos durante la transferencia horizontal génica. Dado que se
trata de genes tipicos del metabolismo secundario y se localizan en los extremos de los
cromosomas de todas las especies, la segunda hipdtesis parece tener mayor
consistencia.

A) B)

S. coelicolor [
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> ) m— =)

S. avermitilis = £ | [—/ ) —
——  S.venezueloe [y ) )¢ !
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Figura 4.1. Organizacion genomica de los genes ncs y ncyP en S. clavuligerus y sus

ortélogos en otras especies del género. A) Arbol filogenético en base a la secuencia de
aminoacidos de la policétido sintasa tipo Ill. B) Organizacion gendmica de los genes que
codifican la policétido sintasa tipo Il (flecha azul), el citocromo P,s, (flecha roja) y su entorno
génico (flechas grises).
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Cada una de las especies que contienen ambos genes han evolucionado de
forma divergente, problemente en base a pequeiias mutaciones en su secuencia, pero
lo suficientemente relevantes como para que originen productos diferentes. Asi, en S.
coelicolor y S. griseus, no descritos como productores de naringenina, la policétido
sintasa tipo Ill (RppA) y el citocromo Pyso (RppB) estan implicados en la produccion del
pigmento 1,3,6,8 tetrahydroxynaphtalene (THN) (Funa et al., 2005). Aunque muy
similares entre si, las diferencias en la secuencia de aminoacidos entre RppA y Ncs
conllevan un cambio en el mecanismo de ciclacién del policétido debido a diferencias
en el tamafo, polaridad y otros pardmetros fisico-quimicos de la cavidad del centro
activo de la PKS tipo Ill. Esto provoca diferencias en el empleo de una unidad iniciadora
u otra y por ende, la obtencién de metabolitos diferentes. En el caso de RppA la unidad
iniciadora es malonyl-CoA, mientras que Ncs emplea como unidad iniciadora p-
coumaroil-CoA.

Estudios de mutagénesis dirigida, han permitido determinar que la tirosina en

22%) de la secuencia de estas PKSs es el residuo que marca el empleo

la posicion 224 (Y
del malonyl-CoA como unidad iniciadora. La Ncs de S. clavuligerus posee conservada
esta Y**, lo cual no parece suponer un problema para que utilice el p-cumaroil-CoA

como unidad iniciadora (ver Discusion del Capitulo IV de resultados) (Li et al., 2007).

Dada la aparente plasticidad en el empleo de una unidad iniciadora u otra por
estas PKSs, parece indicar que la capacidad para producir un metabolito u otro
depende en gran medida de la disponibilidad o capacidad de biosintesis de la unidad
iniciadora por parte del microorganismo productor. La presencia en S. clavuligerus del
gen tal que codifica una tirosina amonio liasa que cataliza la transformacién de tirosina
a p-cumarico, ausente en otras especies del género, le confiere la exclusividad en la
capacidad de producir naringenina.

La produccion de naringenina por un procariota resulta ser de gran interés
industrial, dada la facilidad relativa de produccién de metabolitos secundarios en
procesos fermentativos a diferencia de los laboriosos y costos métodos de extraccién a
partir de tejidos vegetales. La produccién de naringenina ha sido referida empleando el
hongo Aspergillus niger IB-56, que cataliza la bioconversidon de naringina a naringenina
(Rubio y col., 2011), y en E. coli (Wu vy col., 2014) en el que se han clonado todos los
genes de biosintesis) si bien con baja eficiencia en la produccién. Sin embargo, nunca
habia sido descrita la produccidon de este metabolito en bacterias sin el empleo de
intermediarios estructurales.
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5. Conclusiones

El andlisis transcriptomico de cultivos de la cepa S. clavuligerus AccaR::tsr
crecidos en medio SA muestra un descenso de expresion en los genes de
biosintesis de cefamicina C y acido clavuldanico y un aumento de expresidon en
los genes de biosintesis de holomicina, respecto de los observados en la cepa
control, lo que concuerda con los niveles de produccion de dichos antibioticos
por ambas cepas.

La ausencia del regulador CcaR afecta negativamente la expresion de los genes
para el metabolismo del nitrégeno (amtB, ginB, gin1, gin2 y gin3) y de los genes
de biosintesis de arginina, lo que se interpreta como una adaptacioén a la menor
demanda de estos compuestos que son necesarios para la produccion de
cefamicina Cy acido clavuldnico.

La cepa con fenotipo “bald” S. clavuligerus oppA2::aph, superproductora de
holomicina, no productora de acido clavuldnico, presenta un nimero de copias
de los plasmidos pSCL1, pSCL2 y pSCL4 10* veces inferior al de S. clavuligerus

Low

ATCC 27064 redenominandose dicha cepa S. clavuligerus oppA2::aph pSCL™".

El megaplasmido pSCL4 de 1.8 Mb es dispensable. La ausencia de pSCL4 en la
cepa S. clavuligerus pSCL4°, impide la esporulacion y contribuye a la
superproduccién de holomicina.

La ausencia de la oligopéptido permeasa OppA2 en el mutante S. clavuligerus
AoppA2::acc pSCL', que posee niveles normales de todos los plasmidos, origina
la pérdida de la produccién de acido clavulanico y el aumento de la produccién
de holomicina, pero no afecta la esporulacién.

El analisis bioinformatico del genoma de Streptomyces flavogriseus ATCC 33331
muestra la presencia de una agrupacién génica para acido clavuldnico
reorganizada respecto a la de S. clavuligerus.

Se ha detectado mediante RT-PCR la expresion de los genes para los
reguladores especificos de la produccién de clavuldnico (ccaR, claR) y de
algunos genes biosintéticos; sin embargo, la agrupacion es silenciosa
probablemente debido a la ausencia de transcripcidn de otros genes esenciales
(cyp, orf12, orf13, orfl4y oppA2).

La expresion heterdloga del gen funcional ccaRc de S. clavuligerus no es
suficiente para producir clavulanico en S. flavogriseus. La introduccién en esta
cepa de la agrupacion completa de acido clavulanico de S. clavuligerus conduce
a la produccion de bajos niveles de acido clavulanico por S. flavogriseus::[SCos-
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5. Conclusiones

10.

11.

CA], probablemente por aumentar el nivel de las proteinas cuyos genes (cyp,
orfl2, orfl13, orf14y oppA2) se expresan pobremente en S. flavogriseus.

Los cultivos de S.clavuligerus ATCC 27064 crecido en medio TSB contienen
naringenina, como se demuestra mediante espectrometria de masas y
resonancia magnética nuclear, siendo esta la primera vez que se describe la
produccién de este compuesto por un cultivo microbiano.

El andlisis bioinformatico del genoma de S. clavuligerus ha permitido detectar
los genes contiguos ncs, que codifica una chalcona sintasa, y ncyP, que codifica
un citocromo Pyso. La delecidn de cada uno de estos genes conduce a niveles de
produccién de naringenina de entre el 2 y el 10 % respecto de los producidos
por la cepa parental.

La adicién de tirosina o fenilalanina al medio de cultivo TSB triplica la
produccién de naringenina, probablemente por aumentar el nivel intracelular
de acido p-cumarico, un precursor de la naringenina. El andlisis bioinformatico
del genoma de S. clavuligerus ha permitido detectar el gen tal (SCLAV_5457)
que codifica una tirosina/fenilalanina amonio liasa, cuya delecién da lugar a
niveles de produccién del 8% respecto a los de la cepa control, lo que muestra
gue es esencial para la produccidn de naringenina.
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Table 3.1.1. S. clavuligerus DAccaR::tsr gene expression as compared to S. clavuligerus ATCC 27064

EXPONENTIAL PHASE STATIONARY PHASE

CODE GENE PRODUCT Mc FDR Mc FDR

Clavulanic acid Biosynthesis

SCLAV_4189 cyp Cytochrome P450 -5,34 <1E° -5,19 <1E%
SCLAV_4191 clar Transcriptional regulator -4,61 <1E° -3,99 <1E%
SCLAV_4187 orf12 Beta lactamase protein-like -5,09 <1E% -4,51 <1E®
SCLAV_4181 gcas Carboxylase -5,44 <1E% -4,98 <1E®
SCLAV_4186 orf13  Export pump 3,73 <1E° -3,25 <1E%
SCLAV_4185 orfl4  Acetyl transferase -4,77 <1E% -3,84 <1E®
SCLAV_4183 oppA2  Oligopeptide binding protein -5,28 <1E% -4,72 <1E®
SCLAV_4182 orf16 DUF482 domain-containing protein -5,03 <1E° -4,40 <1E%
SCLAV_4180 orf18 Penicilin binding protein -0,49 7,48 -0,58 2,02E%
SCLAV_4179 orf19  Penicilin binding protein -0,61 9,36 -0,65 1,99
SCLAV_4178 orf20  Cytochrome P450 -0,95 3,936 -1,68 <1E%
SCLAV_4196 bls2 Beta-lactam synthetase 2 -6,38 <1E% -5,36 <1E®
SCLAV_4190 car Clavaldehyde dehydrogenase -3,94 <1E% -3,03 <1E®
SCLAV_4194 cas2 Clavaminato sintase 2 -6,55 <1E® -6,00 <1E°
SCLAV_4197 ceaS2  Carboxyethyl arginine synthetase 1 -5,78 <1E% -5,33 <1E°
SCLAV_4193 oat2 Similar to ornithine acetyltransferase -2,67 <1E° -2,81 <1E%
SCLAV_4192 oppAl Oligopeptide binding protein -4,97 <1E° -4,44 <1E%
SCLAV_4195 pah2 Proclavaminate amidinohydrolase 2 -6,66 <1E% -6,01 <1E®

Cephamycin C Biosynthesis

SCLAV_4198 pchR Beta lactam antibiotics resistance -1,02 4,88E% -0,92 9,76E%
SCLAV_4199 pchC Isopenicillin N synthetase -3,25 <1E° -2,82 <1E%
SCLAV_4200 pchbAB  ACV Synthetase -5,21 <1E° -3,85 <1E%
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CODE

SCLAV_4201
SCLAV_4202
SCLAV_4203
SCLAV_4204
SCLAV_4205
SCLAV_4206
SCLAV_4207
SCLAV_4208
SCLAV_4210
SCLAV_4211
SCLAV_4212
SCLAV_4213
SCLAV_4214

Proteins BLIP

SCLAV_4456
SCLAV_4457
SCLAV_4455
SCLAV_4452
SCLAV_4453

Clavams Biosynthesis

SCLAV_p1072
SCLAV_p1076
SCLAV_p1077
SCLAV_p1078
SCLAV_p1079

GENE

lat
bip
orfl0
ccaR
cmcH
cefF
cmc)
cmcl
cefD
cefE
pcd
cmceT
pbp

atpA
atpA2
blip

orf8
pah1
oatl
cvme6P
cvm7P

PRODUCT

L-lysine epsilon amino transferase
Similar to beta-lactamase inhibitory prot
Secreted protein

Transcriptional regulator

Cabamoyl transferase

Deacetyl cephalosporin C synthetase
Methyl transferase

Cepahalosporin hydroxylase
Isopenicillin N epimerase
Deacetoxycephalosporin C synthetase (DAOCS)
Piperideine carboxylate dehydrogenase
Efflux protein

Penicilin binding protein

Similar to ABC transporter ATP binding domain
Similar to ABC transporter ATP binding domain
Beta-lactamase inhibitory prot

Putative regulatory protein

Hypothetical protein

Serine hydroxymethyltransferase

Proclavaminate amidinohydrolase 1

Ornithine acetyltransferase isoenzyme

Pyridoxal phosphate dependent aminotransferase
Transcriptional regulator

EXPONENTIAL PHASE

Mc FDR
-7,19 <1E%
-6,23 <1E%
-3,40 <1E°
-7,12 <1E%
-5,96 <1E%
-6,83 <1E°
-7,23 <1E%
-7,48 <1E%
-6,15 <1E°
-5,12 <1E%
-3,40 <1E°
-3,74 <1E%
-0,51 2,256
-1,08 3,956
-1,07 <1E%
-2,54 <1E%
-0,71 2,328
-0,76 1,10e®
-2,59 <1E%
-0,98 3,99
-1,58 6,486
-1,04 9,64E*
-0,90 1,23

STATIONARY PHASE
Mc FDR
-5,87 <1E%
-4,84 <1E%
-3,20 <1E%
-7,48 <1E%
-4,16 <1E%
-5,48 <1E®
-5,32 <1E%
-6,25 <1E®
-5,18 <1E®
-4,45 <1E%
-2,08 <1E®
-2,29 <1E°

-0,63 4,27

-1,62 2,88E%
-1,65 <1E%
-2,19 <1E%
-0,99 2,71E%
-0,98 <1E°
3,18 <1E°
3,23 <1E°
-2,60 <1E%
-2,28 <1E%
-1,97 <1E°
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SCLAV_2922
SCLAV_2923
SCLAV_2924
SCLAV_2925
SCLAV_2926
SCLAV_2927
SCLAV_2928
SCLAV_2932

SCLAV_5267
SCLAV_5268
SCLAV_5269
SCLAV_5270
SCLAV_5272
SCLAV_5273
SCLAV_5275
SCLAV_5278

Arginine Biosynthesis

SCLAV_0799
SCLAV_0801
SCLAV_0798
SCLAV_0796
SCLAV_0795
SCLAV_0800
SCLAV_0797

Drugs Resistance

SCLAV_0793

cvmé
cvm5
cvm4
casl
cvml
cvm2
cvm3
cvmi3

Holomycin Biosynthesis

himA
himB
himC
himD
himF
himG
himi
himm

argB
argC
argD
argG
argH
argJ)

argR

epeA

Pyridoxal phosphate dependent aminotransferase
Flavin-dependent oxidoreductase
Deacetylcephalosporin C acetyltransferase
Clavaminate synthase 1

Aldo/keto reductase family 2

Ribulose 5 phosphate epimerase

Oxidoreductase

Asparaginase

Acetyl transferase

Acyl-CoA dehydrogenase

Thioesterase

Probable dehydrogenase
DNA/pantothenate metabolism flavoprotein
Hypothetical protein -Frankia sp. EAN1pec
Putative reductase -S. coelicolor

Putative transcriptional regulator

Acetylglutamate kinase
N-acetyl-gamma-glutamyl-phosphate reductase
Acetonitrile aminotransferase
Argininosuccinate synthase

Argininosuccinate lyase

Glutamate N-acetyltransferase

Transcriptional regulator

Transmembrane-transport protein

-0,61
-1,51
-1,69
-3,32
-1,17
-1,14
-0,99
-0,95

5,95
6,03
6,11
6,11
5,47
5,41
3,96
2,01

-2,15
-1,70
-1,67
-2,39
-2,37
2,32
-1,45

-0,19

1,61
2,27
7,88E%3
2,797
1,80
2,09
1,30
7,30

<1E°
<1E°
<1E-06
<1E°
<1E°
<1E-06
<1E°
2,597

<1
3,58E
3,19

<1
1,29
2,99
1,30E™

8,428

-1,98
-2,88
-2,56
-4,29
-1,99
-2,40
-2,18
-1,45

4,41
4,60
4,39
4,07
3,83
3,69
4,23
1,36

-2,98
-2,49
-2,60
-2,91
-2,81
-3,32
-2,34

-1,59

<1E%
<1E®
<1E%
<1E®
<1E%
<1E%
<1E%
8,01

<1E®
3,438
<1E®
<1E°
<1E%
<1E°
<1E®

2,428
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CODE
SCLAV_0794

Strict Response

SCLAV_0744

Cell Differentiation

SCLAV_5713
SCLAV_1816
SCLAV_1817
SCLAV_1818

Energy

SCLAV_0790
SCLAV_1370
SCLAV_1372
SCLAV_1613
SCLAV_3564
SCLAV_3970
SCLAV_3969
SCLAV_4767

Carbon Metabolism

SCLAV_0631
SCLAV_0632
SCLAV_0876
SCLAV_0877
SCLAV_0878
SCLAV_0879

GENE

epeR

relA

rarE
rarB
rarC
rarD

aceE
nuoAl

glpF2
glpk2
aylR
glpF1
glpK1
glpD

PRODUCT

TetR-family transcriptional regulator

ppGpp synthetase

Putative cytochrome P450
RarB Roadblock/LC7 protein
RarC protein

RarD ATP/GTP-binding protein

Putative glycerophosphoryl diester phosphodiesterase
Probable cytochrome c oxidase polypeptide IV
Probable cytochrome c oxidase polypeptide II

Pyruvate dehydrogenase E1 component
NADH-quinone oxidoreductase chain

Putative succinate dehydrogenase flavoprotein subunit
Fumarate reductase iron-sulfur subunit
Mono-phosphatase

Putative glycerol uptake facilitator protein
Putative glycerol kinase

Glycerol operon regulatory protein
Putative glycerol uptake facilitator protein
Glycerol kinase

Glycerol-3-phosphate dehydrogenase

EXPONENTIAL PHASE

Mc FDR
-0,48 2,76
1,19 5,69
-0,72 5,186
-0,91 2,60E
-0,90 <1

-0,82 2,70
-0,91 1,16
-0,82 9,14E%
-0,53 3,40
-0,54 1,328
-0,96 <1E®

-1,83 <1E°

-1,67 1,82
-1,86 <1E®

-1,49 1,12E%
-1,13 9,59 %
-0,31 3,62
0,30 6,198
-0,07 9,08
-0,02 9,35 ™

STATIONARY PHASE
Mc FDR
-1,93 <1E%
1,22 1,36E7%
-1,22 <1E%
-0,56 6,25

-0,51 4,58
-0,74 2,61E%

-1,29 <1E°

-0,15 4,78
-0,05 8,30E™
-0,95 9,70E™
-0,48 8,036
-0,95 4,30
-1,15 1,66E%

-0,34 2,16E

-1,95 <1E°
-1,82 <1E°
-1,34 <1E°
-0,42 2,76E™
-1,19 1,99
-0,94 <1E%
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SCLAV_p0826

SCLAV_5509 gap2
SCLAV_4529 glcP
SCLAV_p0975

Nitrogen Metabolism
SCLAV_4534 amtB
SCLAV_4535 ginB
SCLAV_p1452 ginlil
SCLAV_1431 ginA3
SCLAV_1416 glnA2
SCLAV_1473
SCLAV_4660 gluD1
SCLAV_0834 glnA1

Phosphate Metabolism
SCLAV_1719 phoH
SCLAV_3166 pstB
SCLAV_3167 pstA
SCLAV_3168 pstC
SCLAV_3169 pstS
SCLAV_3220 phoU

Lipid Metabolism
SCLAV_4986
SCLAV_3406
SCLAV_3405

Glyceraldehyde-3-phosphate dehydrogenase 2
Glucose permease
Ribulose-phosphate 3-epimerase

Ammonium transporter

Putative nitrogen regulatory protein P-I|

Glutamine synthetase I

Glutamine synthetase (Glutamate-ammonia ligase)
Glutamine synthetase | (Glutamate-ammonia ligase 1)
Glutamine synthetase

Glutamate transporter permease

Putative glutamine synthetase

Phosphate starvation-induced protein

PstB protein - Phosphate import ATP-binding

PstA protein - Permease component

PstC protein - Permease component

PstS protein precursor- Periplasmic component
Putative phosphate transport system regulatory protein

Putative acetyl-coenzyme A synthetase

Putative acetyl/propionyl CoA carboxylase alpha
Putative acetyl/propionyl CoA carboxylase beta

Transcriptional and Regulatory Proteins

Putative AraC-family transcriptional regulator

-2,61
1,79
-1,25

-4,10
-4,39
-0,60
-4,67
-3,56
-0,88
-0,84
-1,77

1,25
-0,93
-1,12
-1,11
-0,93
-1,01

-0,55
-1,49
-1,64

0,88

<1E»06
<1E®
3,336
<1E-06
<1E®
6,84E%
1,626
<1E®

1,37
1,41
4,848
2,41
3,10
3,52

4,01
2,87
<1

2,87

-1,75
-0,60
-1,36

-5,04
-5,09
-1,54
-5,32
-2,95
-2,35
-1,28
-2,41

-0,06
-1,50
-1,61
-1,77
-1,41
-1,23

-2,18
2,15
2,41

-0,05
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CODE
SCLAV_p0894

SCLAV_p1319

SCLAV_1096
SCLAV_1433
SCLAV_1621
SCLAV_1957
SCLAV_1958
SCLAV_2732
SCLAV_3001
SCLAV_4054
SCLAV_4937
SCLAV_5278

Unknown Function

SCLAV_0018

SCLAV_0633
SCLAV_0636
SCLAV_0646
SCLAV_0743
SCLAV_1335
SCLAV_1344
SCLAV_1564
SCLAV_1565
SCLAV_1617
SCLAV_1748
SCLAV_1959
SCLAV_2623

GENE

adpA
ornA

PRODUCT

Gamma-butyrolactone receptor protein
Putative transcriptional regulator AraC family
Transcriptional regulator, GntR family protein
Putative regulatory protein

Putative MerR-family transcriptional regulator
AraC-family transcriptional regulator
Oligoribonuclease

Two component transcriptional regulator
Putative gntR-family transcriptional regulator
WhiB-family transcriptional regulator
Putative regulatory protein

AmphRI-like transcriptional regulator

Cytochrome P450 monooxygenase

ATP-GTP binding protein

Putative large secreted protein
Putative inhibitor of KinA
Peroxidase

Two-component system sensor kinase
Conserved phosphoesterase
Acetyl-CoA acetyltransferase
Cytochrome P450 hydroxylase
Hypothetical protein

DUF143 domain-containing protein
Sensor protein

SclavP3- predicted orf

EXPONENTIAL PHASE
Mc FDR
0,86 7,976
-1,72 1,756
-0,66 1,20E™
-1,18 2,336
0,67 2,336
-1,22 5,426
-1,00 <1E°
1,31 2,20
-0,68 8,78
2,62 <1E°
1,05 9,79
2,01 2,59
-1,16 8,47
-0,78 4,44
-0,76 1,59
-0,93 3,99
1,46 <1E°
0,51 3,31
-0,78 1,36E %
-2,06 <1E°
-1,26 <1E%
1,02 <1E%
0,45 1,286
-0,91 <1E°
1,03 1,10E®

STATIONARY PHASE

Mc

-0,55
-1,10
-0,09
-0,60
-0,93
-1,43
-0,97
-0,23
-1,51
0,32
-1,06
1,36

-1,47
-0,52
-0,17
0,08
1,40
-0,37
-1,11
-2,68
-2,67
0,03
0,14
-1,36
0,05

FDR

1,98E %
1,03
6,16E
1,94
2,928
1,52
<1E—06
6,00E %
<1E®
3,136
<1E®
8,01E%

1,776
1,19
5,91E*
8,53
<1E°®
7,66E %
8,41E%
<1E°
<1E%
8,67
4,26E
<1E-06
9,076
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SCLAV_2625
SCLAV_3194
SCLAV_4131
SCLAV_4308
SCLAV_4352
SCLAV_4355
SCLAV_4359
SCLAV_4530
SCLAV_4717
SCLAV_5249
SCLAV_p0763
SCLAV_p1123
SCLAV_p1142

pSCL2 Plasmid

SclaA2_010100027605

SclaA2_010100027610
SclaA2_010100027625
SclaA2_010100027920
SclaA2_010100027930
SclaA2_010100027935
SclaA2_010100027955
SclaA2_010100027975
SclaA2_010100027990
SclaA2_010100028020
SclaA2_010100028015
SclaA2_010100028325
SclaA2_010100028330
SclaA2_010100028335

Subtilase-type protease inhibitor precursor
DUF1416 domain-containing protein
Metallophosphoesterase
Methylmalonyl-CoA epimerase
Integrin-like protein

Hypothetical protein
Metalloendopeptidase

Acetiltransferase

Putative hydroxylase

Membrane protein
Amidohydrolase:Amidohydrolase-like precursor
Putative methyltransferase

YD repeat protein

Helicase

Hypothetical protein
Hypothetical protein
Transposase
Hypothetical protein
Hypothetical protein
GntR-family regulatory protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Phosphatase
Hypothetical protein
Hypothetical protein
Transferase

0,96
-0,77
-0,80
-0,68
1,15
-0,64
-2,95
2,52
-1,20
1,31
-0,84
3,26
-1,01

1,02
0,91
0,91
1,00
2,15
1,07
0,85
0,50
0,70
1,64
0,88
1,85
2,71
2,97

-0,04
0,55
-1,40
-1,32
0,42
-1,35
-3,36
-0,21
-1,71
0,20
-0,10
3,44
-1,77

-0,11
0,14
1,27
0,11
1,27
0,86
0,69
0,96
0,11
1,18
-0,16
0,42
0,98
1,82

7,598
6,04
<1E®
7,16E
1,21E%
1,27
5,42E
<1E°®
6,74E"
5,15
6,20E %
1,64
4,07
3,19
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CODE

SclaA2_010100028340
SclaA2_010100028350
SclaA2_010100028360
SclaA2_010100028340

pSCL1 Plasmid

SclaA2_010100027570

SclaA2_010100027560
SclaA2_010100027550
SclaA2_010100027545

PRODUCT

Telomere-associated protein
Hypothetical protein
Hypothetical protein
Telomere-associated protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

EXPONENTIAL PHASE

Mc

1,15
0,73
0,75
0,79

1,69
1,95
1,11
1,11

FDR

6,58E
6,58E
3,28E2
1,61

4,80
4,332
1,81E®
6,58E

STATIONARY PHASE
Mc FDR
0,27 5,12E*
-0,29 2,428
0,10 7,66E°%
0,02 9,56
0,24 6,85
1,07 1,82
0,22 6,21E*
-0,51 1,73

soXauy 9
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Table 3.1.51. Expression of S. clavuligerus genes as detected by hybridization in microarrays with S. coelicolor probes

EXPONENTIAL PHASE STATIONARY PHASE

CODE
Energy
SCO5106

SCO5107
SCO4566
SCO4567
SCO4571
SCO4572
SCO4573
SCO4574
SCO4575

ORTHOLOG

SCLAV_3969

SCLAV_3970
SCLAV_3568
SCLAV_3569
SCLAV_3571
SCLAV_3574
SCLAV_3575
SCLAV_3576
SCLAV_3577

Carbon Metabolism

SCO4380

SCO7040
SCO6497

SCLAV_3405

SCLAV_5509
SCLAV_5490

Nitrgen Metabolism

SC01613 SCLAV_0834
SC02198 SCLAV_1416
SC02210 SCLAV_1431
SC05525 SCLAV_4473
SC06247 SCLAV_5009
Transport Protein
SCO00742 SCLAV_1387

GENE

dhsB2*

dhsA2*
nuoE
nuoF
nuoJ
nuoK
nuol
nuoM
nuoN

gap2*
tktA2

glnA
ginil
ureAB

PRODUCT

Putative succinate dehydrogenase iron-sulfur subunit

Putative succinate dehydrogenase flavoprotein subunit
NuoE, NADH dehydrogenase subunit E

NuoF, NADH dehydrogenase subunit F

NuoJ, NADH dehydrogenase subunit J

NuoK, NADH dehydrogenase subunit K

NuoL, NADH dehydrogenase subunit L

NuoM, NADH dehydrogenase subunit M

NuoN, NADH dehydrogenase subunit N

Putative acetyl/propionyl CoA carboxylase, beta subunit

Glyceraldehyde-3-phosphate dehydrogenase
Transketolase A

Putative glutamine synthetase

Glutamine synthetase |

Glutamine synthetase

Fusion of urease beta and gamma subunits
Putative allantoinase

ABC transporter,putative ABC transporter

Mc

-1,60

-1,19
-1,10
-1,14
-1,10
-1,27
-1,09
-1,14
-1,14

-1,54
2,12
2,58

-1,56
-3,67
-5,01
-1,47
2,59

-1,06

FDR

5,81E%

3,60E™
3,996
4,136
2,87E%
8,21
4,936
1,28E %
6,136

2,36
<1E°®
7,76

1,28E %
1,52E%
4,016
3,476
6,276

2,71

Mc

-1,34

0,00
-1,06
-0,32
-0,51
-0,17
-0,15
-0,55
-0,10

-2,16
-1,44
3,18

-1,61
-3,18
-5,11
-1,12
1,85

-0,02

FDR

3,10

9,936
4,50
3,436
1,076
6,06
6,596
7,328
7,356

<1E°®

2,22
<1E°®

9,83 %
3,02
4,66
2,02
6,126

9,60E™
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CODE
SCO1900
SC02463
SCO2631
SCO4148
SCO4964
SCO5400
SCO6054
SCO6512

ORTHOLOG
SCLAV_1521
SCLAV_1669
SCLAV_1802
SCLAV_1662
SCLAV_3858
SCLAV_4310
SCLAV_p0702
SCLAV_3668

Membrane Protein

SC00384 SCLAV_5647

SCO0390 SCLAV_5652

SCO0399 SCLAV_5661

SC0O5108 SCLAV_3971

SCO5123 SCLAV_3987

SC06427 SCLAV_1492
Secreted Protein

SCO0677 SCLAV_4996

SCO7432 SCLAV_4112

SCO7532 SCLAV_5381
Stress

SC04325 SCLAV_3305

SC05032 SCLAV_3935
Translation

SC03961 SCLAV_ 2841

GENE

csn
mprA2

cspB
ahpC

serS

PRODUCT
Putative integral membrane sugar transport protein
Putative ABC transporter
Putative amino acid permease
Putative ABC transport system ATP-binding protein
Putative integral membrane transport protein
Putative transport system kinase
Putative transmembrane transport protein
ABC transporter ATP-binding protein

Putative membrane protein

Putative membrane protein

Putative membrane protein

putative integral membrane protein

Putative small membrane protein

Putative integral membrane transport protein

Secreted chitosanase
Secreted extracellular small neutral protease.
Putative secreted protein.

Cold shock protein B
Alkyl hydroperoxide reductase

Seryl-tRNA synthase

Mc
-1,20
1,21
-1,83
2,00
1,68
1,30
-1,11
2,29

1,25
2,40
2,52
-2,07
-1,16
1,80

1,66
-1,98
1,95

-1,14
1,87

1,24

FDR
2,91E%
1,99 %
1,89
8,19
6,98
7,39
4,57%
<1E%

3,18
1,52E°%
<1E%
2,24E%
1,74
7,396

7,58E%
1,16E%
6,12

4,15
2,976

2,63E

Mc
-0,90
1,32
-2,08
2,20
1,42
0,59
-1,09
2,57

1,42
0,68
1,53
-0,59
-1,82
1,83

1,64
-2,32
1,26

-1,49
1,86

0,20

EXPONENTIAL PHASE STATIONARY PHASE

FDR
4,848
7,856
<1E-06
2,898
6,06
3,80E %
5,69E %
<1E%

8,15
8,66E*
9,61E*
2,086
1,13
9,07E

8,55
2,06E%
5,936

2,21E®
3,46E

5,61E™
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SCO5708
SCO5709
SCO5699

SCLAV_4604
SCLAV_4605
SCLAV_4595

Transcriptional Regulator

SCO1200
SCO2508
SC02792
SCO5351
SCO6770
SCO7533

SCLAV_2714
SCLAV_1702
SCLAV_1957
SCLAV_4247
SCLAV_5241
SCLAV_5379

Unknown Function

SCO0382
SCO1612
SCO1611
SCO1761
SCO0392
SCO0393
SCO0398
SCO0401
SCO1250
SCO7447
SCO0383
SCO0387
SCO0388
SCO0395
SCO1695
SCO1726

SCLAV_5645
SCLAV_0833
SCLAV_0832
SCLAV_0974
SCLAV_5654
SCLAV_5655
SCLAV_5660
SCLAV_5663
SCLAV_0535
SCLAV_p0264
SCLAV_5646
SCLAV_5650
SCLAV_5651
SCLAV_5657
SCLAV_0924
SCLAV_0935

proS

zur
adpA

Putative ribosome-binding factor
Probable tRNA pseudouridine synthase
Prolyl tRNA synthetase

Putative regulatory protein

Putative metal uptake regulation protein
AraC-family transcriptional regulator (ArpA target)
Putative regulatory protein

Putative DNA-binding protein

Two-component system response regulator

UDP-glucose/GDP-mannose family dehydrogenase
Putative aldehyde dehydrogenase
Putative dehydrogenase

Putative cyclohexadienyl dehydrogenase
Putative methyltransferase

Putative transferase

Putative glycosyl transferase

Putative aminotransferase

Putative acetyltransferase

Putative acetyltranferase.

Hypothetical protein SCF62.09

Hutative bi-domain oxidoreductase
Hypothetical protein SCF62.14

Putative epimerase/dehydratase
Hypothetical protein

Putative ATPase

1,02
1,28
1,14

1,18
-1,41
-1,14
1,06
-1,14
1,20

3,36
-1,67
-1,90
1,29
2,56
2,28
2,14
2,63
1,71
1,61
3,18
1,96
3,08
2,38
-1,79
1,07

4,936
9,16E*
4,93

1,85
5,73E%
4,676
4,936
1,19
1,79 %

<1E%
6,46E%
1,856
3,63E
1,49
4,208
4,46
2,36E%
9,55
6,126
1,71
6,81E*
1,708
3,88E
3,92
3,78E>

-0,16
-0,22
0,08

0,71
-0,99
-1,25
0,48
-1,38
-0,34

1,80
-2,64
2,12
1,86
1,65
0,89
2,94
1,63
0,26
1,17
1,32
1,05
1,78
0,82
-1,81
0,86

6,136
5,106
8,35

1,51E%
6,896
1,77
1,39
1,54E%
2,996

1,93
<1E®
5,98E %
7,39
5,03
1,81E%
1,11E%
1,81E%
3,936
2,26E°
5,28E %
1,89
1,98
5,40E %
3,566
1,48E %
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CODE
SCO1898
SC02397
SC02460
SCO2547
SC02966
SCO2978
SCO3581
SCO3636
SCO5191
SCO5285
SCO5376
SCO5796

ORTHOLOG
SCLAV_1523
SCLAV_1635
SCLAV_2637
SCLAV_1722
SCLAV_2075
SCLAV_2084
SCLAV_2575
SCLAV_2638
SCLAV_4055
SCLAV_4136
SCLAV_4288
SCLAV_4676

GENE

smpB

lon
chiC

PRODUCT
Putative substrate binding protein
Putative oxidoreductase
Conserved hypothetical protein SCC24.31c
Putative hydrolase
Small protein B homologue
Putative secreted protein
Conserved hypothetical protein
Putative cytochrome P-450 hydroxylase
Hypothetical protein 25C3B6.15
ATP-dependent protease
Chitinase C (putative secreted protein)
Conserved hypothetical protein SC4H2.17

EXPONENTIAL PHASE STATIONARY PHASE

Mc
-1,41
1,12
1,75
-1,03
1,15
-1,16
1,46
1,13
2,87
1,16
-1,07
1,74

FDR
8,626
3,66
2,757
1,09 %
6,21
1,82E%
1,85
4,39
5,28E%
1,28E %
7,58E
2,06

Mc
-1,06
1,36
1,65
-0,51
-0,78
-2,19
0,06
0,73
-0,05
0,31
-1,77
0,31

FDR
2,23E®
4,90
5,536
6,33E%
1,46E %
1,11E°
8,62
1,57
9,21E™
3,11E™
2,076
3,43
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Table 3.1.52. Oligonucleotides used in this work

6. Anexos

Product Annealing
Name Sequence (5" to 3") size temperature
(bp) (2€)
QpcbC-D GACCGACCAGGAGAAGCAC
QpcbC-R CGGGTTGAGGTAACAGAAGG 127 62
Qpcd-D CTGGGCGTGGTCGGTGT
Qpcd-R GCGGTCAGCGGGGTCAG 128 64
Qblip-D GTCGTTCGGGGACAGCA
Qblip-R AACTTGGCGAGGGTGAG 162 64
Qgap2-D ATCCTCAAGACCCACCGTTT
Qgap2-R GTGAACTCCTCCACCGTCAG 179 62
QginA2-D GGACGGGAGTAGGAGGAGTT
QginA2-R AAACCACGGATGGACGAG 192 64
QgIinA1-D GACGGCTCCAGGGCAAG
QginA1-R GACGGTGTTCATCTCGGTGT 113 64
QSclav_4359-D ACGCCTTCTGGACCGACA
QSclav_4359-R CCCCGCTGTAGATGAGACC 144 62
QSclav_3668-D GAGCCCGACAACTATCTGGA
QSclav_3668-R CGTGCGAGACGAAGAGGAC 91 64
QmprA2-D CAGGCGGTCGTCAAGTC
QmprA2-R CTATCTGGGTGCGGAAGGT 109 64
QSCLAV_5661-D CGGCGAACTCTTCAAATGG
QSCLAV_5661-R GCGTGGGCGAGGATGAC 108 62
QhImA-D GGAGTTCATACGGGGTGAGG
QhImA-R TACGGGCAGTGGAGCAGA 195 64
Qhimi-D GCCGTCTCCATCGTCAAC
Qhimi-R AACCCGTGCGTCTCGTAGT 178 62
QceaS2-D GCCGAGCGCCTGAACATCC
QceaS2-R GCGGTCCACCGGGGCAACAT 153 60
QclaR-D CGGGCGGCGGTTCTT
QclaR-R TCGTCGAGCAGGGGTTCC 123 60
QhrdB-D CGCGGCATGCTCTTCCT
QhrdB-R AGGTGGCGTACGTGGAGAAC 109 60
argR-lux_D CGCGGATCCATCTCGGAGCATCTGAC
argR-lux_R CTGCATATGAGACAGCGACGTCTCATTA 147 60 to 55
phoH-lux_D CGCGGATCCCGCGCTGCGCCGCTACGCCTT
phoH-lux_R GCGCATATGTCCCGTTGCAGGGTTCTCG 277 60 to 55
amtB_lux_D CGCGGATCCCTTCGTCACCCCCGTGAA
amtB_lux_R GAGCATATGCGACTCCTCGTCGTCGGTGCG 146 60 to 55
Sc_p1123_lux D  CGCGGATCCTGGCCACGTCGGGGACG
Sc_p1123_lux R  CCGCATATGCGGAACGAGGCGGCACCAC 244 60 to 55

197
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Table 3.2.2. Expression of genes located in pSCL2 in mutants S. clavuligerus oppA2::aph pSCL

to the control strain.

Low

and S. clavuligerus AccaR in relation

GENE

SclaA2_010100027605
SclaA2_010100027610
SclaA2_010100027615
SclaA2_010100027620
SclaA2_010100027625
SclaA2_010100027675
SclaA2_010100027680
SclaA2_010100027690
SclaA2_010100027700
SclaA2_010100027705
SclaA2_010100027710
SclaA2_010100027715
SclaA2_010100027720
SclaA2_010100027905
SclaA2_010100027910
SclaA2_010100027915
SclaA2_010100027920
SclaA2_010100027925
SclaA2_010100027930
SclaA2_010100027935
SclaA2_010100027950
SclaA2_010100027955

PRODUCT

Helicase

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Secreted protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Ribonuclease H
hypothetical protein
Partitioning protein
parB-like partition protein
Hypothetical protein
Hypothetical protein
ATP/GTP binding protein
Transposase
Acetyltransferase
Hypothetical protein
Hypothetical protein
Hypothetical protein
GntR-family regulatory protein

EXPONENTIAL PHASE
S.clavuligerus S.clavuligerus
oppA2::aph AccaR
Mc FDR Mc FDR
-1.40 1.68E” 1.02 3.06E®
-1.33 7.21E% 091 335%™
-1.87 1.51g° 0.53 2.99g™
-2.23 9.63E% 0.97 3.92™
-2.55 9.15% 091 4.42°
-3.08 6.21E -0.11 7.72E™
-1.07 1.71% 0.28 5.91E™
-3.88 6.3763 0.57 4.89g™
-2.13 1.84™ 0.39 6.71E™
-0.28 8.55 % 0.29 8.59™
-1.99 3.31E% 0.24 7.40E™
-3.21 8.68E™" 0.66 8.42E™
-3.88 3.87e 0.61 3.15™
-0.75 1.278™ 0.69 2.07E™
-2.93 1.55g7° 1.30 6.38E™
-3.01 1.66E 1.02 1.01E™
-1.40 8.60E" 1.00 7.48E™
-1.31 3.99® 1.16 9.58E™
-2.80 8.73E8 2.15 5.01E™
-2.51 1.12e 1.07 4.80E®
-2.27 1.58E7° 0.98 7.36E™
-2.06 2.80E% 0.85 3.89™

STATIONARY PHASE

S.clavuligerus S.clavuligerus

OppA2::aph AccaR

Mc FDR Mc FDR
-1.70 1.03e” -0.11 7.59e™
-1.71 821E" 0.14 6.04E™
-2.29 3.43E® 0.32 4.27E™
-1.85 228 1.24 129%™
-2.00 1.59%° 127 1.14g%
-2.75 2.76E% -0.18 4.09E™
-1.61 9.01E” -0.82 1.07E®
-2.91 1.80E# 150 3.23e”
-2.03 2.07® -0.54 3.52E™
-1.28 1.57E -1.09 2.32e™
-1.65 6.25® 0.57 1.77E™
-2.89 266E® 119 171%™
-3.61 7.97E* 0.96 3.12E%
-1.61 1.30E™ -0.71 9.72®
-2.81 2.21E% 1.27 3.05%
-2.79 8.41F%® 1.19 1.89e®
-1.75 8.16E™ 0.11 7.16E™
-1.73 2.65E® 0.06 9.29™
-2.98 1.56E 1.27 1.21®
2.77 9.81E™ 0.86 1.27E%
-2.43 1.67E” 0.68 1.428™
-2.25 1.12E” 0.69 5.42%
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SclaA2_010100027965
SclaA2_010100027970
SclaA2_010100027975

SclaA2_010100027980

SclaA2_010100027980
SclaA2_010100027985
SclaA2_010100027990
SclaA2_010100027995
SclaA2_010100028005
SclaA2_010100028010
SclaA2_010100028015
SclaA2_010100028020
SclaA2_010100028030
SclaA2_010100028035
SclaA2_010100028185
SclaA2_010100028210
SclaA2_010100028325
SclaA2_010100028330
SclaA2_010100028335
SclaA2_010100028340
SclaA2_010100028340
SclaA2_010100028345
SclaA2_010100028350
SclaA2_010100028355
SclaA2_010100028360

Hypothetical protein
Hypothetical protein
Hypothetical protein
Serine/threonine-protein
Kinase

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Regulatory protein
Hypothetical protein
Phosphatase

Hypothetical protein
Hypothetical protein

RNA polymerase sigma factor
Hypothetical protein
hypothetical protein
Hypothetical protein
Hypothetical protein
Transferase

Putative regulatory protein
Telomere-associated protein
Terminal protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

-1.96
-2.32
-3.10

-3.58

-3.49
-2.34
-1.90
-1.70
-1.35
-1.23
-1.85
-2.65
-1.46
-1.91
-3.40
-2.35
-2.42
-1.56
-1.99
-2.89
-2.75
-1.84
-1.41
-2.44
-1.23

1.38e”
8.94F%
1.083

7.02EY

2.80E™
2.14E°
7.48™"
4,748
1.71e™
2.79
5.27%
2.77E7°
2.82E%
1.44%
3.47€°
1.82"°
3.90E™
2.06E%
1.12%
2,17
3.33e"
2.33E%
2.19%
4.82E%
1.04€-%

0.69
0.50
0.50

0.20

0.38
0.21
0.70
0.73
0.60
0.57
0.88
1.64
0.47
0.58
0.94
0.33
1.85
2.71
2.97
1.15
0.79
0.57
0.73
0.72
0.75

1.10E™
5.07E™
2.02E™®

3.55

6.53E™"
7.40E%
6.76E%
2.356%
1.65
7.19%
8.96E %
8.91E %
4,98
2.51E™
1.38%
5.336"
2.91E%
8.91E %
1.84E™°
6.58E
1.61E*
6.53E"
6.58E
7.11E™
3.28E

-2.12
-2.48
-3.25

-3.15

-2.90
-2.08
-2.04
-1.76
-1.48
-1.40
-1.98
-2.50
-1.79
-2.14
-3.51
-2.66
-2.19
-1.74
-2.03
-3.15
-3.33
-2.42
-2.08
-2.13
-1.60

7.09%
1.13g°
1.43E™

1.19™

9.86E %
7.09%
1.57E™"
1.51E™
2.01E®
1.28E™
3.30E™
3.59E™"
1176
3.96E%
6.45E™
7.77E"
2.04E™"
2.78E%
3.91E%
2.55e™
2.26E%
1.11E%
2.98E™
5.97E
2.43E7

0.03
0.54
0.96

1.52

1.14
-0.18
0.11
0.11
-0.22
-0.37
-0.16
1.18
-0.48
-0.23
0.75
0.42
0.42
0.98
1.82
0.27
0.02
-0.14
-0.29
0.78
0.10

9.40E™
3.03e™
7.27%

1.21Y

2.056%
6.39E*
6.74E%
8.23™
5.71E%
7.07E%
6.20E%
5.156%
3.27%
5.84E*
1.53™
2.42E
1.64E
4.07E%
3.19e®
5.12E%
9.56E
8.67E
2.42E%
5.19*
7.66E

SOXauy 9



00¢

Table 3.2.3. Expression of genes located in pSCL4 in S. clavuligerus oppA2::aph pSCL

Low

and S. clavuligerus AccaR in relation to the wild

type strain.
EXPONENTIAL PHASE STATIONARY PHASE
S.clavuligerus S.clavuligerus S.clavuligerus S.clavuligerus
oppA2::aph AccaR oppA2::aph AccaR
GENE PRODUCT Mc FDR Mc FDR Mc FDR Mc FDR
SCLAV_p0032 MMPL domain precursor 0.08 9.88E”  0.02 9.90™ -0.45 8.02E”  -0.21 9.11E™
SCLAV_p0126 Hypothetical protein -3.55 6.98E* 0.28 4.96E" -3.67 5.12E7  -0.15 6.20E™
SCLAV_p0353 Acetyltransferase -0.81  8.42E® -0.26 3.33t™ -0.83 2.29®>  0.05 9.07E™
SCLAV_p0528 f:;jlt;‘;zr'ySR'fam"y transcriptional 168 9.63E® -015 9.07E® 226  197E% 122 44567
SCLAV_p0713 Ferredoxin 2[4Fe-4S] related protein -1.41 296E™ 0.86 5.16E* -2.14 2.40E%® 046 236"
SCLAV_p0715 Putative membrane protein -3.71  9.09E™ 059 2.90” -3.09 2.76E  0.31  4.90E™
SCLAV_p0763 sgéiigfrO'ase:Am'd°hydr°'ase"'ke 652 490E® -0.84 363F® 556  248EF  .0.10 7.94E
SCLAV_p0786 Hypothetical protein -3.23 7308  -0.70 1.61E* -5.02 2.10E”  -1.91 2.04%
SCLAV_p0787 Hypothetical protein 221 5.20E%® -1.57 8.02E* -4.14 5.75%® 3,02 5.27E%
SCLAV_p0808 Putative transcriptional regulatory protein -1.49 5.28E  -0.43 5.90e” -1.80 3.346" -0.70 1.77™
SCLAV_p0826 f:gtjlt:g rAraC'fam"y U e 416  1.40E® 0.88 287E® 459  130E“ -0.05 817"
SCLAV_p0828 Oxygenase-reductase PgaM -3.79  956E%  -0.42 3.42E™ -4.04 813 -1.24 1.36E™
SCLAV_p0853 /;:Z'::i':;e IR O -1.05 9576 042 3.156® 174  243F%® 165 11367
SCLAV pog3p > methvltetrahydropteroyltriglutamate- 50 g 1700 047 993 429  856E® 075 3.19E"
homocysteine methyltransferast
Putative enoyl-CoA hydratase/isomerase 02 01 12 05
SCLAV_p0935 family protein -1.88  151E -0.15 9.19E -5.37 2.09E -3.08 2.02E
SCLAV_pog3g ' Jtative methylmalonic acid 152 232 002 9.93E" 542 926 332 1.197
semialdehyde dehydrogenase
SCLAV_p0969 Putative 6-phosphogluconolactonase 235 379 -1.35 2.55% -2.38 131"  -113  1.17e%
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SCLAV_p0975
SCLAV_p1007
SCLAV_p1088
SCLAV_p1090
SCLAV_p1122
SCLAV_p1123
SCLAV_p1142

SCLAV_p1152

SCLAV_p1153
SCLAV_p1158
SCLAV_p1203
SCLAV_p1217
SCLAV_p1235
SCLAV_p1250
SCLAV_p1276
SCLAV_p1292
SCLAV_p1319
SCLAV_p1328
SCLAV_p1452

SCLAV_p1461

SCLAV_p1498
SCLAV_p1539
SCLAV_p1582

(DevB. Pgl)

Ribulose-phosphate 3-epimerase

CddY - Rhodococcus ruber
Alpha-L-fucosidase precursor

Putative RNA polymerase sigma factor
Transcriptional activator stauroporina
Putative methyltransferase

SclavP3 Predicted orf

ATP-binding region. ATPase-like:Histidine
kinase

Transcriptional regulatory protein cutR
Hypothetical protein

Putative response regulator

Amino acid permease-associated region
Transcriptional regulator protein
Regulatory protein. LuxR:TPR repeat
ABC transporter ATP-binding protein
Putative glutamate dehydrogenase
Thil/pfpl family protein
SAM-dependent O-methyltransferase
GInT-like protein (EC 6.3.1.2)

Response regulator receiver:
Transcriptional regulatory protein. C
terminal

GlI2891 protein

Related to folylpolyglutamate synthase
Putative DNA-binding protein

-1.77
-7.43
-2.46
-1.09
-0.60
-2.79
-1.11

-1.98

-2.16
-2.00
-2.47
-2.90
-1.74
-1.15
-2.85
-1.27
-6.25
-2.03
-3.39

-1.06

-0.62
-3.01
-1.02

2.08E%°
2.42E7"
6.35™
9.20e %
4.448™
8.86E™
5.36E"

2.27E%

5.10E%
4.48E
1.56E%
497
7.85E%
5.35£%
2.34E%
3.70”
8.76E
3.43%
3.70E%®

5.81E%

1.25E%
1.25™
6.22E%

-1.25
-1.16
-0.10
0.22
1.11
3.26
-1.01

-0.52

-0.52
-0.31
-0.76
-0.94
-0.89
-0.53
-0.77
-0.25
-1.72
-0.44
-0.60

0.11

0.15
-0.48
-0.03

6.44E
1.46E%
8.82E™
8.36E™
1.08E™
1.36E™
8.10E

4.12E™

6.71E
8.03™
1.08E*
5.39 %
8.32E%
5.04
1.86E
481
1.756™
7.798™
3.33c”

8.41E™

7.06E
3.17e™
9.62E™

-2.01
-7.70
-2.79
-1.28
-1.58
-2.55
-1.88

-2.54

-3.04
-3.09
-3.19
-3.63
-2.44
-1.88
-2.35
-1.37
-7.20
-2.84
-4.50

-1.80

-1.14
-4.70
-1.88

7.82E"
49287
2.18E"
2.54E%
5.53E%
1.30E®
1.15"

3.85E%

2.91E%
3.76E%°
3.356™
1.52E"
2.136%
413
3.39e
2.41E%
5.66E°
1.076%
2.2438

3.23®

1.076
8.86E%
7.88E

-1.36
-0.54
-1.74
-1.16
0.36
3.44
-1.77

-1.19

-1.33
-1.26
-1.83
-1.34

-2.17
-0.89
-1.40
-1.10
-1.70
-1.54

-0.94

-1.17
-2.38
-1.01

4.018"
4,59
1.33E%
4,15
5.68E %
7.86E™"
1.976™

8.19*

6.92E %
5.70E%
3.24%
1.176%
1.00E®
4,95
5.13E%
1.60E %
1.03E®
5.13%
1.60E®

1.32E®

6.50E"
1.76E™°
4.12%
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Table 3.2.53. Oligonucleotides used in this work

Oligonucleotide

Secuence (5= 37)

Description

pSCL4_0032_D
pSCL4_0032_R
pSCL4_0126_D
pSCL4_0126_R
pSCL4_0353_D
pSCL4_0353_R
pSCL4_0528 D
pSCL4_0528 R
pSCL4_0713_D
pSCL4_0713_R
pSCL4_0828 D
pSCL4_0828 R
pSCL4_1090_D
pSCL4_1090_R
pSCL4_1250_D
pSCL4_1250_R
pSCL4_1328 D
pSCL4_1328 R
pSCL4_1452_D
pSCL4_1452_R
pSCL4_1539_D
pSCL4_1539_R
QparA_D
QparA_R
Q-staD_D
Q-staD_R

GTTCTCCACCCGCCATC
GTACCGACAGCAGTGCGAAG
GGGAGGAGCCTTTGTGC
TCTCCGAAGATCTCGTCCAC
GCCAGTACGACACCACACC
GTCGGTGTACGACAGGAAGG
GACGGGGTGGAGCAGAC
CATGACCGGCGACGATAC
GGCTGATGTCCCTGATGAC
ATGGCCTCGTGATTGCTG
ACCCTGTCCGGCAGAAC
GGAGGAGACATTGACGATCC
GACCATCAGGGAGCTGTACC
GAAGCTGCGGGACTTGAC
CACCCCTTGCCCTTCC
CAGCAGGTTCCGTTGGTC
GAAGCCTTCGCCTTCGTC
CCTCGTCCCCTGTGGTG
CCACCGTGAACGGAACAG
GCGTCCGGTGAACTCG
CACAGACATCCTCGCAAAGG
CTTCGATCTTGGCCTGAGTG
GCCGAAATCCTTCACAGC
AGTCCTCCTCGTCCAGCAT
GGACGGGAGCGGGAACG
CGGGTCGCAGGGCAGAT

Forward for SCLAV_p0032 PCR and RT-PCR
Reverse for SCLAV_p0032 PCR and RT-PCR
Forward for SCLAV_p0126 PCR and RT-PCR
Reverse for SCLAV_p0126 PCR and RT-PCR
Forward for SCLAV_p0353 PCR and RT-PCR
Reverse for SCLAV_p0353 PCR and RT-PCR
Forward for SCLAV_p0528 PCR and RT-PCR
Reverse for SCLAV_p0528 PCR and RT-PCR
Forward for SCLAV_p0713 PCR and RT-PCR
Reverse for SCLAV_p0713 PCR and RT-PCR
Forward for SCLAV_p0828 PCR and RT-PCR
Reverse for SCLAV_p0828 PCR and RT-PCR
Forward for SCLAV_p1090 PCR and RT-PCR
Reverse for SCLAV_p1090 PCR and RT-PCR
Forward for SCLAV_p1250 PCR and RT-PCR
Reverse for SCLAV_p1250 PCR and RT-PCR
Forward for SCLAV _p1328 PCR and RT-PCR
Reverse for SCLAV_p1328 PCR and RT-PCR
Forward for SCLAV _p1452 PCR and RT-PCR
Reverse for SCLAV_p1452 PCR and RT-PCR
Forward for SCLAV _p1539 PCR and RT-PCR
Reverse for SCLAV_p1539 PCR and RT-PCR
Forward for parA quantitative RT-PCR
Reverse for parA quantitative RT-PCR
Forward for staD quantitative RT-PCR
Reverse for staD quantitative RT-PCR
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Q-traA_D
Q-traA_R
Q-parB_D
Q-parB_R
Q-hrdB_D
Q-hrdB_R
parAB_D
parAB_R
pSCL1q_27570_D
pSCL1q_27570_R
pSCL1q_27590_D
pSCL1g_27590_R
pSCL2qg_27690_D
pSCL2g_27690_R
pSCL2qg_27930_D
pSCL2g_27930_R
pSCL2qg_28210_D
pSCL2q_28210_R
parAB_D
parAB_R

parAB_RD.D
parAB_RD.R
RDoppA2_D

RDoppA2_R

GACCCCACCGAGACACC
CGAGCAGGACGAAGACG
GACGGAGCAGCAGGAGAA
AAGCGACTGGAGCGACTG
CGCGGCATGCTCTTCCT
AGGTGGCGTACGTGGAGAAC
TCCAGCGAGGTCAGTAGTTG
GTTCTCATTTGTCGGCGTGT
GACCAGGCGGACGACGAG
ACGCAGCAACAGCGACTT
CCGAGAACCTGTGGGTGAT
GACAACCGCTCTTCCTTCG
TGCCGTCCCACCAGTAGC
CACCACCGAACCGAAGAAT
ACGAAGGTCCCCAGGTAGTC
GCGGCTCAGGAAGATGGA
CGACCGCCTTCTTCTCTCC
GCTCCTGCCCCCTCTGAT
TCCAGCGAGGTCAGTAGTTG
GTTCTCATTTGTCGGCGTGT

CTTCACATGATCTTGTGAGTTAGTAAGGTATC
CCCCATGATTCCGGGGATCCGTCGACC
ACGGCGTAATAAGGCGGTCCGGTCCGGGCG
CTGCTACATTGTAGGCTGGAGCTGCTTC
CGGCACCACCGACACCGATCAGAAGAGG
ACCGCACCATGATTCCGGGGATCCGTCGACC
GGGTGGGCCGTCCCCCGCCGGGCCCGGET
GATCCACCTATGTAGGCTGGAGCTGCTTC

Forward for traA quantitative RT-PCR
Reverse for traA quantitative RT-PCR
Forward for parB quantitative RT-PCR
Reverse for parB quantitative RT-PCR
Forward for hrdB quantitative RT-PCR
Reverse for hrdB quantitative RT-PCR
Forward for parAB_pscia PCR
Reverse for parAB._sci4 PCR
Forward for SclaA2_010100027570 quantitative RT-PCR
Reverse for SclaA2_010100027570 quantitative RT-PCR
Forward for SclaA2_010100027590 quantitative RT-PCR
Reverse for SclaA2_ 010100027590 quantitative RT-PCR
Forward for SclaA2_010100027690 quantitative RT-PCR
Reverse for SclaA2_010100027690 quantitative RT-PCR
Forward for SclaA2_010100027930 quantitative RT-PCR
Reverse for SclaA2_010100027930 quantitative RT-PCR
Forward for SclaA2_010100028210 quantitative RT-PCR
Reverse for SclaA2_010100028210 quantitative RT-PCR
Forward for parAB.,sc.s PCR
Reverse for parAB._ysc14 PCR

Forward for parAB.psci4 delection
Reverse for parAB_psc4 delection
Forward for oppA2 delection

Reverse for oppA2 delection
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Table 3.3.2. Comparative analysis of clavulanic acid biosynthesis genes in S. clavuligerus ATCC 27064, S. flavogriseus ATCC 33331 and
Sac. viridis DSM 43017. 1) Number of amino acids in the protein. 2) Amino acids identity to the orthologous S. clavuligerus protein.

. . . . Identity/ L . Identity/
S. clavuligerus Size S. flavogriseus  Size o Sac. viridis Size o
Gene Product 1 . Similarity . Similarity
ATCC 27064 (aa) ATCC 33331 (aa) 2 DSM 43017 (aa) 2
(%) (%)
SCLAV_4197 ceaS2 Carboxyethylarginine synthase 2 586 Sfla_0555 571 84/90 Svir_33370 556 68/79
SCLAV_4196 bis2 CEA beta-lactam-synthase 2 513 Sfla_0556 509 67/76 Svir_33380 512 51/63
SCLAV_4195 pah2 Proclavaminate amidinohydrolase 2 313 Sfla_0557 316 84/92 Svir_33400 343 68/78
SCLAV_4194  cas2 Clavaminate synthase 2 325 Sfla_0558 324 78/85 Svir_33410 323 63/75
SCLAV_4193 oat2 Glutamate N-acetyltransferase 2 399 Sfla_0554 392 80/86 Svir_33310 385 70/79
SCLAV_4192 oppAl ABC-type dipeptide transport system 564 Sfla_0549 553 88/92 Svir_33360 549 83/90
SCLAV_4191 claR Transcriptional activator 432 Sfla_0548 488 61/73 Svir_33320 468 31/48
SCLAV_4190  car Clavaldehyde reductase 248 Sfla_0547 247 67/80 Svir_33490 247 68/79
SCLAV_4189 cyp Cytochrome P450-SU2 408 Sfla_0546 410 77/87 Svir_33380 406 71/83
SCLAV_4188 fd Ferredoxin 71 Sfla_0545 70 69/80 Svir_33470 68 60/69
SCLAV_4187 orfl2  Beta-lactamase-like protein 458 Sfla_0544 432 61/67 Svir_33460 424 52/66
SCLAV_4186 orfl3  Integral membrane protein 340 Sfla_0543 327 62/73 Svir_33450 314 63/75
SCLAV_4185 orfl4  Acetyltransferase GNAT family 339 Sfla_0542 343 62/72 Svir_33440 331 62/72
SCLAV_4183 oppA2 ABC-type dipeptide transport system 562 Sfla_0541 567 81/88 Svir_33430 562 76/84
SCLAV_4182 orfl6 DUF482 domain-containing protein 401 Sfla_0540 391 70/80 Svir_33420 384 68/78
SCLAV_4181 gcas Biotin carboxylase 529 Sfla_0539 429 85/89 Svir_33390 428 76/85
SCLAV_4180 pbpA Penicillin binding protein 529 Sfla_3620 494 79/89 Svir_00380 488 39/56
SCLAV_4204  ccaR SARP-type regulator 262 Sfla_0552 262 45/63
SCLAV_4202 blp B-lactamase inhibitory protein 182 Sfla_0521 186 44/56 -—- -—- -—-
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Table 3.3.51. Oligonucleotides used in this work.

6. Anexos

v A Amplified Amplified

Name Sequence 5°-> 3 Fragment
Gene
(bp)

RTfla_ceaS2_D CCAACGACACGCACCAGT 487 ceaS2
RTfla_ceaS2_R GCGGGGAAGGACAGGATG (Sfla_0555)
RTfla_claR_D GGGACGAGAACTGGGTGTC 518 claR
RTfla_claR_R GTTGATGCTGCCGTGGTC (Sfla_0548)
RTfla_ccaR_D CACCGCCCTCGCACTTGT 446 ccaR
RTfla_ccaR_R CCTCCTCGTATTGACCCAGA (Sfla_0552)
RTfla_gcas_D GCCGATTACGCACAGTTC 381 gcas
RTfla_gcas_R CAGGTGGTCCTTGATGTTGG (Sfla_0539)
RTfla_orfle_D GCTGGGGGCGGAGGACTT 471 orfl6
RTfla_orfl6_R GAGGGGTGGTGGCGGTAG (Sfla_0540)
RTfla_orfl4_D ACGGAGAGCGCCGAGGAC a12 orf14
RTfla_orfl4_R GGTCCAGGTCGAGCCACT (Sfla_0542)
RTfla_cyp_D ATGACGCAGGACGCAGCA 500 cyp
RTfla_cyp_R GACACGCCGAAGAGCAGT (Sfla_0546)
RTfla_orfl2_D GAAGGTCGGTTCTCCAAGG 551 orf12
RTfla_orfl2_R GTAGTCCTGCTGCCTGCTGT (Sfla_0553)
RTfla_car_D CGTCGCACTCGTCACAGG 304 car
RTfla_car_R GGTCCAGTCGGTGGTGTC (Sfla_0547)
RTfla_oppAl_D GGTAGCCCCGACCGACGA 371 oppAl
RTfla_oppAl_R GTGCCGTAGTTGCTCCTG (Sfla_0549)
RTfla_oat2_D GACACCCGCCCCAAGGAG 320 oat2
RTfla_oat2_R GCGATGTTCTTCACCAAGG (Sfla_0554)
RTfla_cas2_D GACGGCTACCTCCTGCTG 481 cas2
RTfla_cas2_R GCTTCACCTCGGCTATCG (Sfla_0558)
Sfla_hrdB_D GAGGAAGAGGGTGTGACGCTGATGG 415 hrdB
Sfla_hrdB_R CGTCGTCCTCGTCCTCGTCGG (Sfla_1538)
ceaS2_qSFLA_D CCAACGACACGCACCAGT 163 ceaS2
ceaS2_qSFLA_R ACGGGGACGGAGATGAA (Sfla_0555)
bls2_qgSFLA_D CTCTCCTGGGCATCTACGAC 124 bls2
bls2_qgSFLA_R GTGTAGAGCGGGACGGAAC (Sfla_0556)
pah2_qSFLA_D CCGCCTTCCTGATGCTC 119 pah2
pah2_qSFLA_R GGGGTTGGTGTCGGAGT (Sfla_0557)
cas2_qSFLA_D CGCCCCCTGCTGACCAT 178 cas2
cas2_qSFLA_R CCATCTCCGTGTGGAACTC (Sfla_0558)
oat2_qSFLA_D ATGGACCGCACCTTCAAC 161 oat2
oat2_qSFLA_R TCGGAGGCGATGTTCTTC (Sfla_0554)
oppAl_qgSFLA_D GAGGGACATGGAGACCACTC 177 oppAl
oppAl_qgSFLA_R CGGAGGAAGTTCCAGGTGTA (Sfla_0549)
cyp_qSFLA_D GTGCGGTGCTCGGTGAC 113 cyp
cyp_qSFLA_R GATGAAGGAGGCGGTGTG (Sfla_0546)
car_qSFLA_D CGACATCCTGGTCAACAACG 156 car
car_qSFLA_R ATCGTCCCCTGGTTCCTG (Sfla_0547)
claR_qSFLA_D ACCACTGATGGAGGATCTGG 101 clar
claR_qSFLA_R CGTCGAGCTGTCTGAGCAC (Sfla_0548)
orfl2_qSFLA_D GACCCTCTGCGACACGAC 129 orf12
orfl2_qSFLA_R AACACCTCCACGCTGTATCC (Sfla_0553)
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6. Anexos

orfl3_qSFLA_D
orfl3_qSFLA_R
orfl4_qSFLA_D
orfl4_qSFLA_R
oppA2_qSFLA_D
oppA2_qSFLA_R
orfl6_qSFLA_D
orfl6_qSFLA_R
gcas_qSFLA_D
gcas_qSFLA_R
ccaR_qgSFLA_D
ccaR_gSFLA_R
ceaS2_qSCLAV_D
ceaS2_qSCLAV_R
bls2_qSCLAV_D
bls2_gSCLAV_R
pah2_qSFLA_D
pah2_qSFLA_R
cas2_qSCLAV_D
cas2_qSCLAV_R
oat2_qSCLAV_D
oat2_qSCLAV_R
oppAl_qSCLAV_D
oppAl_qSCLAV_R
car_qgSCLAV_D
car_qSCLAV_R
claR_qSCLAV_D
claR_qSCLAV_R
cyp_qSCLAV_D
cyp_qSCLAV_R
orfl12_qSCLAV_D
orfl2_qSCLAV_R
orfl3_qSCLAV_D
orf13_qSCLAV_R
orfl4_qSCLAV_D
orfl4_qSCLAV_R
oppA2_qSCLAV_D
oppA2_qSCLAV_R
gcas_qSCLAV_D
gcas_qSCLAV_R
orfl6_qSFLA_D
orfl6_qSFLA_R
ccaR_qSCLAV_D
ccaR_qSCLAV_R
hrdB _D

hrdB _R
Sfla_0552_D
Sfla_0552_R

SCLAV_ccaR_D
SCLAV_ccaR_R

CTGTGGATGGCGGTGGT
GATGTAGACGAGTGCGACGA
CTCCGGCTGGTGCTTCC
CGGTCCCTATGCCCTGAC
CTCCGGCTGGTGCTTCC
CGGTCCCTATGCCCTGAC
CGGTGGTTTCGAGCAGTT
GAGGTTGGCGTCGAGTTCT
AGGTGTGGCTGCTGACG
GTCCAGGTCGGTGGTGTC
GGATGCCCTCGCCCTCTG
CGACCCGCTCCTCTTCCA
GCCGAGCGCCTGAACATCC
GCGGTCCACCGGGGCAACAT
GAGCTCTACAACCGGGACGA
TCGCCTCATCGATCGCCTCCT
CCTACGACGGGGGGCACCAG
TCATGTCGAACGGCGTCAGATTG
GCAAGCGGCTGGTGATGG
GGTCTCCGAGGACAGGTAGTGC
CACCGTCCTCGCCTCCAC
CGTTCTCCTCGCCCTCCAG
CAGGAGGTGGCGGAAGTAGG
CGGAGGAAGTTCCAGGTGTA
GGTGTCGATCATCCGGGTCCAGT
ATCCGCTGCTCGTACATCTCCTT
CGGGCGGCGGTTCTT
TCGTCGAGCAGGGGTTCC
ACGAACTCGACGGCTATCTG
ACATCGGGACCATCTCCTC
GGCGATGGGGCTGCTGAC
GTGCGCGACGGGGTGGTA
CTGCGCTGGCTGCTGGTGTA
CTGCCGCCGGGAGATGC
CGAACGACGACGAAACG
CAGCGAGCCGACCATGT
GCAAGCGGCTGGTGATGG
GCAGTACGCGGCGGACAAGAT
GGACAACTGGAGCCTGTGTA
CCGCGAACTTGGCATAGTC
GTCCTGTACTACCGGGTGCT
GCAGCAGGAACGAGTGCT
TCGCGGACTCCATCGACCTCTT
GGCGGGCCCCTTCCACAG
CGCGGCATGCTCTTCCT
AGGTGGCGTACGTGGAGAAC
ATCATACCATGGTCGGCGTGCAGATTCGTAT
AATGACAAGCTTCGTCCGCCCCTGACACAC
ATCATACCATGGACACCTGGAATGATGT
AATGACAAGCTTTCAGGCCGGGGTACCGAC
cC

138

91

91

157

113

95

153

101

168

143

176

126

183

123

132

160

174

107

95

100

130

131

109

854

783

orfl3
(Sfla_0543)

orfl4
(Sfla_0542)

OppA2
(Sfla_0541)

orflé6
(Sfla_0541)

gcas
(Sfla_0539)

ccaR
(Sfla_0552)

ceaS2
(SCLAV_4197)

bls2
(SCLAV_4196)

pah2
(SCLAV_4195)

cas2
(SCLAV_4194)

oat2
(SCLAV_4193)
oppAl
(SCLAV_4192)

car
(SCLAV_4190)

claR
(SCLAV_4191)
cyp
(SCLAV_4189)
orf12
(SCLAV_4187)
orfl3
(SCLAV_4186)
orf14
(SCLAV_4785)
OppA2
(SCLAV_4183)

gcas
(SCLAV_4181)

orfl6
(SCLAV_4182)

ccaR
(SCLAV_4204)

hrdB

ccaR
(SFLA_0552)

ccaRc
(SCLAV_4204)
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6. Anexos

ceaS2_D TGGGGAAGGTGTTTGGGGTTGT 502 ceaS2

ceaS2_R GGTTTCGCCGGGGTGTTCG (SCLAV_4197)

orfl8-gcaS_D ACGAGCCCCGGGAGATGAGC 516 Intergenic

orfl8-gcaS_R ACGCGGTGTGCATAGGCTGTG region
Table 3.4.51. Oligonucleotides used in this work

Oligonucleotide Sequence 5' to 3' Description

ncs_RD_F

ncs_RD_R

ncyP_RD_F

ncyP_RD_R

SCLAV_ncs_F
SCLAV_ncs_R
SCLAV_ncyP_F
SCLAV_ncyP_R

ncs_CP_F
ncs_CP_R
ncyP_CP_F
ncyP_CP_R
RT_ncs_F
RT_ncs_R
RT_ncyP_F
RT_ncyP_R
RT_91_92_F

RT_91_92_R

tal_RD_F

tal_RD_R

SCLAV_tal_F

GTCAGAGGGGCCATCCTGCGCTAGAAGA
AGACTCCCATGATTCCGGGGATCCGTCGA
CcC
TCGACAACGTCTTCGGCGCCTACTGACCG
ACCGGGCTCATGTAGGCTGGAGCTGCTTC
GCGCCCCGGGGCCGCCCCGTTGCGCAGCA
CGGATGAATGATTCCGGGGATCCGTCGAC
C
GCGGGCACGGCGGGEGLLGLCGGGELLCGL
C
CGGCCGTCACTGTAGGCTGGAGCTGCTTC
TCTCCTATCTGACCGCCAAC
TCAACGACTGGGACATCAAC
CGTTGCGCAGCACGGATGAATGAGG
AGCGCACCGCGTAGGAGATCCACTC

CATGCCATGGCAGTACTGTGCAAAC

CCCAAGCTTCTACGGCTCCATCGACAAC

ATGAGGGGCGGCCATCCG

TCACCAGGTGACGGGCAG

GAGAGACCCGTCATGTCCAC

AGGAGTCCTCCGCCATCC

AACGAGGAGACCCTCGAACT

CTGGTAGCACAGCGAACAGA

GCTCGCACAGGCCGAGATGGAGACCGCCT
TCAGGACGCT

TGCAGTCTCCGAGCCAGTTCGAGGG

CTAGCCTTGGCCGTCTCACGTCCGAGGTG
ATGCGATATGATTCCGGGGATCCGTCGAC
C
TTCCGCTGATGAACGCGACCTTGCCTTCGA

GGCGACCGGTGTAGGCTGGAGCTGCTTC
GTGCGGAGTGAGGGCTTC

Forward for ncs
delection

Reverse for ncs
delection

Forward for ncyP
delection

Reverse for ncyP
delection

Forward for ncs PCR
Reverse for ncs PCR
Forward for ncyP PCR
Reverse for ncyP PCR
Forward for ncs
complementation
Reverse for ncs
complementation
Forward for ncyP
complementation
Reverse for ncyP
complementation
Forward for ncs RT-
PCR

Reverse for ncs RT-
PCR

Forward for ncyP RT-
PCR

Reverse for ncyP RT-
PCR

Forward for
coexpression RT-PCR
Reverse for
coexpression RT-PCR

Forward for tal
delection

Reverse for tal
delection

Forward for tal PCR
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6. Anexos

SCLAV_tal_R

tal_CP_D
tal_ CP_R
Q_tal_D
Q_tal_R
Q_ncyP_D
Q_ncyP_R
Q_ncs_D
Q_ncs_R
Q-hrdB_D
Q-hrdB_R
Q-hrdB_D

Q-hrdB_R

AGCGTCTTGTCGGAGGTCT
ATGTCTGCGATCGAAGTCGGC

TTGCCTTCGAGGCGACCG

GGTGTGACGACGGGTTTC

CGTTGAGGTGGTAGGTGATG

ACCGCGACCACAGCAC

GCATAGTCGAAGGGGCAGTA

TCCTGGCTCGTCAACACC

GTAGGCGGTGCAGAAGTCAT

CGCGGCATGCTCTTCCT

AGGTGGCGTACGTGGAGAAC

CGCGGCATGCTCTTCCT

AGGTGGCGTACGTGGAGAAC

Reverse for tal PCR
Forward for tal
complementation
Reverse for tal
complementation
Forward for tal
quantitative RT-PCR
Reverse for tal
quantitative RT-PCR
Forward for ncyP
quantitative RT-PCR
Reverse for ncyP
quantitative RT-PCR
Forward for ncs
guantitative RT-PCR
Reverse for ncs
quantitative RT-PCR
Forward for hrdB
guantitative RT-PCR
Reverse for ncs
quantitative RT-PCR
Forward for hrdB
quantitative RT-PCR
Reverse for ncs
quantitative RT-PCR
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