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RESUMEN

Los compuestos aromaticos son unos de los compuestos mayoritarios en la
naturaleza, donde la lignina, triptdfano, quinonas, flavonoides y otros compuestos
con origen natural estan presentes en el medio formando parte de las estructuras
biolégicas o como cofactores en las diferentes reacciones enzimaticas. Por otro lado,
las caracteristicas de los compuestos aromaticos han propiciado su uso industrial en
distintos campos, generandose incluso nuevos compuestos de caracter xendbiotico.
Estos han entrado en el ambiente por su uso muy frecuente 0 a consecuencia de
vertidos accidentales, presentando una persistencia muy alta en el medio. En muchos
casos este compuesto presenta una alta toxicidad con alto riesgos para la salud
humana, generando gran preocupacion en los distintos gobiernos. Sin embargo, su
disponibilidad como sustrato para servir de fuente de crecimiento para los
microorganismos ha permitido que estos hayan desarrollado sistemas 0 mecanismos
para su uso eficiente gracias a la plasticidad génica y a la promiscuidad funcional de
muchas de las enzimas que participan en las rutas de degradacion. Desde hace varias
décadas el estudio de la mineralizacion de compuestos aromaticos se ha centrado en a
bacterias aerobias. Sin embargo, la gran mayoria de los ambientes contaminados por
aromaticos presentan condiciones de anoxia total o parcial. Por tanto, es importante
estudiar la degradacion de estos compuestos en condiciones anaerobias. Nuestro
trabajo se ha centrado en el estudio de la degradacion anaerobia de dos compuestos
monoaromaticos dihidroxilados, resorcinol y 3,5-dihidroxibenzoato (3,5-DHB), en
bacterias desnitrificantes.

En esta tesis se ha estudiado la Unica via descrita actualmente que emplea una
oxidacion independiente de oxigeno para el ataque del anillo aromatico hidroxilado
en condiciones de anaerobicas. Las dos rutas analizadas se encuentran en Azoarcus
anaerobius y Thauera aromatica AR-1, dos bacterias desnitrificantes (NRB) que
degradan resorcinol y 3,5-DHB, respectivamente. Estas cepas presentan la capacidad
de utilizar estos compuestos como Unica fuente de carbono. A. anaerobius es una
bacteria anaerobia estricta, mientras que T. aromatica AR-1 es anaerobia facultativa.
Al inicio de esta tesis se conocian las bases bioquimicas y se habia definido la
agrupacion de genes que codifican los distintos pasos de la ruta en cada organismo.
Asi mismo se habian sefialado posibles reguladores de las rutas. Aunque existe una
gran similitud entre los principales genes de la ruta de ambas agrupaciones génicas,
se han identificado varias diferencias relevantes entre ellas: i) presencia de un sistema
de transporte de tipo TRAP en T. aromética y ausencia de sistema de transporte
especifico en A. anaerobius. ii) distintos reguladores transcripcionales en cada ruta:
RedR1 y RedR2, pertenecientes a la familia NtrC, también conocidos como proteinas



de unién a potenciadores bacterianos (bEBP), en A. anaerobius, y DbdR,
perteneciente a la familia de reguladores de tipo LysR (LTTR), en T. aromatica. Con
este punto de partida, el objetivo de esta tesis se centrd en analizar los mecanismos de
regulacion de ambas rutas.

En los capitulos 1 y 2 estudiamos la regulacion de la degradacion anaerobia de
resorcinol en Azoarcus anaerobius. En primer lugar, definimos la organizacion
transcripcional de los genes de la ruta mediante analisis de RT-PCR. Establecimos la
existencia de cinco operones, tres de los cualesson inducibles por sustrato y codifican
las principales enzimas de la ruta. Mediante extensién a partir de cebador
establecimos que los 3 promotores presentaban una estructura tipica de promotores
dependiente de o>, y que su maxima actividad estaba mediada por la accion
coordinada de los reguladores RedR1 y RedR2, aunque RedR2 parece tener un papel
mas relevante en la expresion; de hecho, la expresion de RedR1 dependa de RedR2.
Ambas proteinas tienen una identidad del 97% entre si y las diferencias estan
localizadas en los extremos N-terminal (NTD) y C-terminal (CTD). Por homologia
con DhaR, otro regulador de la misma familia, en el extremo N-terminal se ambas
proteinas se identifican dos dominios en tandem GAF-PAS. En el extremo C-terminal
se definié el dominio HTH de reconocimiento del ADN, identificandose las distintas
hélices que forman este dominio, con algunas diferencias entre RedR1 y RedR2 que
podrian explicar por qué presentan mecanismos de activacion diferentes.
Efectivamente, sugerimos que RedR1 responde a un mecanismo clésico de activacion
negativo mediada por el dominio N-terminal, frente al mecanismo de RedR2, que
definimos como un activador constitutivo reprimido por interaccion directa con BtdS,
una proteina de membrana perteneciente al complejo enzimatico de BtdLS, que lleva
a cabo la transformacién de  hidroxihidroguinona (HHQ) hasta
hidroxihidrobenzoquinona (HBQ) y que en ausencia de sustrato secuestra a RedR2 en
la membrana. Esta interaccion ocurre a través de la cola N-terminal de RedR2 y no
ocurre con RedR1. Pudimos establecer mediante ensayos de doble hibridos la
interaccién fisica entre ambos reguladores a través del dominio central, necesario
para el ensamblaje a heterohexamero, que seria su forma activa mas eficiente para
alcanzar la maxima activacion de los promotores. En solucién no se detecta
interaccion de los reguladores consigo mismo. Sin embargo, sugerimos que RedR2 si
puede formar homodimeros si su dominio de unién a ADN esta contactando con sus
secuencias diana (UASs), lo que estabilizaria la formacion de homohex&dmeros
activos. lgualmente proponemos que la formacion del homo-dimero de RedR1 esta
reprimida por NTD, y que en ausencia de este también requiere de la union a sus
usas.



Para identificar el efector de la ruta realizamos unas primeras aproximaciones
mediantes calorimetria de titulacion isotérmica (ITC) de ambas proteinas con
posibles efectoros, sin éxito. Utilizando una aproximacion genética con los mutantes
de los principales pasos de la ruta se establecié la necesidad de la transformacion de
resorcinol hasta HBQ para la activacion de los promotores. El conjunto de nuestros
resultados nos ha permitido proponer un modelo de regulacién de la ruta de
degradacion en A. anaerobius, que implica mecanismos de control de las proteinas
reguladoras muy novedosos.

En el capitulo 3 estudiamos los mecanismos de regulacion de la ruta de
degradacion de 3,5-DHB en T. aromatica AR-1. Hemos establecido que DbdR es el
regulador especifico de la ruta, y en su secuencia identificamos los dominios
caracteristicos de esta familia LTTR. Hemos establecido que su estado nativo en
solucion es un tetramero. Los promotores principales de la ruta identificados
mediante extensién a partir de cebador presentan elementos altamente conservados,
identificandose los posibles sitios RBS (sitio de unién regulatorio) y ABS (sitio de
unién de activacion) tipicos de reguladores de la familia. Mediante ensayos de retardo
en gel (EMSA) con extractos donde se habia sobreexpresado DbdR se determind la
union de la proteina a las regiones promotoras de los operones para los principales
pasos de la ruta. No se pudo identificar el efector de la ruta mediante ITC, pero
mediante una aproximacién genética hemos identificado dos posibles candidatos a ser
el efector que activa DbdR: la HHQ y 2,3,5-trihidroxibenzoato (2,3,5-THB), ambos
intermediarios de la ruta. Por tanto es necesaria la transformacion del 3,5-DHB a
2,3,5-THB para la activacion. Hemos establecido que DbdR activa a varios
promotores de la ruta a la vez y controla positivamente su propio promotor. Esto es
algo poco descrito en los miembros de esta familia de reguladores, que suelen
presentar regulacion negativa de su propio promotor, y suelen activar al promotor del
gen divergente al suyo. Estos son los primeros datos obtenidos sobre el mecanismo
de accidn de este regulador.
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SUMMARY

In this thesis we have studied the only way described actuality that uses an
oxygen-independent oxidation for the attack of the hydroxylated aromatic ring in
anoxic conditions. The two routes analyzed are found in Azoarcus anaerobius and
Thauera aromatica AR-1, two denitrifying bacteria that degrade resorcinol and 3,5-
DHB, respectively. These strains present the ability to use these compounds as the
sole carbon source. A. anaerobius is a strict anaerobic bacterium, whereas T.
aromatica AR-1 is facultative anaerobic. At the beginning of this thesis the
biochemical bases for the anaerobic degration of these aompons were known and the
clustering of the genes coding the different steps of the pathway in each organism had
been defined, possible regulators of the routes patwhway. Although there is a great
similarity between the main genes of both gene clusters, two main differences were
pointed: i) While in T. aromatic the vas a transport susten for the aromatic no specific
transport system was present in A. anaerobius. li) Two NtrC family regulators
(bacterial enhancer binding proteins (bEBPs)) RedR1 and RedR2 were present in A.
anaeobius cluster, while a LysR family regulator (LTTR) was present in T.
aromatica.

In chapters 1 and 2 we have analyzed the regulatory mechanismsof the
degradation of resorcinol pathway in A. anaerobius and we have shown that the route
is organized into five transcriptional units, four of which are inducible by the
presence of the substrate. Three ¢ >*-dependent promoters located upstream from the
three operons coding for the main pathway enzymes were identified, which shared a
similar structure with conserved upstream activating sequences (UASs) located at
103 to 111 bp from the transcription start site. Expression of the pathway is
controlled by the bEBPs RedR1 and RedR2, two highly homologous regulators
which, despite their high sequence identity (97%), have non-redundant functions:
RedR2, the master regulator which also controls RedR1 expression, is itself able to
promote transcription from two of the promoters, whilst RedR1 activity is strictly
dependent on the presence of RedR2. The two regulators were shown to interact with
each other, suggesting that the natural mode of activation is by forming heterodimers,
which become active in the presence of the substrate after its metabolization to
hydroxybenzoquinone through the pathway enzymes. The model structure of the N-
terminal domain of the proteins, composed of tandem GAF and PAS motifs, suggests
a control mechanism which also involves direct interaction with additional proteins.
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Another feature of the RedR1 and RedR2 regulators is that they present
different control mechanisms, despite the high sequence identity between them: while
RedR1 responds to classical negative regulation mediated by its NTD, the activity of
RedR2 is constitutive and controlled through the interaction with BtdS, an integral
membrane subunit of the hydroxyhydroquinone dehydrogenase that sequesters the
regulator to the membrane. No self-interaction of either bEBP could be detected in
column-binding assays, as was suggested with the two-hybrid assays. This
contradicts the fact that an NTD-truncated version of RedR1 and also full-length
RedR2 were capable of promoter activation on their own, which implies that they
were able to assemble into homo-hexamers. We suggest the promoter DNA sequence
is necessary to stabilize in vivo the homodimers of the active forms of the two
regulators. We have also shown the N-terminal end of RedR2, which has a different
sequence to RedR1 in the N-terminal tail, probably interacts with one of the
cytoplasmic loops predicted in BtdS model.

In the case of the regulation of T. aromatica AR-1 the dbdR gene that encodes
a LysR-type transcriptional regulator (LTTR) that is present at the most advanced end
of the group is required for anaerobic growth in 3,5-DHB and for the expression of
the operons of the main route. A model structure of DbdR showed conserved key
residues for effector binding with its closest relative TsaR for p-toluensulfonate
degradation. We found that DbdR controlled expression of three promoters located
upstream from the operons coding for the three main steps of the pathway. Whilst
one of them (Poir20) Was only active in the presence of 3,5-DHB, the other two (Pyun.
and Py11) showed moderate basal levels that were further induced in the presence of
the pathway substrate, which needed be converted to hydroxyhydroquinone (HHQ) to
activate transcription. Both basal and induced activities were strictly dependent on
DbdR, which was also required for transcription from its own promoter. DbdR basal
expression was moderately high and increased two-fold in response to the presence of
the effector. DbdR was found to be a tetramer in solution, producing a single
retardation complex in binding assays with the three enzymatic promoters, consistent
with its tetrameric structure. The three promoters had a conserved organization with
clear putative regulatory and activating binding sites positioned at the canonical
distance from the transcription start site. In contrast, two protein-DNA complexes
were observed for the PdbdR promoter, which also showed significant sequence
differences with the three other promoters. Altogether our results show that a single
LTTR coordinately controls expression of the entire 3,5-DHB anaerobic degradation
pathway in T. aromatica AR-1, allowing a fast and optimized response to the
presence of the aromatic.
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Introduccion

1. Introduccién general

1.1. Aromaticos en la naturaleza

Los compuestos aromaticos constituyen el segundo tipo de sustancias
organicas mas abundante en la naturaleza. La principal fuente natural de aromaticos
es la lignina, un polimero complejo de la pared celular vegetal constituido por
compuestos aromaticos altamente estable en el medio ambiente (Lebo et al., 2000;
Fuchs et al., 2011). Otras fuentes naturales de compuestos aromaticos son los
aminoacidos como el triptéfano, fenilalanina y tiroxina, que presentan anillos
aromaéticos; también las quinonas y los flavonoides presentes en las membranas que
actian en la transferencia de electrones. De origen natural son también otros
compuestos fendlicos y taninos, coenzimas aromaticas que participan en muchas
reacciones enzimaticas, ademas de todos los constituyentes aromaticos presentes en
los combustibles fésiles. La elevada estabilidad termodindmica del anillo bencénico
ha permitido su uso en muchos campos de la industria quimica (disolventes,
polimeros artificiales), farmacéutica (antibidticos, etc.), industria del papel
(compuestos organicos clorados), hasta el sector agrario con la liberacién de gran
cantidad de fertilizantes, pesticidas y herbicidas asi como la explotacion de muchos
compuestos naturales cuya estructura incluye un anillo aromatico (resinas,
pigmentos, etc.) (Dua et al., 2002; Rieger et al., 2002; Diaz, 2004; Abu Laban et
al., 2009). Esto ha tenido consecuencias negativas ya que en los ultimos dos siglos
se ha producido una liberacion continua de compuestos aromaticos a la biosfera
como consecuencia de la actividad industrial de distinta naturaleza. Muchos de
estos compuestos son xenobidticos con una alta persistencia en el medio ambiente,
siendo una de las grandes preocupaciones de las distintas Agencias
Medioambientales. Muchos de estos compuestos presentan ademas una alta
toxicidad para la salud humana y muchos de ellos son potencialmente cancerigenos,
por lo que han sido clasificados como peligrosos para la salud y el medio ambiente
por el Comunidad Europea (Pedersen & Falck, 1997). Ademas, hay que tener en
cuenta la liberacién natural y accidental de compuestos fésiles (carbén y petréleo)
en la naturaleza.

Esta abundancia y amplia distribucion de los compuestos aromaticos los
convierte en un importante sustrato de crecimiento para muchos organismos (Boll et
al., 2002). Tanto animales como plantas son capaces de modificar la estructura del
anillo bencénico e incluso de degradar algunos compuestos aromaticos, pero son los
microorganismos los que con su enorme diversidad han evolucionado una amplia 'y
versatil capacidad para degradar compuestos aromaticos (naturales y xenobidticos)
debido a su plasticidad génica y a la promiscuidad funcional de muchas de las
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enzimas que participan en las rutas de degradacion, permitiendo su adaptacion al
catabolismo de una gran variedad de compuestos con estructura aromatica (McLeod
& Eltis, 2008). En consecuencia, son los microorganismos los que préacticamente
llevan a cabo la mineralizacién de estos compuestos en la naturaleza, especialmente
hongos y bacterias que son capaces de degradar incluso grandes polimeros como la
lignina en presencia de oxigeno molecular. Los compuestos aromaticos de bajo
peso molecular pueden ser usados como sustrato para el crecimiento tanto en
condiciones aerobias como anaerobias (Heider & Fuchs, 1997).

Desde hace varias décadas se estan estudiando las rutas catabdlicas de
compuestos aromaticos presentes en los microrganismos con dos claros objetivos:
por un lado, responder a la necesidad de aportar nuevos conocimientos y por otro
ser utilizados como una herramienta fundamental para aumentar la capacidad de
respuesta de las bacterias a contaminacién en el medio ambiente y ser utilizadas
para la recuperacion de zonas contaminadas con este tipo de compuestos.
Actualmente las estrategias para la recuperacion de sitios contaminados estan
basadas en el uso de microorganismos autéctonos de las zonas contaminadas,
buscando mecanismos para favorecer su crecimiento y su actividad
(bioestimulacion), o inoculando microorganismos autéctonos previamente
seleccionados y enriquecidos (bioaumento) (El Fantroussi & Agathos, 2005). Hasta
hace poco, la gran mayoria de las estrategias de remediacion se basaban en el uso
de procesos aerobios llevados a cabo por bacterias aerobias, donde el oxigeno
molecular no sélo es el aceptor terminal de electrones para la respiracion, sino
también el sustrato para la activacion del anillo aromético (Harayama et al., 1992).
Sin embargo, con frecuencia los sitios contaminados se acaban volviendo
anaerobios una vez que el metabolismo aerobio de los contaminantes ha consumido
el oxigeno disponible. lgualmente, muchas zonas contaminadas, como los
sedimentos, suelos anegados, etc., se encuentran en condiciones permanentes de
anoxia. En estos ambientes los procesos mas activos son esencialmente anaerobios
y la degradaciéon de los compuestos aromaticos ocurre tanto en condiciones de
anaerobiosis estricta como en microaerofilia. Por tanto, para degradar compuestos
aromaticos, los microorganismos emplean dos estrategias en funcién de la presencia
0 ausencia de oxigeno en el medio. El catabolismo aerobio, que ha sido
profusamente estudiado en los Ultimos 60 afios, lo llevan a cabo una gran diversidad
filogenética de microorganismos (McLeod & Eltis, 2008). Sin embargo, sobre el
catabolismo anaerobio existen muchos menos estudios. En condiciones de
anaerobiosis los microorganismos utilizan aceptores de electrones alternativos al
oxigeno, como nitrato  (bacterias  nitratorreductoras, incluyendo las
desnitrificantes,NRB), sulfato (bacterias sulfatorreductoras, SRB), Fe(lll) (bacterias
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reductoras de ion férrico), CO, (metandgenas) u otros aceptores (clorato, Mn, Cr, U,
etc.) (Diaz, 2004).

El uso de aceptores de electrones diferentes al oxigeno en un determinado
ambiente va a depender de su disponibilidad y de la competencia entre los mismos
microorganismos con los diferentes tipos de respiracion. En términos de
rentabilidad energética, la degradacion utilizando nitrato y Fe (I1l) como aceptor
final de electrones es practicamente tan rentable como el uso de oxigeno. Sin
embargo, las otras formas de respiracién, como la que llevan a cabo las bacterias
sulfatorreductoras y metandgenas, son menos eficientes. Para los organismos
fermentadores, la degradacion es rentable siempre que estén presentes bacterias
metandgenas 0 SRB que utilicen los productos finales generados por ellos. Por
ultimo, las bacterias fotosintéticas obtienen la energia de la luz y degradan
compuestos aromaticos anaerdbicamente hasta formar metabolitos intermediarios
como acetil-CoA, que es utilizado posteriormente en reacciones biosintéticas
(Gibson & Harwood, 2002; Diaz, 2004). Por tanto existen muchas estrategias de
degradacion, que van a depender de la disponibilidad de oxigeno y de la utilizacion
de aceptores de electrones alternativos en la respiracion (Fig. 1.1).
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Figura 1.1. Esquema de uso de los compuestos aromaticos por microorganismos. A la derecha, el
valor energético de la degradacion con los distintos tipos de respiracion (aerobia y anaerobia)
utilizando como compuesto modelo el benzoato. La metanogénesis necesita una reaccion de
fermentacion acoplada. Los géneros bacterianos epresentativos de cada tipo de metabolismo estan
entre paréntesis. Los distintos tipos de microorganismos en base a su respiracién se presentan en
recuadros en color rojo (Widdel & Rabus, 2001; Diaz, 2004).
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1.2. Degradacion aerobia de compuestos aromaticos

Como hemos dicho, en el catabolismo aerobio de compuestos aromaticos el
oxigeno no solo es el aceptor final de electrones en la respiracion, sino que también
actla como cosustrato en algunas etapas importantes. EI oxigeno es imprescindible
para procesos como la hidroxilacion y posterior ruptura del anillo aromatico por
parte de las enzimas de las rutas (Parales & Resnick, 2006; Vaillancourt et al.,
2006). La estrategia mas utilizada es la desestabilizacion de la molécula mediante
rutas periféricas que incorporan grupos hidroxilos en el anillo. Una vez hidroxilado,
el compuesto aromatico es sustrato de oxigenasas que catalizan la ruptura del anillo
mediante adicién de oxigeno molecular, generando un compuesto alifatico que
sufrird oxidaciones progresivas hasta terminar incorporandose al ciclo de Krebs
(Hayaishi, 1994). Un gran nimero de sustratos aromaticos son canalizados a través
de rutas periféricas para dar lugar a un nimero limitado de intermediarios centrales
dihidroxilados. Otra de las caracteristicas frecuentes de la degradacion de
compuestos aromaticos es que un mismo compuesto puede degradarse a través de
distintas rutas catabdlicos, como es el caso para el tolueno (Fig. 1.2).

CH, cH
. Q)
Toluene
CH
cis-dihydrodiol \ } 4{1 OH

Fpts p-Cresol
PaW15

CH, OH

Benzyl alcohol f OH m-Cresol

0-Cresol

Figura 1.2. Reacciones iniciales en las cinco vias de diferentes bacterianas para la degradacion
aerobia de tolueno. Pseudomaonas. putida F1(PpFl) utiliza una ruta que se inicia por una
dioxigenasa del anillo, P. putida PaW15, porta el plasmido TOL y oxida el grupo metilo de tolueno.
Burkholdeia cepacia G4, Rastonia pickettii PKO1 y P. mendocina KR1, inician la degradacion del
tolueno con tolueno 2-, 3- y 4-monooxigenasas, respectivamente (Tomado de Parales et al. 2000).

Las oxigenasas que incorporan los grupos hidroxilo al anillo bencénico
pueden ser monooxigenasas o0 dioxigenasas en funcion de que incorporen uno o dos
grupos hidroxilo, respectivamente (Gibson & Parales, 2000). Estas enzimas
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generalmente toman el poder reductor de NADH o NADPH y pueden ser
dependientes de metales, grupo hemo o flavinas. Los principales intermediarios que
se producen tienen dos grupos hidroxilo, bien adyacentes como en el catecol (1,2-
dihidroxibenceno), o bien situados en posicién para como en el gentisato (2,5-
dihidroxibenzoato). Sobre el anillo hidroxilado actlan dioxigenasas de rotura del
anillo. El tipo de dioxigenasas que actlia varia en funcion de la posicion del enlace
de ruptura del anillo. Las intradiol dioxigenasas rompen el anillo en posicion orto
(entre dos grupos hidroxilo), y las extradiol dioxigenasas catalizan la ruptura en
posicion meta (adyacentes a uno de los grupos hidroxilo). Estas rupturas producen
un compuesto no aromatico que a traves de una serie de reacciones enzimaticas dara
lugar a intermediarios del ciclo de Krebs (Dagley et al., 1971; Harayama et al.,
1992; Harwood & Parales, 1996; Fuchs, 2008).

En el catabolismo aerobio de compuestos aromaticos, mas recientemente se
han descrito algunas rutas que combinan caracteristicas tanto del catabolismo
aerobio como del anaerobio, que se denominan rutas hibridas (ruta box). La
principal propiedad de este tipo de rutas es que los sustratos son transformados en
derivados del coenzima A (CoA) a través de una tioesterificacion mediada por
enzimas CoA ligasas. El proceso de tioesterificacion es una caracteristica comun en
las rutas anaerobias de degradacion de compuestos aromaticos, ya que facilita la
desestabilizacion del anillo al aumentar su densidad electronica (Heider & Fuchs,
1997). La apertura del anillo aromatico y la pérdida de la propiedad aromatica del
derivado CoA se realiza mediante reacciones de oxigenacion u
oxigenacion/reduccién y una posterior accion de enzimas que atacan el compuesto
aliciclico generado (Gescher et al., 2005). La participacion de enzimas CoA ligasas
en este tipo de catabolismo ha sido descrita en la degradacion del &cido fenilacético
en distintas especies bacterianas (Luengo et al., 2001; Bartolomé-Martin et al.,
2004), para la degradacién del 2-aminobenzoato en Azoarcus evansii (Schihle et
al., 2001), y para la degradacion de benzoato en Thauera aromatica (Schiihle et al.,
2003), Burkholderia xenovorans LB400 (Denef et al., 2004), Bacillus
stearothermophilus (Zaar et al., 2001) y A. evansii (Gescher et al., 2005). También
se han descrito rutas hibridas en el metabolismo aerobio de compuestos aromaticos
heterociclicos, que incluye la degradacion del 4&cido isonicotinico por
Mycobacterium sp. INAL (Kretzer et al., 1993) y la de los &cidos 2- furano y 2-
tiofeno carboxilato en algunas bacterias (Cripps, 1973; Koenig & Andreesen, 1990).

1.3. Degradacién anaerobia de compuestos aromaticos
Muchos ecosistemas en los que no esta presente el oxigeno estan afectados
por contaminacion por aromaticos. Por ejemplo, habitats como acuiferos
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subterraneos, sedimentos acuaticos, lechos sumergidos o habitats acuéticos estaticos
son zonas representativas de la presencia de compuestos aromaticos en condiciones
anoxicas, donde el catabolismo anaerobio de estos compuestos es esencial
(Carmona et al., 2009). De hecho, varios estudios de campo indican que en muchos
casos la degradacién de contaminantes en condiciones naturales esta dominada por
procesos anaerobios (Meckenstock et al., 2004; Abu Laban et al., 2009). Por tanto,
los microorganismos degradadores de estos entornos juegan un papel importante en
los ciclos biogeoquimicos (Evans & Fuchs, 1988; Widdel & Rabus, 2001; Gibson
& Harwood, 2002; Heider, 2007). Hay que destacar que este proceso se lleva a cabo
especificamente por consorcios bacterianos formados por bacterias fermentativas
(acidogénicas y acetogénicas), SRB, NRB, reductoras de hierro y metandgenas
(Harwood & Gibson, 1997; Heider, 2007; Foght, 2008). Asimismo, a partir de
diferentes consorcios especializados de este tipo se han podido aislar e identificar
SRB con capacidad de degradar distintos compuestos aromaticos (Tabla 1.1).

Aunque en los Ultimos afios ha aumentado considerablemente nuestra
comprension de la biologia de la degradacion anaerobia de aromaticos en bacterias,
el conocimiento actual sobre la bioquimica, la genética y la fisiologia de estas vias
se concentra esencialmente en la degradacion de monoaromaticos simples (por
ejemplo, BTEX) y de algunos PAHSs de dos anillos (Carmona et al., 2009; Rabus et
al., 2016). El estudio de las bases bioquimicas y genéticas de la degradacion
anaerobia de compuestos aromaticos plantea la dificultad intrinseca de requerir
trabajar con microorganismos de dificil crecimiento en condiciones de laboratorio
son dificiles de manipular genéticamente (Morre, 1966). Los avances en el campo
estan directamente relacionados con la disponibilidad de cultivos puros de bacterias
capaces de degradar los distintos compuestos aromaticos en condiciones anoxicas.
Paralelamente, el progreso rapido en la genética de estos organismos en los Gltimos
afios proviene en parte de tecnologias de alto rendimiento como gendmica,
metagendmica y protedmica (Kube et al., 2005; Rabus et al., 2005; Butler et al.,
2007; DiDonato et al., 2010; Selesi et al., 2010).

La degradacion anaerobia del tolueno se describié por primera vez en
microcosmos anoxicos (Grbic-Galic & Vogel, 1987) y posteriormente en cultivos
puros de bacterias reductoras de hierro (Lovley & Lonergan, 1990), en las bacterias
desnitrificantes T. aromatica K172, T. aromatica T1 y Azoarcus sp. (Dolfing et al.,
1990; Evans et al., 1991; Schocher et al., 1991; Fries et al., 1994; Rabus & Widdel,
1995) y de bacterias reductoras de sulfato (Rabus et al., 1993; Beller et al., 1996).
Probablemente los ejemplos mejor estudiados sean Rhodopseudomonas palustris y
Azoarcus sp. CIB para la degradacion del benzoato, mientras que el grupo
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Aromatoleum aromaticum (anteriormente Azoarcus EbN1) se puede considerar el
sistema modelo para la degradacion del tolueno (Larimer et al., 2004; Rabus et al.,

2005).

Al igual que ocurria en el metabolismo aerobio, las bacterias anaerobias
canalizan la degradacion de un gran nimero de aromaticos a través de rutas
periféricas que convergen en unos pocos compuestos intermedios centrales, siendo
el benzoil-CoA (y sus derivados 2-amino, 3-hidroxi y 3-metil) el més comun.

Tabla 1.1. Algunos cultivos puros y de enriquecimiento utilizados para
estudiar la degradacion anaerobia de aromaticos en NRB, SRB, bacterias
fermentadoras o sintroéficas (Modificado de Rabus et al, 2016).

SB

Sustrato Aceptor
Organismo metabolizado final de Filogenia Referencia
electrones

Aromatoleum aromaticum Tolueno, etilbenceno Nitrato Betaproteobacteria (Rabus & Widdel,
EbN1

1995)

(Dolfing et al.,
Azoarcus sp. strain T Tolueno Nitrato Betaproteobacteria 1990)
Desulfobacterium anilini ~ Fenol Sulfato Deltaproteobacteria (Ahn etal., 2009)
Desul_fobacter_lum 2-Metilnaftaleno, Deltaproteobacteria / (Selesi etal., 2010)
cetonicum, Spirochaetes sp. naftaleno Sulfato Spirochaetes
(Cultivo enrig. N47) P
_Il?glszulfobacula toluolica Tolueno Sulfato Deltaproteobacteria (Rabus et al., 1993;
Cultivo de enriquecimiento + (Kunapuli et al.,
BE Benceno Fe3 Peptococcaceae 2007)
Geobacter metallireducens + - (Lovley et al.,
GS-15 Benzoato Fe3 Deltaproteobacteria 1993)
Magnetospirillum sp. gy . . (Lahme et al.,
Strain pbN1 p-Metilbenzoato Nitrato Alphaproteobacteria 2012)
Peptoclostridium difficile  p-Hidroxifenilacetico Ferment.  Peptostreptococcaceae %g)n & Galperin,

2-Metilnaftaleno .

Cepa NaphS2 naftaleno, Sulfato Deltaproteobacteria (Musat et al., 2009)
Thauera aromatica Fenol Betaproteobacteria g%ge().;] igetal,
Thauera aromatica K172  Tolueno Nitrato Betaproteobacteria g’g‘gg? rsetal.,
Thauera aromatica T1 Tolueno Nitrato Betaproteobacteria (Song et al., 1998)
Syntrophus aciditrophicus Benzoato Sintréfica Deltaproteobacteria (Hopkins et al.,

1995)
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Pero otras rutas confluyen en otros intermediarios centrales como el
resorcinol  (1,3-dihidroxibenceno), floroglucinol (1,3,5-trihidroxibenceno) e
hidroxihidroquinona (1,2,4-trihidroxibenceno, HHQ) (Heider & Fuchs, 1997,
Gibson & Harwood, 2002; Carmona et al., 2009; Boll et al., 2014). En algunos
casos las rutas periféricas consisten en un Unico paso de activacidén, como ocurre
por ejemplo con algunos benzoatos, que se activan a sus correspondientes aril-CoA
ésteres mediante la actividad de una benzoato-CoA ligasa, que requiere ATP y CoA
como sustrato (Fig. 1.3). En otros casos las rutas periféricas consisten en multiples
reacciones encadenadas hasta transformar el compuesto aromatico en el metabolito
intermedio. Este seria el caso para la activacion del tolueno hasta benzoil-CoA, que
se inicia por la oxidacién del grupo metilo por adicion a fumarato mediada por una
bencilsuccinato sintasa. Esta reaccién rinde bencilsuccinato, que sufre una
tioesterificacion y posteriormente una serie de reacciones similares a una -
oxidacion hasta producir benzoil-CoA (Spormann & Widdel, 2000; Boll et al.,
2014).
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Figura 1.3. Rutas anaerobias de degradacion de benzoato en Thauera aromatica y
Rhodopseudomonas palustris. Junto a cada reaccion enzimatica de la ruta central estan los productos
génicos implicados en los mismos. En el margen izquierdo de la figura se especifica la actividad
enzimética involucrada en cada reaccién. (Tomado de Lopez Barragén et al., 2004).
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El catabolismo del benzoil-CoA (ruta central) se organiza en dos tramos
catabodlicos: a) ruta central propiamente dicha, o ruta superior, que convierte el
benzoil-CoA en un compuesto alifatico tipo C;-dicarboxil-CoA; y b) ruta inferior,
que transforma el producto de la ruta superior en acetil-CoA y CO, mediante
reacciones similares a las de la B-oxidacion de &cidos dicarboxilicos (Carmona et
al., 2009).

El paso clave en la degradacion anaerobia de aromaticos es la reduccion del
anillo aromatico del benzoil-CoA por una benzoil-CoA reductasa (BCR), que
constituye el Gnico paso de la ruta sensible a oxigeno (Boll & Fuchs, 1995). Las
BCR se pueden clasificar en dos grupos en funcion a su dependencia de ATP: i)
dependientes de ATP (Tipo I) presentes en bacterias anaerobias facultativas tales
como T. aromatica (Boll & Fuchs, 1995), R. palustris (Gibson & Gibson, 1992),
Azoarcus spp. (Ebenau-Jehle et al., 2003; Lopez Barragén et al., 2004), que tienen
mayores rendimientos energéticos, y ii) independientes de ATP (Tipo Il) presentes
en organismos anaerobios estrictos como Geobacter metallireducens y Syntrophus
aciditrophicus (Kung et al., 2009; Loffler et al., 2011; Boll et al., 2014), con
menores rendimientos energéticos. Esta enzima lleva a cabo un mecanismo
complejo de bifurcacion de electrones descubierto recientemente (Kung et al.,
2010; Buckel & Thauer, 2013; Boll et al., 2014).

Finalmente, el producto de la desaromatizacion del anillo sufre una B-
oxidacion modificada con la adiccion de agua a un doble enlace (acil-CoA
hidratasa), seguido de una dehidrogenacion (hidroxiacil-CoA dehidrogenasa) y
finalmente la rotura hidrolitica del anillo (oxacil-CoA hidrolasa) que genera el
compuesto alifatico C;-dicarboxil-CoA. Dependiendo de la naturaleza del producto
de la reduccion del benzoil-CoA, se han definido dos vias alternativas: una f-
oxidacion tipo Thauera, que emplea como sustrato el dienoil-CoA ciclico producto
de la BCR y genera 3-hidroxipimelil-CoA (Fig. 1.3); o una B-oxidacion tipo
Rhodopseudomonas, donde el enoil-CoA ciclico producto de la BCR da lugar a
pimelil-CoA (Carmona et al., 2009). La ruta inferior del benzoil-CoA prosigue con
la degradacion de los derivados alifaticos dicarboxil-CoA hasta generar tres
moléculas de acetil-CoA y una de CO, (Fig.1.3) (L6pez Barragan et al., 2004).

En general los determinantes génicos de las rutas de degradacion anaerobia se
organizan en agrupaciones geénicas, como ocurre con las rutas de degradacion en
organismos aerobios. Estas agrupaciones presentan una organizacion mas o menos
conservadas, y la secuencia de sus genes en muchos casos permite predecir su
funcion en la ruta. Un ejemplo de esta organizacion son las rutas de degradacion de
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benzoato de distintos organismos (Fig. 1.4). Los determinantes génicos de estas
rutas se estudiaron inicialmente para la ruta central del benzoil-CoA en T.
aromatica y R. palustris (Egland et al., 1997; Breese et al., 1998). En el caso del
tolueno se ha identificado en T. aromatica una agrupacién de unos 20 Kb donde se
localizan los operones bbs y bss que codifican para los diferentes enzimas de la ruta
de degradacion, y un tercer operédn regulador tdiSR que codifica un sistema de dos
componentes que controla la expresion de la ruta (Leuthner & Heider, 2000).
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Figura 1.4. Organizacion génica de la ruta de degradacién anaerobia del benzoato en o, f y 8-
proteobacterias. Rhodopseudomonas palustris (NC_005296), Magnetospirillum spp. (M. magneticum
AMB-1 (NC_007626), T. aromatica (AJ224959), Azoarcus (Azoarcus sp. CIB (AF515816),
Geobacter metallireducens GS-15 (NC_007517) y Syntrophus aciditrophicus SB (NC_007759). Los
genes se representan con flechas de diversos colores: rojo, genes que codifican benzoato-CoA ligasas;
azul oscuro, genes que codifican las subunidades a-B-3-y de la benzoil-CoA reductasa; rayado azul,
genes que codifican las ferredoxinas asociadas a las benzoil-CoA reductasas; amarillo, genes KGOR;
rayado negro, genes que codifican posibles dxidoreductasas dependientes de NADPH vy ferredoxina;
verde claro, genes que codifican enoil-CoA hidratasas; azul claro, genes que codifican hidroxiacil-
CoA deshidrogenasas dependientes de NAD*; naranja, genes que codifican oxoacil-CoA hidrolasas;
negro, genes reguladores; verde oscuro, genes que codifican posibles acil-transferasas; marron,
posibles genes transportadores; rosa, genes que codifican la ciclohexanocarboxilato-CoA ligasa (AliA)
y la ciclohexanocarboxil-CoA deshidrogenasa (AliB); punteado, genes pertenecientes a otras rutas
catabdlicas de compuestos aromaticos; blanco, genes de funcién desconocida. Dos rayas verticales
separan los genes no adyacentes en el genoma.(Tomado de Carmona et al., 2009).
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1.4. Degradacion anaerobia de compuestos aromaticos hidroxilados

La degradacion anaerobia de los compuestos aromaticos hidroxilados se
produce principalmente a través de las vias del benzoil-CoA, resorcinol y
floroglucinol, siendo el principal metabolito intermediario el benzoil-CoA. Hay que
destacar que la degradacion anaerobia de los compuestos aromaticos dihidroxilados
resorcinol (1,3-dihidroxibenceno) y a-resorcilato (3,5-dihidroxibenzoato, 3,5-DHB)
en bacterias desnitrificantes siguen una ruta totalmente diferente: son hidroxilados
hasta dar el compuesto intermedio comun hidroxihidroquinona (HHQ), que sufre
una desaromatizacion oxidativa hasta hidroxibenzoquinona (HBQ). Dado que esta
via es el objeto de estudio de esta tesis doctoral, se analiza de forma independiente
en el capitulo 1.5.

Degradacion de fenol (hidroxibenceno). Se ha estudiado principalmente en T.
aromatica, donde la degradacion ocurre a través de la via del benzoil-CoA. La ruta
periférica incluye una fosforilacion a fenilfosfato, seguida de carboxilacion hasta 4-
hidroxibenzoato y posterior formacion de 4-hidroxibenzoil-CoA, que es finalmente
reducido hasta benzoil-CoA. Los genes pps y ppc, que codifican la fenilfosfato
sintasa y la fenilfosfato carboxilasa, se agrupan en un operon inducible por fenol
(Schleinitz et al., 2009). La SRB Desulfobacterium anilini (recientemente
reclasificada como Desulfatiglans anilini (Suzuki et al., 2014)) también degrada
fenol via fosforilacion y descarboxilacion (Ahn et al., 2009), y la SRB sintr6fica
Syntrophorhabdus aromaticivorans requiere la asociacion con bacterias
metandgenas para degradar fenol por la via del 4-hidroxibenzoato (Qiu et al., 2008).

Degradacion de catecol (1,2-dihidroxibenceno). Aparentemente, la
degradacion anaerobia de catecol en T. aromatica, donde mejor se ha estudiado, se
nutre de enzimas de otras rutas presentes en la cepa con una baja especificidad de
sustrato, lo que permite que este compuesto y los productos de su metabolismo sean
reconocidos y transformados. Se inicia mediante la carboxilacion a protocatecuato
mediada por las mismas enzimas requeridas para la conversion de fenol a 4-
hidroxibenzoato, fenilfosfato sintasa y fenilfosfato carboxilasa. El protocatecuato
producido es activado hasta protocatecoil-CoA y finalmente deshidroxilado hasta
hidroxibenzoil-CoA, que es probablemente el substrato de una BCR (Ding et al.,
2008). Los genes que codifican estas enzimas se localizan en un oper6n, junto con
genes que codifican enzimas de carboxilacion adicionales y que son homologos a
genes presentes en otras bacterias degradadoras de fenol (Carmona et al., 2009).
Este seria un ejemplo de flexibilidad catabdlica, que permite a un organismo
metabolizar una variedad de sustratos quimicamente relacionados utilizando un
conjunto limitado de genes y enzimas. Este seria el caso también para la
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degradacion anaerobia de &cidos meta-hidroxiaromaticos como el protocatecuato
(para-dihidroxibenzoato) en R. palustris (Gall et al., 2013).

Degradacion de 3-hidroxibenzoatos. Su degradacion también se ha estudiado
en T. aromatica, y ocurre por una via central propia ligeramente distinta de la del
benzoil-CoA. Una coenzima A ligasa inducida por sustrato (HbcL) cataliza la
formacidn de 3-hidroxibenzoil-CoA, que se reduce posteriormente a un dienoil-
CoA aliciclico por la actividad de las BCR y ferredoxina de la ruta general del
benzoil-CoA. Esta actividad se combina con reacciones posteriores de tipo -
oxidacion especificas para la transformacién del dienoil-CoA aliciclico (Laempe et
al., 2001). Una situacion parecida parece ocurrir en varias cepas de Azoarcus,
aunque en este caso la ruta parece incluir una BCR especifica para 3-
hidroxibenzoil-CoA, distinta de la BCR general (Rabus et al., 2005; Wohlbrand et
al., 2007; Martin-Moldes et al., 2015). Se ha propuesto una via alternativa de
degradacion de 3-hidroxibenzoato en bacterias fermentadoras tales como
Sporotomaculum hidroxibenzoicum, que implica una CoA transferasa en vez de una
CoA ligasa para la activacion del sustrato a 3-hidroxibenzoil-CoA, y una posterior
eliminacion reductiva del grupo hidroxilo a través de benzoil-CoA como intermedio
central (Muller & Schink, 2000). Finalmente, una tercera via involucraria
reacciones de hidroxilacién para formar HHQ en la cepa desnitrificante BoONHB.
Sin embargo, los genes implicados en estas dos rutas no se conocen y no se ha
profundizado en su bioquimica (Schink et al., 2000).

Degradacion de trihidroxibencenos. La aromaticidad del anillo en este tipo
de compuestos estd muy debilitada por la presencia de dos o mas grupos hidroxilo
en posicion meta, lo que hace que las reacciones para la rotura del anillo sean
menos exigentes que las descritas hasta ahora (Schink et al., 2000). De los tres
isdmeros de trihidroxibenceno, pirogalol (1,2,3-trihidroxibenceno) y floroglucinol
(1,3,5-trihidroxibenceno) son féacilmente degradados por bacterias fermentadoras
como P. acidigallici. EI floroglucinol puede reducirse directamente a
dihydropfloroglucinol, que sufre la posterior rotura del anillo y oxidacion hasta
rendir tres residuos de acetado (Brune & Schink, 1992). El pirogalol debe ser
primero isomerizado a floroglucinol por una transhidroxilasa que utiliza un
tetrahidroxibenceno como cosubstrato (Messerschmidt et al., 2004). El tercer
isomero de trihidroxibenceno es la hidroxihidroquinona (1,2,4-trihidroxibenceno,
HHQ), que en Pelobacter masiliensi se degrada mediante tres transhidroxilaciones
sucesivas para dar floroglucinol, que se procesaria de un modo similar al descrito
anteriormente (Philipp & Schink, 2012). La estrategia parece ser diferente en SRB:
en Desulfovibrio inopinatus el primer paso es una desestabilizacion de la molécula,

50



Introduccion

que se reduce hasta dihidrohidroxiquinona, para posteriormente formar acetato y un
derivado no identificado de 4 carbonos (Reichenbecher et al., 2000).

Degradacion de resorcinol (1,3-dihidroxybenzeno). La degradacion
anaerobia de resorcinol se ha estudiado en bacterias fermentadoras, SRB y bacterias
desnitrificantes, y en ningun caso ocurre por la ruta del benzoil-CoA. Se han
descrito dos estrategias catabolicas principales para la degradacién de resorcinol: i)
a través de una desaromatizacion reductiva clasica en SRB y fermentadoras,
rindiendo 1,3-ciclohexadiona, que se hidroliza a &cido 5-oxocaproico y finalmente
se fermenta a acetato y butirato (Philipp & Schink, 2012), y ii) una ruta oxidativa a
través de HHQ en bacterias desnitrificantes, que también se utiliza para la
degradacion de a-resorcilato, y que por ser el objeto de esta tesis analizamos en
detalle en los capitulos siguientes.

1.5. Degradacion anaerobia de aromaticos dihidroxilados en bacterias
desnitrificantes

1.5.1. Degradacion anaerobia de resorcinol en A. anaerobius

El resorcinol (1,3-dihidroxybenzeno) es producido y utilizado en grandes
cantidades en distintos sectores industriales (Krumenacker et al., 2000), desde la
industria maderera para la produccion de resinas hasta la industria farmacéutica, por
ser el sustrato inicial para la sintesis entre otros de farmacos o colorantes como la
fluoresceina, utilizada como antiséptico dermatolégico. Sin embargo su mayor
utilizacién esta en la produccion de resinas artificiales, utilizadas en la fabricacion
de neumaticos como adherente entre el tejido de acero y la goma. También se
produce de forma natural en algunas plantas como Nuphar lutea, una planta
acudtica que exuda de forma natural cantidades considerables de resorcinol como
defensa frente a la accion de otros organismos del ambiente acuético (Sutfeld et al.,
1996).

La bacteria anaerobia estricta Azoarcus anaerobius LuFResl, una de las
cepas de estudio de esta tesis, es una betaproteobacteria nitratorreductora, aislada de
aguas residuales por su capacidad para crecer con resorcinol como Unica fuente de
carbono y nitrato como aceptor final de electrones. Tiene un tamafio de 2,7-3,3 um
x 1,5 um, es movil, catalasa-negativa y superoxido-dismutasa positiva. Presenta un
metabolismo estrictamente oxidativo, usando el nitrato como aceptor Gltimo de
electrones, el cual es reducido hasta nitrito y finalmente hasta N,. Tiene una
temperatura 6ptima de crecimiento de 28°C, aunque puede vivir en un rango de 20-
32°C, y su pH oOptimo es 7,2 (Springer et al, 1998). Esta cepa esta
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filogenéticamente relacionada con T. aromatica, con una identidad del 92,7% en su
secuencia de ARN; 16S.

Philipp y Schink (1998) determinaron que en extractos celulares de A.
anaerobius cultivada en resorcinol, este se hidroxilaba hasta HHQ, pudiendo
utilizar directamente nitrato como aceptor de electrones. La HHQ se degradaba
posteriormente hasta 2-hidroxi-1,4-benzoquinona (HBQ). Las actividades
enziméticas responsables no se detectaron en extractos de células crecidas con
benzoato, lo que indicaba que benzoato y resorcinol se degradan por vias diferentes
y que las enzimas de degradacién de resorcinol son inducibles por sustrato (Philipp
& Schink, 1998). Esto establecia una nueva via oxidativa para la degradacion de
resorcinol. Los genes de esta ruta se localizaron en un césmido de 29,88 Kb (pR")
seleccionado de una genoteca de A. anaerobius por transferir a T. aromatica la
capacidad de crecer anaerébicamente con resorcinol como Unica fuente de carbono.
La agrupacién génica responsable de la degradacion constaba de 19 genes, cuya
participacion en la ruta se determind mediante la caracterizacion de mutantes del
cosmido pR™ utilizando como huésped heterdlogo distintas cepas de T. aromatica.
Ocho genes resultaron ser esenciales para el crecimiento en resorcinol, y los genes
de la agrupacién se anotaron basédndose en evidencias bioquimicas y en su
homologia con secuencias en las bases de datos (Darley et al., 2007). La
disposicion de los genes en la agrupacién permitia predecir una organizacion en 3
operones (Fig. 1.5).

La principal enzima de esta ruta es la resorcinol hidroxilasa, que cataliza la
transformacién de resorcinol a HHQ. Consta de dos subunidades codificadas por
rehL y rehS, que presentan homologia con genes de tipo molibdopterin-
oxidorreductasa como las DMSO reductasas. Ademas, rehL y rehS presentan 52% y
49% de identidad con las subunidad o y P de la pirogalol-floroglucinol
transhidroxilasa de Pelobacter acidigallici, respectivamente, que cataliza la
isomerizacion de pirogalol a floroglucinol (ver Capitulo 1.4.) (Messerschmidt et al.,
2004). Su actividad se localiza claramente en las fracciones de membrana de A.
anaerobius, y sin embargo en su secuencia no se predice ninguna region de union o
insercién en membrana (Darley et al., 2007). El siguiente paso de la ruta, la HHQ
deshidrogenasa que oxida HHQ a HBQ, consta de dos subunidades codificadas por
los genes btdL y btdS. EI producto del gen btdL tiene una gran similitud con una -
hidroxiécido dehidrogenasa presente en muchas proteobacterias, que presenta en el
extremo amino un dominio de union a piridin nucledtido tipico de muchas
deshidrogenasas (Molina-Fuentes, 2012). El gen btdS presenta similitud con
proteinas de membranas de funcion desconocida, y se le atribuye la localizacién
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asociada a membranas de esta actividad (Philipp & Schink, 1998; Darley et al.,
2007).
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Figura 1.5. Ruta de degradacion de resorcinol por Azoarcus anaerobius. A) Organizacion del
cosmido pR* responsable del metabolismo anaerobio de resorcinol; las diferentes ORF estan anotadas
y se indica la orientacion de las mismas. Se indicancon gris oscuro los genes esenciales y gris claro los
no esenciales. B) Esquema de la ruta propuesta para la degradacion anaerobia de resorcinol indicando
los genes involucrados en blanco de los que se acarece inforamcion. Tomado de Darley et al., 2007.

La conversion de HBQ a acetato y malato requiere la rotura de dos enlaces C-
Cy la liberacion de dos electrones, reaccion que podria estar mediada por los genes
bgdLSM que presenta similitud con los componentes E1, E2 y E3, respectivamente,
del complejo enzimético piruvato deshidrogenasa. Este complejo cataliza la
reaccion de descarboxilacién oxidativa del piruvato a acetil-CoA utilizando tiamina
pirofosfato como cofactor. Por tanto se sugiere que los genes bqdLSM, dos de los
cuales son esenciales para el crecimiento en resorcinol, codifican el complejo HBQ
deshidrogenasa implicado en la rotura del anillo (Darley et al., 2007). Otros dos
genes de la agrupacion son esenciales para el crecimiento en resorcinol, pero se
desconoce su funcion exacta: el producto de orf13 guarda similitud con miembros
de la familia de proteasas M24 (Rawlings & Barrett, 1993), que juegan un papel
importante en la maduracién de muchas proteinas, por lo que se le atribuye un papel
en la maduracion de alguno de los complejos enziméaticos que participan en la
degradacion del resorcinol; el producto de orf14 tiene similitud con NADH flavin
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oxidorreductasas de o y B proteobacterias y podria tener un papel en la transferencia
de electrones en la membrana (Darley et al., 2007).

Del resto de los genes anotados se desconoce la funcion exacta. En la
agrupacion génica se han identificado ademas dos genes, orf7 y orfl5, con
homologia con reguladores transcripcionales de la familia de NtrC que activan
promotores dependientes de o>*, también conocidos como proteinas de unién a
potenciadores bacterianos (bacterial Enhancer Binding Proteins, bEBP), y anotados
recientemente como redR1 y redR2 (Pacheco-Sanchez et al., 2017). Estos
reguladores se analizan en mas detalle en el capitulo 1.8.

1.5.2. Degradacion anaerobia de a-resorcilato (3,5-dihidroxibenzoato, 3,5-
DHB) por T. aromatica AR-1.

La cepa T. aromatica AR-1, una betaproteobacteria aislada a partir de
cultivos de enriquecimiento de los lodos activos de la planta municipal de
Tilbingen-Lustnau, en Alemania (Gallus et al., 1997), tiene la capacidad de crecer
en 3,5-DHB como Unica fuente de carbono, y de degradarlo por la via de la HHQ
similar a la que utiliza A. anaerobius para degradar resorcinol (Gallus & Schink,
1998). Es una bacteria anaerobia facultativa, desnitrificante. Tiene forma de bacilo
movil y un tamafio de entre 1,5-3 pm; su ADN tiene un alto contenido en G+C
(66%) y puede crecer a temperaturas de entre 10 y 41°C. Tiene la capacidad de usar,
ademas de oxigeno y nitrato, nitrito y éxido nitroso como aceptores de electrones.
Puede metabolizar compuestos aromaticos de forma aerobia, como el benzoato,
pero la degradacion de 3,5-DHB a CO, acoplada a la reduccion de nitrato a
nitrdgeno molecular s6lo sucede de forma estrictamente anaerobia (Gallus et al.,
1997). En estudios con extractos celulares de T. aromatica AR-1 crecida con 3,5-
DHB como Unica fuente de carbono, se determind que para la formaciéon de HHQ a
partir de 3,5-DHB eran necesarias enzimas citosélicas y de membrana (Gallus and
Schink, 1998). Efectivamente, durante la incubacion de extractos de membrana de
T. aromatica AR-1 con 3,5-DHB se acumulaba un compuesto no identificado, que
desaparecia cuando se afadia la fraccién citosélica, formandose HHQ. El
compuesto intermedio formado no se ha identificado, pero se postula que pueda ser
2,3,5-trihidroxibenzoato (2,3,5-THB), que se descarboxilaria para generar HHQ.

En nuestro laboratorio hemos confirmado con patrones adecuados la
formacion transitoria de 2,3,5-THB a partir de extractos completos de T. aromatica
AR-1 (Mohamed Khaled, no publicado). En la fraccion de membrana también se
observo actividad HHQ deshidrogenasa, responsable de la oxidacién de la HHQ a
HBQ, un compuesto ciclico que ha perdido el caracter aromatico (Philipp & Schink,
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2000).Dado que la HBQ se degrada finalmente hasta CO, y agua, se piensa que su
degradacion puede generar moléculas que se incorporen al ciclo de Krebs,
probablemente acetato y malato (Fig. 1.6) (Hellstern, 2005).

resorcinol

HO : CH
HZO’\/Z[H]
OH

_ 0O
COOH H,0 COO Co, 2[H]
OH ‘A‘
L'—w’ ‘Z, ‘ ——» ——» Krebscycle
OH OH
HO OH  2[H] |HO OH

OH

3,5-dihydroxybenzoate  2,3,5-trihydroxybenzoate hydroxyhydroquinone hydroxybenzoquinone
(3,5-DHB) (HHQ) (HEQ)

Figura 1.6. La ruta de degradacion de 3,5 DHB por la cepa T. aromatica AR-1 y la via de
degradacion de resorcinol por A. anaerobius convergen en el intermedio central
hidroxihidroquinona (HHQ). Se indican las enzimas que participan en los diferentes pasos de la ruta.
Tomado de Molina-Fuente et al., 2015.

Los genes implicados en la degradacion de 3,5-DHB se han identificado en
nuestro laboratorio por hibridacion con sondas disefiadas a partir de los genes de
degradacion de resorcinol en A. anaerobius (Molina-Fuentes et al., 2015). Se
identificd una regién cromosémica de T. aromatica AR-1 que contenia 28 pautas
abiertas de lectura (ORF), de las cuales 20 estaban directamente implicadas en la
degradacion del aromatico (Fig 1.7). Un andlisis de las secuencias permiti anotar
la mayoria de estos genes por homologia con los genes de A. anaerobius y con
genes de las bases de datos. El andlisis de mutantes en los principales genes de la
agrupacion y un estudio transcripcional permitieron establecer que los genes se
organizaban en cinco operones que comprendian desde la orf7 hasta la orf26. La
primera enzima de la ruta, 3,5-DHB hidroxilasa, codificada por los genes dbhLS,
forma un oper6n junto con dos genes que codifican proteinas pequefias con
estructura de cupina que suelen participar en union de metales, con el gen orfl2
para una posible chaperona necesaria para el correcto ensamblaje de esta
molibdoproteina, y con orfll, homdlogo a btdL de A. anaerobius, que codificaria
una HHQ deshidrogenasa, implicada en la oxidacion de HHQ a HBQ. Una via
paralela para la transformacion de HHQ a HBQ estaria codificada por orf26, que se
anot6 como qorA (Fig. 1.7).
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El segundo operon (orf13-15) codifica las subunidades de un transportador
tripartito de membrana periplasmica independiente de ATP (de tipo TRAP),
generalmente involucrados en el transporte de &cidos carboxilicos (Kelly &
Thomas, 2001), y anotados como dbtP, dbtQ y dbtM. Distribuidos entre el tercer y
cuarto operdn se encuentran los genes anotados como bgdM, bagdL y bqdS, que se
proponen como las tres subunidades de la HBQ deshidrogenasa por su homologia
con las subunidades de esta enzima en A. anaerobius y de los cuales los dos
primeros son esenciales para el crecimiento en 3,5-DHB. Los productos de los
genes orf20 y orf21 también han mostrado ser imprescindibles para el crecimiento
en 3,5-DHB, aunque su funcion es desconocida. Se ha propuesto que el producto de
orf20 participaria en los ultimos pasos de la ruta, en la degradacion de HBQ hasta
acetato y malato y que el producto de orf21, junto con el de orfl2 mencionado
anteriormente, tendria un papel en la maduracion de DbhLS. No se ha encontrado
ningn gen que presente homologia con genes de descarboxilasas, por lo que
actualmente se desconoce el gen responsable del segundo paso de la ruta, la
descarboxilacion de 2,3,5-THB a HHQ. No se ha podido asignar una funcion a los
genes orf9, orfl0, orfl7 y orfl8 (Fig. 1.7).
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Figura 1.7. Funcion propuesta de los productos de la agrupacion génica de degradacion de
3,5DHB en la cepa T. aromatica AR-1. El 3,5-DHB entraria en la célula a través del sistema de
transporte TRAP codificado por orf13-15 (dbtPQM). La proteina codificada por orfl6 podria ser una
proteina receptora alternativa para el sustrato. La 3,5-DHB hidroxilasa (DbhLS) esta asociada a la
membrana y probablemente requiera la accién coordinada del par de chaperona-peptidasa codificado
por orf21 y orfl2 para su maduracion. La oxidacion de la HHQ a HBQ puede llevarse a cabo mediante
BtdL o QorA. La escision del anillo de este dltimo compuesto implicaria una enzima de tres
componentes, BqdLSM, y el producto de orf20 llevaria a cabo el metabolismo del compuesto lineal
resultante (Tomado de Molina Fuente et al., 2015).
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Finalmente, en los dos extremos de la agrupacion identificamos los genes
orf3 y orf25 con una alta similitud con reguladores transcripcionales de tipo LysR
(LysR type transcriptional regulator, LTTR). El anélisis de mutantes en estos genes
demostrd que mientras orf3 no es necesario para el crecimiento en 3,5-DHB, orf25
es esencial para la utilizacion anaerobia de este sustrato, por lo que se ha propuesto
como el regulador de la ruta, anotado como dbdR. Este gen se transcribe junto a
gorA en el quinto operon de la agrupacién (Molina-Fuentes et al., 2015), y
constituye uno de los objetivos de esta tesis Doctoral.

Hasta ahora solo se han descrito estas dos cepas capaces de degradar
compuestos aromaticos dihidroxilados mediante la via oxidativa a HHQ. Dado que
la oxidacion de HHQ a HBQ es energéticamente muy costosa, se piensa gque esta
via s6lo se encuentra en NRB y no en bacterias que utilicen otros aceptores de
electrones energéticamente menos favorables (Philipp & Schink, 2000). En nuestro
laboratorio hemos analizado la distribucion y diversidad de esta ruta en distintos
entornos naturales, aislando un nimero de bacterias capaces de degradar estos dos
compuestos en condiciones desnitrificantes. Todas resultaron pertenecer a los
géneros Azoarcus y Thauera, y todas incluian en su genoma genes homologos a
rehLS/dbhLS (Rama-Garda et al., en preparacion).

1.5.3. Homologias y diferencias entre las rutas de degradacion de resorcinol y
a-resorcilato en bacterias desnitrificantes

Las rutas de degradacion de aromaticos dihidroxilados de A. anaerobius y T.
aromatica no sé6lo conservan los genes de los tres pasos principales de la ruta, sino
que también varios genes auxiliares son homélogos en las dos cepas. RehL de A.
anaerobius y DbhL de T. aromatica AR-1 presentan en el extremo amino terminal
dos residuos de argininas que podrian ser la sefial reconocida por un sistema similar
al sistema TAT de translocacion de proteinas a la membrana (Chan et al., 2010).
Los genes orfl3 de A. anaerobiusy orfl2 de T. aromatica, que tienen homologia
con proteinas de la familia M24B de proteasas, muestran un 93% de identidad entre
si, y podrian participar en el proceso de maduracién y translocacion de estas
enzimas a la membrana (Molina-Fuentes et al., 2015). En las dos agrupaciones
encontramos sendas chaperonas (orf20 de T. aromatica AR-1 y orfl2 de A.
anaerobius) que presentan 40% de identidad entre si y probablemente participen en
la maduracién de enzimas de la ruta. Otros de los genes con similitud entra las dos
cepas son los dos pequefios genes que codifican proteinas con estructura tipo cupina
(orf9 y orfl0 de T. aromatica AR-1), que también esta presente en una copia en A.
anaerobius entre btdS y orfl3. Las cupinas son proteinas de unién a metales
implicadas en una amplia diversidad de funciones celulares, y cuya presencia en
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estas agrupaciones esté probablemente relacionada con el hecho de que varias de las
proteinas implicadas en la ruta son metaloenzimas, como por ejemplo orf23 de T.
aromatica AR-1y orf5 de A. anaerobius, dos proteinas con un 73% de identidad, de
funcion desconocida. Finalmente, un gen con homologia con succinico
semialdehido deshidrogenasas de funcion desconocida estd presente en las dos
agrupaciones con un 69% de identidad (orf20 de T. aromatica AR-1 y orfl2 de A.
anaerobius) (Molina-Fuentes et al., 2015).

A pesar de esta homologia de secuencia, la organizacion de los genes en las
dos agrupaciones se diferencia considerablemente (Fig. 1.8). En A. anaerobius los
genes estan bien organizados en unidades transcripcionales segun su funcién. Por el
contrario, los genes en T. aromatica AR-1 se encuentran relativamente
desordenados Yy se transcriben en cinco operones. En esta cepa la agrupacion génica
esta flanqueada por genes homoélogos a genes del cromosoma de Thauera MZ1T,
mientras que los genes presentes en la agrupacion no tienen homologos en los
cromosomas de Thauera secuenciados hasta la fecha. Esto parece indicar un
fendmeno de transferencia horizontal. La presencia de dos vias alternativas para el
metabolismo de la HHQ refuerza esta idea. Con respecto a los mecanismos de
regulacién, también son diferentes en ambas cepas. En A. anaerobius se encuentran
dos genes reguladores homoélogos que codifican proteinas de la familia de NtrC,
mientras que un Unico gen de la familia LysR esta presente en la agrupacién génica
de degradacion de 3,5-DHB en T. aromatica AR-1.
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5 6 rehS rehL bqdL bqdS bqdM redR1 8 9 10 11 12 btdL 12b 13 14 redR2
A. anaerobius - G a
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T. aromatica AR-1

Figura 1.8. Organizacion de la secuencia de T. aromatica AR-1 y A. anaerobius para la
degradacion de aromaticos dihidroxilados. Los genes homélogos entre las dos las vias estan
conectados con una banda de color. Los genes reguladores estan dibujados en rojo. Los genes de
funcion desconocida presentes en ambas cepas estan sombreados en gris. Los genes rellenos en negro
(A anaerobius orfl2b y T. aromatica AR-1 orf9 y orfl0) no muestran homologia de secuencia de
ADN, pero se predice que sus productos comparten una estructura de tipo cupina similar (Molina-
Fuentes et al., 2015).
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1.6. Regulacion de la expresion génica en las rutas de degradacion anaerobia
de compuestos aromaticos.

A pesar del avance considerable en nuestro conocimiento de los genes y
enzimas implicados en las rutas de degradacion anaerobias de compuestos
aromaticos, se conocen mucho menos los elementos reguladores de las mismas, y
solo en algunos casos se han vinculado genes reguladores con la regulacion
transcripcional de este tipo de rutas. La capacidad de los microorganismos para
degradar compuestos aromaticos no solo se debe a la presencia en su genoma de las
enzimas de las rutas, sino también a su capacidad para controlar su expresion. Este
control no depende Unicamente de la presencia o ausencia del sustrato aromatico en
el medio, sino también de una amplia variedad de estimulos ambientales como son
la tension de oxigeno, la presencia o ausencia de luz o las variaciones en el pH,
entre otros factores (Lovley, 2003; Cases & de Lorenzo, 2005). La integracion de
todas estas sefiales y la modulacion de la actividad de las diferentes enzimas son
fundamentales para el éxito de los microorganismos en sus diferentes medios. La
regulacion puede ocurrir a nivel de transcripcion, de traduccion o en etapas
posteriores, siendo la regulacién transcripcional la mas comin, o al menos la mas
estudiada (Shingler, 2003; Carmona et al., 2009; Crosby et al., 2010).

La transcripcion del ADN mediada por la ARN polimerasa es un proceso
altamente regulado que transmite al sistema de expresién génica la toma de
decisiones necesarias para la adaptacién al entorno. En la mayoria de los casos, la
regulacion transcripcional se lleva a cabo mediante la accién de una proteina
reguladora que recoge las sefiales del medio ambiente (efectores) y las traduce en
un efecto sobre la expresion génica (Shingler, 1996). Hasta la fecha se han
identificado un gran nimero de reguladores transcripcionales en procariotas, que se
agrupan en diferentes familias de proteinas.

1.6.1 Elementos reguladores de la expresion génica

En muchas ocasiones, las sefiales del medio ambiente son recogidas por la
célula gracias a proteinas auxiliares que generan una sefial intracelular que esta
directamente relacionada con la transcripcion (por ejemplo, sistemas de dos
componentes); en otros casos la sefial del medio puede influir directamente en la
regulacion de la transcripcion, o incluso la actividad de los propios elementos de la
ruta puede tener un papel regulador. Por tanto, hay que hablar de redes de sefiales
integradas, que generan una regulacion superpuesta a la regulacion especifica, como
se resume en el esquema de la figura 1.9.
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Figura 1.9. Flujo de sefiales a través de redes reguladoras tipicas. La figura representa una red que
controla una via metabdlica. (1) En la parte metabdlica del sistema, el compuesto C; se convierte en Cs
por la accidn de varias enzimas independientes (A, B, C, D y E) a través de la especie intermedia C,.
Tanto C; como C, son moléculas de sefial que desencadenan la expresion de las vias analogas. (1) En
el nivel de factores transcripcionales (TF), las sefiales c1 y ¢2 son detectadas por TF especificos (TF; y
TF, respectivamente) que pueden integrar entradas de reguladores globales (TF,, TF; y TFs) para
desencadenar la expresion de los dos operones. (1) Finalmente, a nivel de expresion génica, la
unién/desunion de los diferentes TF determina la produccion de enzimas que, a su vez, pueden
retroalimentar el primer nivel (metabolismo). Tomado de (Silva-Rocha et al., 2011).

Las proteinas reguladoras que controlan el catabolismo de compuestos
aromaticos presentan una gran diversidad en sus origenes evolutivos, lo que sugiere
que los genes catabolicos y reguladores han evolucionado independientemente
(Diaz & Prieto, 2000; Cases & de Lorenzo, 2005). Existen varias hipotesis para
explicar la gran variedad de reguladores capaces de responder a sefiales similares de
forma diferente. Una de ellas seria la combinacion de dominios reguladores
similares con motivos de union a moléculas de estructura quimica parecida, pero
con diferentes dominios de unién a secuencias de ADN. Otra posibilidad seria una
diferencia a nivel del promotor, de forma que, aunque los reguladores muestren una
arquitectura muy similar, podrian ser responsables de diferentes efectos en la célula
dependiendo de la localizacion de los sitios de union (regiones operadoras) en un
promotor. Esto permitiria por ejemplo que un mismo regulador pueda activar
ciertos genes cuando se une en una posicion localizada en posicidén 5’ con respecto
de la region de unién de la ARN polimerasa, a la vez que pueda reprimir otros
genes cuando se une en posicion 3’ respecto de dicha region. Todas estas
posibilidades son las responsables del extraordinario grado de lasticidad y
adaptabilidad que presentan las redes de regulacion de las rutas de degradacion en
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bacterias (Diaz & Prieto, 2000; Tropel & van der Meer, 2004; Cases & de Lorenzo,
2005).

1.6.2. Regulacion especifica dependiente de efector

La expresion de los genes responsables de la degradacion de compuestos
aromaticos presenta generalmente una estricta regulacién dependiente de sustrato.
En la mayoria de los casos las rutas son inducidas por el sustrato que va ser
utilizado como fuente de carbono y energia o por sus correspondientes metabolitos.
Dentro de estos circuitos de regulacion en bacterias anaerobias los més estudiados
son probablemente los del catabolismo del benzoato en los microorganismos
modelo R. palustris CGA009 y Azoarcus sp. CIB (Larimer et al., 2004; Martin-
Moldes et al., 2015).

En R. palustris, se ha estudiado especialmente la agrupacion génica bad para
la degradacion anaerobia de benzoato, organizada en varios operones. El papel del
producto de los genes badR, perteneciente a la familia de MarR, y badM de la
familia de Rrf2, en la regulacién de esta ruta se ha esclarecido recientemente
(Hirakawa et al., 2015). La ruta del benzoato converge en esta cepa con la ruta de
degradacion del ciclohexano-1-carboxilato (genes aliAB). Contrariamente a lo
establecido inicialmente (Egland & Harwood, 1999), es BadM quien regula el
operon badDEFGAB reprimiendo su expresion en ausencia de sustrato, aunque
parece que podrian existir otros elementos reguladores. Por su parte BadR
reprimiria la expresion del operon badHlaliBAbadK uniéndose aguas arriba de su
promotor. En respuesta al compuesto intermedio de la ruta 2-cetociclohexano-1-
carboxil-CoA, BadR se despegaria del promotor, permitiendo su transcripcion
(Hirakawa et al., 2015). También interviene en la regulacion de esta ruta el
regulador AadR, un homdlogo de la proteina FNR de E. coli, y uno de los primeros
reguladores descrito relacionado con el catabolismo anaerobio de compuestos
aromaticos (Dispensa et al., 1992; Egland & Harwood, 1999). AadR, que esta
controlada por el sistema FixLJ-K de regulacion de funciones relacionadas con la
respiracién en condiciones de limitacion de oxigeno (ver 1.6.3.1), controla la
expresion de rutas del catabolismo anaerobio de compuestos arométicos en
respuesta a la transicion de condiciones microaerofilicas a anaerobias (Rey &
Harwood, 2010). Por otra parte, CouR es un regulador homdlogo a BadR que en
esta cepa regula la ruta periférica del p-cumarato a benzoil-CoA, despegandose del
promotor de couAB en presencia del producto p-coumaroil-CoA (Hirakawa et al.,
2012).
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También en R. palustris se ha caracterizado el regulador HbaR, perteneciente
a la familia Dnr dentro de la familia de reguladores transcripcionales FNR/Crp, que
controla la transformacién anaerobia de 4-hidroxibenzoato en benzoil-CoA. La ruta
estd codificada en cuatro unidades transcripcionales: hbaR, hbaA (4-
hidroxibenzoato-CoA ligasa), hbaBCD (4-hiroxibenzoil-CoA reductasa) vy
hbaEFGH (probable transportador de tipo ABC). La proteina HbaR reconoce y une
4-hidroxibenzoato como molécula efectora, y actia como activador del gen hbaA,
pero no parece controlar la expresion de los genes responsables de la degradacion
aerobia de este compuesto (Egland & Harwood, 2000). HbaR por su parte parece
estar controlado por AadR en respuesta a la concentracion de oxigeno, lo que podria
explicar las observaciones iniciales de AadR controlando la expresion de hbaA
(Dispensa et al., 1992).

Otra de la ruta més estudiada es la del tolueno en T. aromatica K172, donde
los genes tdiSR codifican un sistema de dos componentes que controla la ruta
periférica de degradacion anaerobia de tolueno. Se transcriben en el mismo sentido
gue los genes catabolicos bssDCAB que codifican esta ruta (Coschigano & Bishop,
2004). TdiS es la histidin-quinasa sensora, que llevaria a cabo el reconocimiento del
efector y TdiR es el activador que es fosforilado por TsiS (Leuthner & Heider,
1998). TdsR presenta el dominio HTH (del inglés Hélix-Turn-Helix) caracteristico
de la familia de FixJ/NarL. Este sistema presenta homologia con las proteinas que
regulan rutas catabdlicas aerobias de tolueno (TodST) y de estireno (StySR), y se
agrupan en una subfamilia de reguladores de dos componentes especializados en el
control de rutas catabolicas de compuesto aromaticos (Busch et al., 2007). Un
sistema homologo compuesto por TutBC regula la misma ruta en T. aromatica T1,
codificada por tutFDGH (Coschigano & Young, 1997). La bacteria reductora de
hierro G. metallirreducens carece de este sistema de regulacion en su ruta de
degradacion de tolueno. Sin embargo dos genes con homologia a xyIR (de la familia
de NtrC, que regula la degradacion aerobia de tolueno y xilenos en P. putida mt2
(Ramos et al., 1997)), y tetR, respectivamente, se encuentran flanqueando a los
genes bss y bbs para la degradacion anaerobia de tolueno, por lo que podrian
participar en la regulacion de su expresion (Carmona et al., 2009).

Otro ejemplo de regulacién en bacteria desnitrificante es EtpR de A.
aromaticum EbN1, que controla la expresion de los genes de las rutas catabolicas
de p-etinol/p-hidroxiacetofenona asi como un posible sistema de eflujo de
disolvente presente en la agrupacion génica. EtpR pertenece a la familia De NtrC de
reguladores dependientes de o> y su extremo N-terminal es homélogo al de la
proteina XyIR que reconoce tolueno (Blsing et al., 2015).
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Azoarcus sp. CIB es probablemente la cepa en la que mejor se ha estudiado la
regulacion de la expresién de rutas anaerobias de degradacidén de aromaticos. De
todos los sistemas caracterizados, cabe destacar la proteina BzdR, que presenta una
arquitectura modular Unica que lo convierte en el miembro que da nombre a una
nueva subfamilia de reguladores transcripcionales (Fig. 1.10) (Durante-Rodriguez
et al., 2013). BzdR es un represor de la expresion de los genes catabolicos del
benzoato bzd, silenciando en ausencia de benzoato la expresién del promotor Py que
dirige la transcripcion del operon bzdNOPQMSTUVWXYZA para la ruta completa
de degradacion de benzoato, y la de su propio promotor. Su inductor es el benzoil-
CoA, intermediario central de la ruta (Durante-Rodriguez et al., 2010).

N-BzdR L-BzdR C-BzdR

1 w90 1L 298

Figura 1.10. Arquitectura modular de la proteina BzdR. Representacion esquemética de los
dominios N-terminal (N-BzdR), C-terminal (C-BzdR) y linker (L-BzdR) del regulador transcripcional
BzdR. Se representan en naranja y gris los motivos HTH y Walter A, respectivamente (tomado de
(Durante-Rodriguez et al., 2013).

BzdR tiene una estructura modular caracteristica, donde el dominio N-
terminal (NTD) presenta una estructura HTH de unién a ADN (C-BzdN), el
dominio C-terminal (CTD) (C-BzdR) es el dominio de reconocimiento del efector
benzoil-CoA que curiosamente muestra homologia con una shikimato quinasa, y un
linker transmite informacion entre ambos dominios (Fig. 1.10) (Barragén et al.,
2005). De esta forma cuando C-BzdR sufre un cambio conformacional por union
del efector, N-BzdR modifica su interaccién con el promotor Py permitiendo su
activacion (Durante-Rodriguez et al., 2010). Ademas se ha identificado el gen
acpR, cuyo producto muestra una elevada similitud con la proteina FNR de E.coli
(Unden et al., 2002), que participa en la regulacion sobreimpuesta de la agrupacion
bzd por oxigeno (ver apartado 1.6.3.1).

Un homélogo de BzdR en Azoarcus sp. CIB es la proteina BoxR, que
participa en la regulacion de la ruta aerobia hibrida (ruta box) descrita anteriormente
para el benzoato. El gen boxR esta presente en todos las agrupaciones de genes box
identificadas hasta ahora en bacterias, por lo que parece ser una sistema
generalizado para controlar esta via. Es interesante sefialar que los reguladores
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BoxR y BzdR actlan de forma sinérgica para controlar la expresion tanto de los
genes box como de los bzd (Valderrama et al., 2012).

Otro regulador caracterizado en Azoarcus sp. CIB es GedR, que regula la ruta
inferior de degradacion del benzoato. GedR es un regulador de la familia de LysR
que se transcribe de forma divergente a su gen diana gcdH que codifica una glutaril-
CoA deshidrogenasa, que es esencial para el catabolismo anaerdbico de muchos
compuestos aromaticos y algunos &cidos aliciclicos y dicarboxilicos. GedR presenta
afinidad por glutamato y glutaconato, los sustrato de la enzimas GedH (Blazquez et
al., 2008).

1.6.3. Regulacion global

La mayoria de los reguladores globales implicados en la degradacion de
compuestos aromaticos han sido descritos en rutas aerobias (Marqués et al., 2006;
Carmona et al., 2008; Moreno & Rojo, 2008), pero existen ejemplos conocidos y
caracterizados en procesos anaerobios. Las dos sefiales ambientales mejor
estudiadas de la regulacion sobreimpuesta en rutas anaerobias son la presencia o
ausencia de oxigeno y la disponibilidad de fuentes alternativas de carbono. Estas
sefiales son integradas por reguladores globales que modifican la expresion de los
genes catabdlicos anaerobios actuando de forma directa sobre ellos o
indirectamente al modificar la expresién de reguladores transcripcionales
especificos.

1.6.3.1 Regulacién mediada por presencia de oxigeno
El oxigeno representa uno de los principales factores medioambientales que

controla la expresion de las rutas anaerobias de compuestos aromaticos. Por
ejemplo, los niveles de expresién de los genes badDEFG y badA de R. palustris,
gue codifican las cuatro subunidades de la enzima BCR y la benzoato-CoA ligasa,
respectivamente, disminuyen en condiciones aerobias (Egland et al., 1997; Peres &
Harwood, 2006). En el caso de T. aromatica, la expresion de la enzima BCR
disminuye fuertemente cuando las células crecen en condiciones aerobias (Heider et
al., 1998). Los genes bss que codifican la bencilsuccinato sintasa implicada en la
degradacion de tolueno en Magnetospirilim magnetotacticum TS-6 Unicamente se
transcriben si las células se cultivan anaer6bicamente en presencia de tolueno
(Shinoda et al., 2005). Reciprocamente, en A. aromaticum EbN1 la induccion de un
namero de proteinas implicadas en la degradacién aerobia de benzoato se reduce
considerablemente en anaerobiosis en presencia de benzoato (Wohlbrand et al.,
2007)
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Sin embargo, también se observa expresion de proteinas sensibles a oxigeno
en condiciones aerobias, como por ejemplo la BCR de M. magnetotacticum TS-6
(Shinoda et al., 2005) o la bencilsuccinato sintasa de Thauera sp. DNT-1 (Shinoda
et al., 2004). Por lo tanto, todo parece indicar que cada organismo ha desarrollado
una estrategia reguladora distinta para la expresion dependiente de oxigeno de las
agrupaciones génicas responsables del catabolismo de compuestos aromaticos. La
expresion de los genes aerobios en condiciones anaerobias y la de los genes
anaerobios en condiciones aerobias seria el resultado bien de un escape en la
regulacion especifica, o bien de un mecanismo desarrollado por los
microorganismos anaerobios facultativos para mantener niveles enziméticos basales
que faciliten una respuesta inmediata ante fluctuaciones en los niveles de oxigeno
(Fuchs, 2008). Un ejemplo de ausencia de regulacion dependiente de oxigeno es el
hecho de que una Unica benzoato-CoA ligasa inicia tanto el metabolismo aerobio
como el anaerobio del benzoato en T. aromatica y Magnetospirillum spp. (Schthle
et al., 2003; Kawaguchi et al., 2006).

En apartados anteriores se ha mencionado la existencia de proteinas similares
a FNR llamadas AadR y AcpR, que juegan un papel esencial en la activacion de
algunas rutas de degradacion de aromaticos dependiendo de la presencia o ausencia
de oxigeno. En el caso de AadR se ha observado que actda reprimiendo la expresion
de diversas dioxigenasas que emplean oxigeno como cosustrato para su catalisis
(Rey & Harwood, 2010). Sin embargo a pesar de la similitud entre FNR, AadR vy
AcpR a nivel de secuencia y de mecanismo de accion, todo parece indicar que las
tres proteinas no juegan el mismo papel en los correspondientes microorganismos
hospedadores. La ausencia de FNR en E. coli tiene consecuencias pleiotrépicas en
la expresion de un cierto numero de genes, que da lugar por ejemplo a la
incapacidad de la cepa mutante de crecer utilizando nitrato o fumarato como
aceptores finales de electrones (Unden et al., 1995).

En estudios recientes se ha identificado en R. palustris el sistema FixLJ-FixK
gue es clave para la expresion de los médulos metabdlicos de la fotosintesis, la
respiracion microaerobia, el metabolismo del carbono y la autotrofia en respuesta al
bajo nivel de oxigeno. FixK es un regulador global que funciona en coordinacion
con un sistema sensor transmembrana codificado por los genes fixJL, y que activa
diferentes promotores implicados en la fotosintesis y en crecimiento en condiciones
de microaerofilia (Fig. 1.11), ademas de activar el promotor de aadR. De esta forma
se establece un doble mecanismos de regulacion para proteger las enzimas sensibles
al oxigeno implicadas en la degradacién anaerobia de benzoato y 4-
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hidroxibenzoato, con AadR ejerciendo un control mas estricto que FixLJ-FixK (Rey
& Harwood, 2010).

The low oxygen response
of R. palustris
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Figura 1.11 Esquema del mecanismo de accion del sistema FixLJ-FixK en respuesta a la
concentracion de oxigeno en R. palustris. La transicion de las células de condiciones aerobias,
microaerofilicas y anaerobias se indica de izquierda a derecha. En condiciones microaerofilicas, FixJ
fosforilada activa la expresion de FixK, que luego activa la expresion de genes para la fotosintesis y la
respiracion microaerofilica. FixK también activa la expresion de rpa4249, un modulador negativo de
la cascada de sefializacion FixLJ-FixK (no se muestra) y aadR, que codifica un regulador
transcripcional que detecta anaerobiosis y activa la expresion de genes de degradacion anaerobia de
compuestos aromaticos. Estos incluyen el regulador HbaR, que se requiere para la expresion de genes
de degradacion de 4-hidroxibenzoato. Tomado de (Rey & Harwood, 2010).

1.6.3.2. Regulacidn por sustratos alternativos (represion catabdlica)
El control del catabolismo dependiente de la disponibilidad de fuentes de

carbono es uno de los mecanismos fundamentales de regulacion en bacterias y
confieren una ventaja adaptativa al establecer prioridades en el metabolismo del
carbono. El término represion catabolica, o represion por catabolito, agrupa al
conjunto de procesos reguladores que permiten que la expresion de las rutas
catabolicas para la degradacion de compuestos no preferidos estén silenciados
cuando las bacterias esta expuestas a una fuente de carbono preferida, incluso en
presencia del inductor especifico (Diaz & Prieto, 2000; Rojo & Alejandro
Dinamarca, 2004; Carmona et al., 2008)). Hablamos de fuente de carbono

66



Introduccion

preferidas cuando son de facil asimilacion e incorporacion al metabolismo
bacteriano, y no requieren un coste energético inicial muy elevado para su
catabolismo. La represion catabolica por carbono en el catabolismo aerobio de
compuestos aromaticos ha sido ampliamente estudiada y algunos de los elementos
reguladores implicados han sido caracterizados en diferentes bacterias (Collier et
al., 1996; Shingler, 2003; Marqués et al., 2006; Ohtsubo et al., 2006; Moreno &
Rojo, 2008; Rojo, 2010).

El control del catabolismo anaerobio de compuestos aromaticos por represion
catabolica se conoce poco. Se ha descrito en T. aromatica y Azoarcus sp. CIB que
algunos acidos organicos como succinato, malato y acetato reprimen la expresion
de genes implicados en la degradacion anaerobia de compuestos aromaticos (Heider
et al., 1998; Lépez Barragan et al., 2004). Por el contrario en A. aromaticum EbN1,
los compuestos aromaticos son fuentes de carbono preferidas sobre los éacidos
organicos alifaticos (Trautwein et al., 2012). Algo ligeramente diferente ocurre en
Magnetospirillum sp. pMbN1, donde la utilizacion de benzoato en anaerobiosis
tienen preferencia sobre la de 4-metilbenzoato, y benzoato y succinato se utilizan
simultdneamente (Lahme et al., 2014). En Thauera aromatica AR-1, la presencia (y
utilizacion) de benzoato, que ocurre por la via clasica del benzoil-CoA, reprime la
utilizacién de 3,5-DHB, que se degrada por una via oxidativa diferente (ver 1.5.2)
(Philipp & Schink, 2000, 2012). Esta serie de observaciones parece indicar que en
anaerobiosis estas cepas prefieren las rutas que transcurren con el benzoil-CoA
como compuesto intermedio central (Lahme et al., 2014).

Recientemente se ha caracterizado a AccR como el primer regulador global
del catabolismo anaerobio de compuestos aromaticos en bacterias. Es un regulador
de respuesta de la familia FixJ/NarL, que en anaerobiosis media el control de la
represion catabdlica mediada por succinato sobre las vias centrales del catabolismo
de compuestos aromaticos como benzoato, 3-metilbenzoato, m-xileno o 3-
hidroxibenzoato en Azoarcus sp. CIB (Valderrama et al., 2014). En respuesta a una
sefial desconocida, AccR se autofosforila en un residuo de aspartico, lo que provoca
un cambio en su estado oligomérico de monémero a dimero. En estas condiciones,
se ha demostrado la unién del regulador fosforilado al promotor Py que controla la
expresion de la ruta de degradacion de benzoato (ver 1.3). Se ha detectado la
presencia de ortdlogos AccR en los genomas de varias cepas de Azoarcus y
Thauera, lo que indicaria que AccR es probablemente el mediador global del
control catabdlico mediado por carbono para la asimilacion anaerobia de
compuestos aromaticos en este grupo de betaproteobacterias (Valderrama et al.,
2014).
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1.7. Reguladores transcripcionales de la familia de LysR

La familia LTTR representa el grupo mas numeroso de reguladores
transcripcionales en procariotas hasta la fecha, con mas de 3800 miembros
identificados, y aumentando (Pareja et al., 2006; Monferrer et al., 2010). La familia
LTTR debe su nombre a la proteina LysR, activadora del gen lysA implicado en la
sintesis de lisina (Stragier et al., 1983). Este grupo de reguladores se identifico
como tal por primera vez en 1988 (Henikoff et al., 1988). Los miembros de la
familia LTTR estan presentes en la mayoria de géneros de procariotas y regulan la
transcripcion de genes implicados en multitud de funciones metabodlicas, que
incluyen biosintesis de aminoacidos, resistencia a antibidticos, degradacion de
compuestos aromaticos, respuesta al estrés oxidativo, respuesta a la limitacion de
nitrdégeno, a la sintesis de factores de virulencia, entre otras. Curiosamente, a pesar
de la diversidad de genes diana controlados por LTTR, la mayoria de los
reguladores comparten al menos un 20% de identidad de secuencias de aminoacidos
en toda la longitud de la proteina (Schell, 1993). La mayor homologia de secuencia
se encuentra en el extremo NTD (dominio de unidn de ADN, ver més adelante), y
es bastante inferior en el extremo C-terminal, aunque si presentan una notable
homologia estructural (Momany & Neidle, 2012). Inicialmente los LTTR se
describieron como activadores transcripcionales de los genes que se localizaban
divergentemente a su propio gen, y que ejercian una autorregulacion negativa sobre
su propio promotor al unirse al mismo sitio necesario para la activacion del
promotor divergente (Tropel & van der Meer, 2004). Actualmente se conocen
bastantes casos en los que la organizacion es diferente (ver 1.7.2).

Estas proteinas suelen tener un peso molecular de entre 32 y 37 kDa y su
forma activa es la de un tetramero (Tropel & van der Meer, 2004). Esto no siempre
se corresponde con el estado oligomérico de estas proteinas en solucion, pudiendo
existir el regulador en forma dimérica 0 monomérica y adquiriendo una
conformacion de tetramero al interactuar con el ADN donde desarrollan su funcién,
generalmente en presencia de una molécula inductora o efector (Monferrer et al.,
2010). También se ha descrito que CrgA de Neisseria meningitidis, implicada en el
contacto bacteria hospedador, tiene conformacion octamérica tanto en solucion
como unida a ADN (Sainsbury et al., 2009). Igualmente, se ha sugerido que
tetrdmeros de ThnR, que controla la degradacion de tetralina en Sphingomonas
macrogolitabida, pueden formar estructuras de orden superior (LOpez-Sanchez et
al., 2009).
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1.7.1 Estudios estructurales de LTTRs

En los Ultimos afios se estan descubriendo y caracterizado un numero
creciente de LTTR. No obstante, el mecanismo detallado de regulacion
transcripcional por LTTR sigue sin estar bien resuelto, en parte debido a la falta de
estructuras cristalizadas de proteinas completas unidas a su promotor y/o al efector.
Con el fin de conocer los mecanismos de regulacion de esta familia, se han
realizado grandes esfuerzos para caracterizar los reguladores a nivel molecular.
Igualmente, ha aumentado notablemente el nimero de estructuras de proteinas
completas disponibles, asi como unidas a ADN o efector (Monferrer et al., 2010;
Zhou et al., 2010; Devesse et al., 2011; Alanazi et al., 2013; Jo et al., 2015;
Vadlamani et al., 2015; Lerche et al., 2016; Punekar et al., 2016; Koentjoro et al.,
2018). Sin embargo la baja solubilidad de los LTTR dificulta la produccion de altas
concentraciones de proteina, dificultando la obtencion de cristales de estas
proteinas, ademas de la flexibilidad de su estructura, que afecta al proceso de
cristalizacion (Stec et al., 2004; Monferrer et al., 2010). Por otra parte, la necesidad
de utilizar altas concentraciones de sal en el tampén también dificulta la
determinacion estructural de LTTR en complejo con sus ligandos naturales.

CbnR, el primer miembro de la familia cuya estructura se caracteriz6 como
proteina completa, regula la expresion de genes responsables de la degradacién del
clorocatecol en Ralstonia eutropha NH948 (Muraoka et al., 2003). De este trabajo
se dedujo que la estructura tipica en estado de mondémero de los LTTR comprende
aproximadamente 300 residuos de aminoacidos que contienen dos dominios
principales unidos por una hélice larga que conecta un dominio regulatorio C-
terminal (regulatory domain, RD) y un dominio de unién a ADN mas pequefio de
tipo a-helice-giro-a-hélice alado (winged helix-turn-helix, wHTH) (ADN-binding
domain, DBD). Este dominio de unién a ADN es caracteristico de esta familia de
reguladores y presenta tres hélices alfa y dos laminas beta que forman una
horquilla. La segunda y la tercera hélice son las que interaccionan de forma directa
con el ADN. El dominio regulador RD comprende dos subdominios plegables (RD1
y RD2) conectados entre si por dos hojas 3 en forma de bisagra, que permite captar
las moléculas activadoras (efectores) en la cavidad que se genera en la interfase
RD1-RD2 (cavidad de unidn del inductor (IBC)) (Fig. 1.12) (Ezezika et al., 2007,
Lerche et al., 2016).

Esta organizacion en subdominios les confiere a estas proteinas una enorme
flexibilidad, que les permite adoptar distintas conformaciones atendiendo a las
sefiales recibidas, con consecuencias importantes sobre su actividad (Momany &
Neidle, 2012).
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Figura 1.12. Modelo de estructura de los dominios en los reguladores LTTR. En el extremo N-
terminal se encuentra el dominio wHTH (DBD) unido por una hélice que conecta al dominio
regulador, a su vez dividido en dos subdominios RD1/RD2. Entre ambos se localiza una cavidad de
union al ligando (IBC). El codigo de colores de los segmentos de la secuencia se corresponden con los
colores en la estructura; se puede observar que la estructura de RDI se constituye a partir de dos
segmentos discontinuos de secuencia (Tomado de Lerche et al., 2016).

1.7.2 Mecanismos de accion de LTTR

Los promotores regulados por proteinas de la familia de LysR presentan
algunas caracteristicas comunes: presentan dos sitios diferenciados de union al
regulador, situados en diferentes posiciones con respecto al punto de inicio de la
transcripcion. El primero se denomina sitio de unién regulatorio (regulatory o
recognition binding site, RBS, inicialmente Ilamado también sitio represor), que
suele estar centrado en posicién -65 con respecto al inicio de la transcripcion,
aunque esto no siempre es asi. El segundo sitio se denomina sitio de unién activador
(activation-binding site, ABS) y puede encontrarse en cualquier lugar aguas abajo
del RBS (Maddocks & Oyston, 2008). Los sitios RBS poseen una secuencia
consenso T-Nj;-A, conocido como "motivo LTTR" o "caja LTTR", del que se
sugiere que interactta con un dimero del regulador y cuyos extremos palindromicos
pueden contener secuencias conservadas mas o menos largas (Schell, 1993). Los
sitios ABS no presentan una secuencia palindromica conservada y generalmente
tienen menos afinidad por la proteina reguladora que los RBS (Porrua et al., 2013).
Los modelos actuales proponen que en el sitio RBS ocurre la union permanente de
un dimero del regulador, y que esto no siempre se cumple en el sitio ABS, siendo
considerado éste como el sitio responsable directo de la funcién de control de la
transcripcion (Maddocks & Oyston, 2008).
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La mayoria de los LTTR funcionan detectando la presencia de moléculas
pequefias (efectores) y transmiten las sefiales de union del ligando a la activacion o
represion transcripcional. Sin embargo, en general, la presencia de efectores es
prescindible para la union de los reguladores a sus promotores diana, y la afinidad
de union de las proteinas al ADN puede 0 no alterarse tras la unién de los efectores
(Schell, 1993; Bundy et al., 2002; PorrGa et al., 2007). CatR de Pseudomonas
putida es un buen ejemplo de cambios en respuesta a la interaccion con un efector,
donde en ausencia de su efector, el regulador sélo se une al RBS, mientras que su
interaccion con el ABS ocurre una vez que el inductor esta unido (Chugani et al.,
1997a; Tover et al., 2000). Hay excepciones a este modelo. Por ejemplo la proteina
Nac de control de asimilacion de nitrogeno de Klebsiella pneumoniae, que regula la
expresion de un gran ndmero de genes relacionados en su mayoria con el
metabolismo del nitrogeno, se encuentra siempre en forma activa y no depende de
la presencia de un efector, activando sus promotores diana en funcién de su
concentracion en la célula (controlada a su vez por un promotor dependiente de 6>
y NtrC y también autorregulada negativamente) (Bender, 2010).

Son pocos los ligandos de LTTR identificados hasta la fecha. En la mayoria
de los casos suele ser el compuesto a metabolizar por la ruta regulada o algun
intermediario de la misma. En algunos casos, los LTTR pueden reconocer mas de
un efector simultineamente, como se demostr6 para BenM de Acinetobacter baylyi
ADP1 (Ezezika et al., 2007), y méas recientemente para DntR de Burkholderia sp.
(Lonneborg & Brzezinski, 2011). En otros casos el proceso es mas complejo, como
en OxyR de E. coli, proteina de respuesta estrés que detecta bajos niveles de
peréxido de hidrogeno en la célula. En este caso, la unién del perdxido de
hidrogenos a un residuo Cys en el dominio regulador de OxyR da rapidamente lugar
a la formacion de un puente disulfuro intramolecular, lo que implica un cambio
dréastico en la conformacién de la proteina esencial para su activacion (Jo et al.,
2015).

Como hemos dicho, los mecanismos de control de la transcripcién mediados
por LTTR no estdn aun bien establecidos. ElI modelo clésico es el de
autorregulacion negativa y activacion de la transcripcion, tipico de LTTR que se
transcriben de forma divergente al gen u operén que controlan. Sin embargo
podemos decir que actualmente la vision de la organizacion de estos reguladores y
sus promotores diana es mucho mas diversa de la idea inicial. En general, cada vez
es mayor el nimero de reguladores descritos que no se transcriben de forma
divergente a sus promotores dianas, de los que son activos sobre varios promotores
localizados en cualquier parte del genoma (Tropel & van der Meer, 2004; Zhang &
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Anderson, 2012; Reen et al., 2013; Breddermann & Schnetz, 2017) y también de
reguladores que actlan como represores o activadores transcripcionales, y que se
autorregulan positivamente. LrhA de E. coli, un LTTR con funciones pleiotropicas,
es un ejemplo de este tipo de LTTR (Lehnen et al., 2002). Segun el modelo de
autorregulacion negativa, la secuencia intergénica entre el gen regulador y su gen
diana posee un unico sitio RBS donde un dimero de la proteina LysR se une
permanentemente de forma independiente de efector, solapando con el sitio de
union de la ARN polimerasa para el gen regulador divergente. La union del
segundo dimero a la region ABS es mas débil, y en presencia de efector la proteina
sufre un cambio conformacional, permitiendo el acceso a la ARN polimerasa y la
transcripcion del gen diana (Maddocks & Oyston, 2008). Se han propuesto varios
mecanismos por los que se puede activar la transcripcién del gen diana en presencia
de inductor. La subunidad o de la ARN polimerasa podria interactuar directamente
con el complejo regulador, y esta interaccién dependeria en gran medida de la unién
del regulador al sitio ABS, que aumentaria la afinidad de la polimerasa por el
promotor (Chugani et al., 1997b). El angulo de la curvatura del ADN también
parece ser un factor clave en la regulacién de la transcripcion. De este modo, el
complejo regulador, unido permanentemente a los sitios RBS y ABS del promotor,
sufriria un cambio conformacional en presencia de la molécula efectora pasando de
estructura extendida a estructura compacta, desplazandose el dimero situado sobre
la region ABS, lo que relajaria el &ngulo de la curvatura del ADN, permitiendo asi
una mejor transcripcién del gen diana (Monferrer et al., 2010). Este mecanismo esta
estrechamente relacionado con la hip6tesis del dimero deslizante, descrito en
promotores donde se encuentran varias regiones ABS desplazadas unos pocos
nucle6tidos unas de otras y con diferente afinidad por el complejo regulador, como
por ejemplo en el caso de la regulacion por AtzR del promotor responsable de la
degradacion de atracina en Pseudomonas putida sp. cepa AD (Porrta et al., 2007).
Esta hip6tesis propone que el cambio conformacional sufrido por el regulador en
presencia de la molécula efectora altera su afinidad por los ABS y "desliza" el
dimero de un sitio ABS a otro, lo que se traduciria en una relajacién del angulo de
la curvatura del ADN y una activacion de la transcripcion (PorrGa et al., 2007,
Porrla et al., 2010). De los distintos estudios estructurales de proteinas de la familia
se deduce que los cambios estructurales que produce la union de efector en el
dominio RD tienen como consecuencia reorientaciones importantes en el dominio
DBD, esenciales para el deslizamiento del regulador en su promotor diana (Jo et al.,
2015; Lerche et al., 2016; Koentjoro et al., 2018). La proteina Nac de K.
pneumoniae seria de nuevo una excepcién a este modelo, ya que es capaz de activar
o reprimir algunos de sus promotores diana como dimero y otros como tetramero
(Bender, 2010).
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Ademas, la arquitectura de sus promotores diana es variable, encontrandose
los sitios RBS y ABS en algunos casos adyacentes, en otros separados por una
vuelta de hélice y en otros por varias vueltas de hélice. En los dos primeros casos es
la distancia entre los sitios de union la que determina que Nac se una con una
conformacion extendida o compacta, semejante al modelo clésico, para la
activacion/represion. Sin embargo en el tercer caso la unién de un tetrdmero en
cualquiera de sus conformaciones implica la formacién un bucle en el ADN entre
los dos sitios de unién. Un ejemplo de regulacion de genes que no se transcriben
divergentemente es LigR de Sphingobium sp. SYK-6. LigR activa la transcripcion
de los operones ligK-orfl-ligl-IsdA y ligJABC en presencia de proptocatecuato
(PCA) o galato (GA), que son intermediarios de la ruta, y reprime la activacion de
su propio gen. LigR se une a los promotores de ligK y ligJ, e induce la curvatura del
ADN. En presencia de PCA o GA, aumenta la curvatura del ADN en ambos
promotores, y las regiones protegidas por LigR de los promotores de ligK y ligJ se
extienden o acortan, respectivamente (Kamimura et al., 2010). Varios reguladores
de esta familia participan en el control de la expresion de rutas aerobias de
degradacion de compuestos aromaticos. Algunos ejemplos son CbnR que regula la
ruta de degradacion de 3-clorocatecol en Cupriavidus necator (Koentjoro et al.,
2018), DntR la de 2,4-dinitrotolueno en Burkholderia sp. (Lonneborg & Brzezinski,
2011), BenM y CatM la de degradacién de aromaticos como benzoato en A. baylyi
ADP1, controlando ademas varios genes de la ruta del p-ketoadipato, NahR la de
degradacion de naftaleno de Pseudomonas (Schell & Faris Poser, 1989), TsaR la de
p-toluensulfonato en Comamonas testosteroni T-2 (Monferrer et al., 2010), AtzR la
de &cido cianurico en Pseudomonas sp. ADP (Porrua et al., 2007). En el caso de
rutas anaerobias de compuestos aromaticos son menos los reguladores de LTTR que
se conocen. Un ejemplo es GedR de Azoarcus sp. CIB (ver 1.6.2). GedR se produce
en una conformacion inactiva que en presencia de los posibles inductores
(glutamato y glutaconato) se activa y activa el promotor de gcdH (Blazquez et al.,
2008). Algunos LTTRs de rutas catabolicas han sido cristalizados y se dispone de
su estructura. De todas las proteinas con estructuras disponibles, es TsaR la que
presenta una mayor identidad con la secuencia del regulador de la familia de LysR
identificado en la ruta de degradacion de 3,5 DHB de T. aromatica, con un 28% de
identidad. El andlisis de este regulador, que denominamos DbdR, es uno de los
objetivos de esta tesis.

1.8. Reguladores transcripcionales de la familia de NtrC (bEBPS).

Los genomas bacterianos codifican distintos factores sigma de transcripcion,
que dirigen la union selectiva de la holoenzima de la ARN polimerasa (Ec) a
promotores especificos (Ishihama, 2000). Dos familias de factores sigma
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determinan la especificidad de la ARN polimerasa por el promotor: la familia 6"
(RpoD) y la familia 6> (RpoN). El factor ¢’ estd generalmente dedicado a la
transcripcion de genes esenciales para el mantenimiento de las funciones celulares;
otros factores sigma de esta familia se han relacionado con procesos celulares méas
especificos, como ¢ para la respuesta a choque térmico, ¢ para fase estacionaria
y respuesta a estrés, o> involucrado en el mantenimiento de la integridad de la
envuelta celular, y numerosos factores sigma extracitoplasmicos que intervienen en
la respuesta a estimulos periplasmicos y extracelulares (Gruber & Gross, 2003).

1.8.1. La ARN polimerasa dependiente de ¢*.

El factor 6> es el Ginico miembro conocido de su familia y dirige el ndcleo de
la ARN polimerasa a promotores de arquitectura y secuencia muy diferentes a las
de promotores dependientes de o'’ Las funciones que regula este factor sigma son
muy diversas, incluyendo virulencia, fijacion de nitrégeno, respuesta a estrés,
disponibilidad de fuentes de carbono alternativa, etc. (Shingler, 2011). La ARN
polimerasa con 6>* (Ec>") se une a las secuencias -12 y -24 con respecto al inicio de
la transcripcion (+1), con el consenso TTGGCACG-N,-TTGC caracteristicos de
estos promotores (Barrios et al., 1999). Al contrario de lo que ocurre con los
factores sigma de la familia ¢’°, en una transcripcién controlada por Ec*, esta
holoenzima es incapaz de isomerizar espontdneamente el ADN de doble cadena de
complejo cerrado a complejo abierto, requisito necesario para el inicio de la
transcripcion. El conjunto Ec>*-promotor requiere de la hidrélisis de ATP por un
regulador de tipo bEBP (ver 1.8.2) para producir los cambios conformacionales
necesarios para la transicion (isomerizacion) a complejo abierto y dar paso al inicio
la de transcripcion (Wigneshweraraj et al., 2008).

1.8.2. bEBPs, activadoras de promotores dependientes de ¢>*.

Los reguladores transcripcionales que activan a la ARN polimerasa con el
factor o> pertenecen a la familia De NtrC, denominados actualmente bEBPs (del
inglés bacterial Enhancer-Binding Proteins) por su similitud con el sistema de la
ARN polimerasa Il de eucariotas, ya que sus sitios de unién se localizan a cierta
distancia aguas arriba del sitio de union de la ARN polimerasa e implica una fuerza
mecanica generada por la hidrolisis de ATP para activar la transcripcion (Rappas et
al., 2007; Wigneshweraraj et al., 2008; Shingler, 2011). Las bEBPs se incluyen
dentro de la superfamilia AAA+ (de ATPasas asociadas con diversas actividades
celulares) por contener un dominio central caracteristico que reconoce e hidroliza
ATP (Schumacher et al., 2006; Chen et al., 2008).

74



Introduccion

Las bEBPs son proteinas modulares de unos 300 aminoécidos que en general
constan de tres dominios (Schumacher et al., 2006). EI dominio regulador NTD
(dominio R) tiene un papel en la percepcion de la sefial y modula la actividad de la
bEBP. EI dominio central AAA+ (dominio C) es responsable de la hidrélisis del
ATP; es indispensable y a menudo suficiente para activar la transcripcién
dependiente de 6. Por Gltimo, el CTD de unién al ADN (dominio D) contiene un
motivo HTH que permite el reconocimiento especifico de su secuencia diana,
denominada UAS (del inglés upstream activating sequence) (Fig 1.13).
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Figura 1.13. Arquitectura de
dominios de los cinco grupos de
bEBPs. El dominio central AAA+
(C, rojo) estd muy conservado y es
absolutamente esencial para la
transcripcién dependiente o**. El
dominio C-terminal de unién a
ADN (D, verde) consiste en un
motivo HTH que dirige la bEBP a
sitios de union especificos (UAS) y
estd ausente en los bEBPs del
grupo V. El dominio regulador N-
terminal (R) no estd conservado
entre los miembros de la familia de
bEBPs y puede contener diferentes
dominios sensores dependiendo de
la sefial ambiental que se detecte.
Este dominio esta ausente en las
bEBPs del grupo IV, siendo otra
proteina la que recibe y transfiere
la sefial. Las bEBPs del grupo |
contienen un dominio regulador de
respuesta (RR) (azul). Las bEBPs
del Grupo Il contienen dominios
Per, ARNT y PAS (naranja) o
XyIR-N y V4R (vinil 4 reductasa)
(rosa). Las bEBPs del grupo Il
contienen dominios GAF (violeta).
HrpR y HrpS (grupo 1V) son
coactivadores de la transcripcion y
se muestran agrupados (Tomado de
Bush & Dixon, 2012).
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Los dominios NTD y central estdn conectados por una a-hélice de unién
anclando el linker B. Sin embargo, no todos los activadores dependientes de 6>
presentan los tres dominios. Aunque siempre se conserva el dominio central,
algunas bEBPs carecen del dominio regulador o del dominio de union a ADN. Los
dominios reguladores no estan conservados, y pueden contener una variedad de
motivos sensores atendiendo a la sefial que detectan. En consecuencia, la familia de
bEBPs se ha dividido en cinco grupos en funcién de la organizacién de los tres
dominios (Fig 1.14) (Bush & Dixon, 2012). De forma excepcional, se han descrito
algunas bEBPs que controlan promotores dependientes de 6’ (Ghosh et al., 2010).

El dominio central de las bEBPs (dominio AAA+) es responsable de la unién
de ATP y de su hidrélisis, de la oligomerizacion de la proteina y de la interaccion
con el factor 6. Es el mas conservado de los tres dominios y posee siete regiones
altamente conservadas, C1 a C7 (Morett & Segovia, 1993), que incluyen los
motivos Walker A 'y B de unién e hidrélisis de ATP y las regiones sensoras | y 1l
caracteristicas de las proteinas AAA+ (Fig. 1.14). Si bien muchas de las
caracteristicas estructurales de este dominio son comunes a la superfamilia AAA+,
este dominio en las bEBPs contiene dos inserciones Unicas que forman bucles
flexibles expuestos a la superficie. El bucle 1 (L1, loopl) se forma a partir de una
insercion que sobresale de una hélice a en la region C3, donde se encuentra el
motivo GAFTGA altamente conservado que en la forma activa de la proteina esta
expuesto y permite el contacto con Ec™ (Rappas et al., 2007). La conformacion de
este bucle cambia drasticamente tras la union de ATP a la proteina y posterior
hidrélisis a ADP. El bucle 2 (L2, loop 2) se inserta entre C5 y C6 y participa
asistiendo a L1 en el contacto con Ec™ (Shingler, 2011; Bush & Dixon, 2012). Se
propone que el cambio de conformacion de los bucles promueve la remodelacion
del complejo cerrado de Ec> con el promotor, dando lugar al inicio de la
transcripcion (Chen et al., 2010).

El CTD (dominio D) presenta un motivo HTH de tipo Fis de proteinas de
unién a ADN que incluye la hélice de reconocimiento (hélice D) del surco mayor
del ADN, respaldado por una tercera hélice (hélice B). El dominio HTH dirige la
union del activador a los sitios diana en el promotor, asegurando asi una respuesta
especifica. Una cuarta hélice (hélice A) de longitud variable es importante en
muchas bEBPs para la formacion de dimeros de este dominio y ayuda a mantener la
distancia adecuada entre las dos hélices de reconocimiento del dimero para unirse a
dos surcos mayores consecutivos en el ADN (Vidangos et al., 2014) (Fig.1.15).

La unién al ADN facilita la isomerizacion de la bEBP a hexamero y su
estabilizacion, manteniendo la fidelidad regulatoria del dominio R.
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Figura 1.14. Esquema del dominio central (AAA+) de las bEBPs. Las regiones marcadas en gris
son comunes a todos los miembros de la familia AAA+ (el motivo “Walker A” que participa en la
union del nucledtido; el motivo Walker B que participa en la hidrdlisis el nucledtido y en la
coordinacion del ion magnesio; y los dominios sensores SI y Sll). Las regiones especificas de bEBPs
estan marcadas en verde (incluyen el motive GAFTGA, los bucles 1 y 2 (loops 1 and 2) y la regién
conservada C2). En rojo y azul se sefialan los dominios C-terminal con el motivo HTH de union a
ADN, y el dominio regulador N-terminal, respectivamente, que constituyen la bEBP completa.
Modificado de Shingler, 2011.

Figura 1.15. Diagrama de la
estructura del cristal de un
dimero del dominio de unién a
ADN de NtrC4 de Aquifex
aeolicus. al-4 se corresponden
con las hélices A, B, C y D. La
estructura de cada mondémero se
representa de un color. Tomado de
Batchelor et al., 2008.

recognition helix

El dominio NTD (dominio R) es el encargado de responder a las sefales
ambientales y regular la actividad del dominio central C (Schumacher et al., 2006).
Se han descrito tres formas principales en las que el dominio regulador detecta la
sefial ambiental y se activa: por fosforilaciéon, por unién de un ligando, y por
interacciones proteina-proteina. Dependiendo del método de activacion, se
encuentran diferentes tipos de dominios en la regién reguladora (Fig. 1.13). Los
reguladores de respuesta (RR) funcionan como un sistema de dos componentes
(TCS), en el que una proteina sensor-quinasa reconoce la sefial celular, se
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autofosforila y transfiere el fosfato a un residuo de aspartato conservado del
dominio regulador de respuesta. La fosforilacion del dominio regulador estimula la
bEBP para iniciar el proceso de activacion de la transcripcion (ver 1.8.3).

Un ejemplo de este tipo de bEBPs es el sistema de dos componentes NtrB-
NtrC que se activa en respuesta a condiciones de limitacion de nitrogeno, donde
NtrB es la sensor-quinasa del TCS (Ninfa & Magasanik, 1986), sistema regulador
del transporte de acidos dicarboxilicos en Rhizobium DctB-DctD, donde DctB es la
sensor-quinasa, es también un sistema de este tipo (Ronson et al., 1987). Dos
ejemplos de activacion por union a ligando son las proteinas DmpR y XyIR, cuyo
NTD reconoce compuestos arométicos (fenol y xilenos, respetivamente) (Salto et
al., 1998; Shingler, 2011). El mecanismo intrinseco de activacion de estos
reguladores no se conoce bien, pero se sabe que la unién del aromatico al extremo
NTD es la sefial que inicia la oligomerizacion de la bEBP, lo que requiere de la
intervencién del linker B que une este dominio con el dominio central AAA+
(O'Neill et al., 2001). Recientemente se ha obtenido la estructura cristalina del
primer NTD de un regulador de este grupo, MopR, que responde a compuestos
fenolicos. La estructura revela un pequefio dominio en el extremo N-terminal
responsable de estabilizar el dimero de la proteina, asi como la union de un atomo
de zinc esencial para mantener la integridad estructural (Ray et al., 2016). Otro
ejemplo algo diferente de este tipo de activacion es la proteina NorR que controla la
detoxificacion de oxido nitrico (NO) en E. coli, cuyo extremo N-terminal contiene
un dominio GAF con un centro de hierro no hemo que reconoce NO, y cuya
estructura completa se ha determinado recientemente (Bush et al., 2015). A
diferencia de otras bEBPs, NorR oligomeriza a hexdmero al unirse al ADN sin
necesidad del efector. La union del NO al dominio sensor recoloca este dominio en
la periferia del dominio central, como “abrazando” al hexamero. Ejemplos de
regulacién mediante la interaccion proteina-proteina son las proteinas NifA de
Azotobacter vinelandii, HrpS de P. syringae y FleQ de P. aeruginosa y
Rhodobacter spahaeroides. La actividad de NifA se bloquea por union con la
proteina NifL. En condiciones de induccién (condiciones favorables para la fijacién
de nitrégeno) la interaccion entre las dos proteinas se previene por union del efector
(2-oxoglutarato) a NifA y de ADP a NifL (Slavny et al., 2010). En cuanto a HrpS,
se ha demostrado que HrpR y HrpS, dos bEBPs homologas que carecen de dominio
NTD, interacttan entre si formando un complejo hetero-hexamérico estable que es
quien activa la transcripcion dependiente de 6> de hrpL. Se ha determinado que la
proteina HrpV se une a HrpS en el heterohexamero para reprimir su interaccion
productiva con el complejo Ec*-promotor (Jovanovic et al., 2011). En el caso de
FleQ de P. aeruginosa, que regula la expresion de flagelo y sintesis de
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exopolisacéridos, la interaccion es con FleN, una ATPasa especial que actla
béasicamente como antagonista de FleQ (Dasgupta & Ramphal, 2001) Sin embargo
FleQ de R. sphaeroides carece de NTD y se ha sugerido que activa algunos de los
promotores que regula formando heterooligémeros con FleT, una bEBP que carece
de tanto de NTD como de HTH (Poggio et al., 2005). Finalmente, una nueva forma
de control de la actividad del dominio central se ha descrito recientemente en FleQ
de P. aeruginosa: el segundo mensajero c-di-GMP regula la actividad ATPasa de
esta proteina uniéndose directamente al dominio central, lo que bloquea el sitio de
union de ATP y desestabiliza el hexamero, inhibiendo en consecuencia la actividad
ATPasa (Matsuyama et al., 2016).

El control que ejerce el dominio NTD sobre la actividad ATPasa del dominio
central se realiza a nivel de la oligomerizacién de la proteina a hexamero, la forma
activa imprescindible tanto para la actividad ATPasa como para la interaccion del
regulador con la Ec™ unida al promotor (Bush & Dixon, 2012). Esta transduccion
de la sefial ambiental a la estructura de la proteina se realiza mediante dos tipos de
control: positivo o negativo. En la mayoria de las bEBPs el control es de tipo
negativo, y en este tipo de reguladores la delecién del dominio NTD da lugar a una
proteina que es constitutivamente activa, mientras que su presencia incluso en trans
puede ejercer la funcién represora (Pérez-Martin & de Lorenzo, 1996). Ejemplos de
este tipo de bEBPs serian XylR, DmpR y NtrC1l. En el mecanismo de control
positivo, descrito por ejemplo para NtrC, el extremo N-terminal no realiza
funciones represoras sobre el dominio catalitico, de forma que su delecion rinde una
proteina inactiva

Otra caracteristica que define a los reguladores de esta familia es que
reconocen sitios de unién localizados a cierta distancia aguas arriba del promotor
regulado, denominadas UAS (Upstream Activating Sequences). Estas secuencias
estan generalmente constituidas por una pareja de repeticiones invertidas para
favorecer la unién de dimeros, aunque en algun caso estan presentes secuencias
UASs adicionales, como seria el caso de la proteina NorR, que depende
estrictamente de la union a sus tres UASs para isomerizar a hexamero (Tucker et
al., 2010; Bush et al., 2015). La disposicion de las UASs puede variar;
generalmente estan localizadas a una distancia de entre aproximadamente 80 y 200
pb, aunque en algunos casos pueden desplazarse hasta més de 1 Kb aguas arriba. La
interaccion necesaria entre el activador unido a sus UASs y el complejo cerrado de
la Ec> unida al promotor se consigue gracias a la curvatura del ADN, causada en la
mayoria de los casos por la union de la proteina IHF (Integration Host Factor)
(Shingler, 2011).
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1.8.3. Mecanismo de activacion de los promotores dependientes de ¢>*.

El mecanismo de activacion de promotores dependientes de o> por las EBPs
es muy complejo y los diferentes pasos que lo constituyen se han estudiado
profusamente en diversas proteinas de la familia, para muchas de las cuales se
dispone de estructura parcial o completa (revisado en (Ghosh et al., 2010; Shingler,
2011; Bush & Dixon, 2012; Vidangos et al., 2013). Aunque la mayoria de los pasos
se han resuelto, aun existen dudas sobre el orden de algunos eventos en el proceso
de activacion. Con los numerosos datos disponibles se ha propuesto un mecanismo
general de activacion, con respecto al cual ciertas bEBPs pueden presentar algunas
diferencias. ElI mecanismo se puede resumir asi: las bEBPs se unen a sus UASs en
forma de dimeros, que son inactivos. Al recibir la sefial activadora a través del
dominio regulador (unién del efector, fosforilacién del dominio regulador, u otra
sefial), se produce un cambio conformacional seguido de la oligomerizacién de las
proteinas a hexamero, paso previamente inhibido por el NTD. Como hemos
mencionado anteriormente, esta inhibicién puede responder a un mecanismo de
regulaciéon negativa, debido a que el NTD bloquea al dimero en una orientacion
inadecuada para la oligomerizacién a hexamero (es el caso de DctD o NtrC1 (Park
et al., 2002; Lee et al., 2003; Chen et al., 2008), o bien a un mecanismo de
regulacion positiva, en el que el NTD tiene que estar activado para ejercer su
funcidn de favorecer y estabilizar la formacién del anillo hexamérico (es el caso de
NtrC (De Carlo et al., 2006; Chen et al., 2008)). La oligomerizacion deja libre el
sitio de union e hidrolisis de ATP del dominio central. El anillo hexamérico se
aproxima a Ec>* (generalmente con la ayuda de la proteina IHF que dobla el ADN
convenientemente), contacta con ¢>* e hidroliza ATP. La interaccion entre el anillo
hexamérico y o™ es critica para poder acoplar la hidrolisis de ATP a la iniciacion de
la transcripcion. La energia liberada de esta reaccion es la que produce el cambio
conformacional en el complejo Ec>*-promotor, permitiendo el paso de complejo
cerrado a complejo abierto y la iniciacion de la transcripcion (Fig. 1.16).

Aungue se ha demostrado que el ATP se puede unir a un dimero de bEBP, la
oligomerizacion a hexamero es imprescindible para estimular la actividad ATPasa
completa (Vidangos et al., 2013). Si bien la forma activa méas comdn de las bEBPs
es un hexadmero, algunas proteinas de la familia parecen funcionar como
heptdmeros (Batchelor et al., 2009; Dey et al., 2015). También se ha descrito la
formacion de hetero-hexameros entre diferentes bEBPs: este es el caso mencionado
anteriormente del complejo formado por la interaccion entre las dos bEBPS
homologas HrpR y HrpS de P. syringae para la activacion de factores de virulencia
(Jovanovic et al., 2011).
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En el caso de la ruta de degradacion de resorcinol en A. anaerobius, se han
identificado en la agrupacion génica dos reguladores perteneciente a la familia De
NtrC, anotados como RedR1 y RedR2 (Pacheco-Sanchez et al., 2017), que
presentan mas del 97% de identidad entre sus secuencias. Las diferencias se
concentran en los dominios NTD y CTD, La caracterizacion en profundidad de
estas bEBPs y de su papel regulador de la ruta es uno de los objetivos de esta tesis

doctoral.

Figura 1.16. Esquema del inicio de la
transcrispcién por ARN-polimerasa
con Ec¢™ mediado por bEBPs. En el
esquema observamos los diferentes
pasos para la formacion del complejo
abierto, A) Ensamblaje de bEBPs y
plegamiento del ADN ayudado por IHF,
B) Activacion donde se establece el
contacto entre los reguladores bEBP y el
factor sigma; posteriormente se poduce
la apertura del complejo, debido a la
hidrolisis de ATP, dando paso al inicio
de la transcripcion y C) Elongacion de
la de transcripcion. (Modificado de
Vidangos et al., 2013)
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2. Objetivos

Como hemos explicado en la introduccion, las cepas nitrato reductoras
Azoarcus anaerobius y Thauera aromatica AR-1 son las Unicas cepas descritas
capaces de la degradacion anaerobia de resorcinol y 3,5-dihidroxibenzoato,
respectivamente, utilizando la via oxidativa a HHQ. Al inicio de esta Tesis Doctoral
se habian caracterizado los genes que forman parte de las rutas, pero no se disponia
de informacion sobre sus mecanismos de regulacién. Como objetivo general de este
trabajo, nos propusimos investigar y caracterizar los sistemas reguladores que
modulan la expresion de estas dos rutas. Se definieron los siguientes objetivos
especificos:

1. Estudiar la organizacién transcripcional de los operones que forman la
agrupacion génica que codifica la ruta anaerobia de degradacion de
resorcinol en Azoarcus anaerobius.

2. Caracterizar los mecanismos de regulacion transcripcional, mediada por
reguladores especificos, de la ruta de degradacion de resorcinol en esta
cepa.

3. Analizar la regulacién de la expresion de los genes de la ruta de

degradacion de 3,5-dihidroxibenzoato en la bacteria Thauera aromatica
AR-1.
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3. Materials and methods

3.1. Materials and methods for chapter 4.1

3.1.1. Materials and standard procedures. All chemicals used in this study
were from Fluka (Neu Ulm, Germany), Sigma-Aldrich Labor Chemie (Steinheim,
Germany), Perkin Elmer Life Science (Massachusetts, United States) or Merck
Serono (Darmstadt, Germany). Restriction enzymes were from New England
Biolabs (Frankfurt am Main, Germany). T4 DNA ligase was purchased from Roche
(Grenzach-Wyhlen, Germany). Plasmids were isolated with “Qiapreps spin plasmid
kit” of Qiagen (Hilden, Germany). PCRs and cDNA were purified with “Qiaquick
Gel Extraction Kit” of Qiagen. Oligonucleotides were synthesized by Sigma-
Aldrich. DNA sequencing was performed by the DNA Sequencing Service at the
Lopez-Neyra Parasitology and Biomedicine Institute (IPBLN), (Granada, Spain).
Transformation, PCR amplification with Expan High Fidelity (Roche) and protein
analysis were performed according to standard protocols (Ausubel et al., 1991).

3.1.2. Bacterial strains, media and culture conditions. The bacterial strains
used in this work are summarized in Table 3.1.1. Azoarcus anaerobius strain
LuFResl (Springer et al., 1998b) was cultured anaerobically at 30°C without
shaking in 50 or 100-ml infusion bottles containing non-reduced Widdel mineral
medium (WMM) under nitrogen gas (Philipp and Schink, 1998). The medium was
buffered with 30 mM 3-(N-morpholino) propane sulfonic acid (MOPS) instead of
bicarbonate and supplemented with 8 mM nitrate. Resorcinol (2 mM) was added
from a 0.5 M stock solutions under nitrogen gas. Azoarcus sp. strain CIB (Martin-
Moldes et al., 2015a) was used for heterologous expression of the resorcinol
degradation pathway encompassed in pR* cosmid (Darley et al., 2007). For the
pathway characterization, Azoarcus sp. CIB and its transconjugants were grown
anaerobically as described above except that glutarate (5 mM) and succinate (5
mM) were also used as carbon sources when required. For genetic manipulations,
Azoarcus sp. strain CIB and derivatives were grown aerobically in WMM
supplemented with 5 mM glutarate as the carbon source. Solid media for Azoarcus
sp. strain CIB derivatives were prepared with 1.6% twice washed Difco agar. When
necessary, antibiotics were used at the following concentrations: tetracycline, 5
pg/ml; kanamycin, 25 pg/ml and chloramphenicol, 15 pg/ml; when required, 5-
bromo-4-chloro-3-indolyl B-D-galactopyranoside (X-gal) was used at 0.8 mM.
Escherichia coli strains were cultivated in Luria-Bertani (LB) medium (10 g I
tryptone, 5 g I'* yeast extract, 5 g I'* NaCl) in Erlenmeyer flasks at 37°C and 200
rpm on a rotary shaker. When required, cultures were supplemented with 100 pg/ml

93



Materials and Methods

ampicillin, 50 pg/ml kanamycin, 50 pg/ml streptomycin, 0.5 mM isopropyl--D-1-
thiogalactopyranoside (IPTG).

3.1.3. Growth experiments. To analyze the growth of Azoarcus sp. CIB
bearing the pR™ plasmid and mutant derivatives, 100 ml serum bottles containing 75
ml of anoxic WMM supplemented with the required antibiotics and resorcinol (2
mM) and/or glutarate (2 mM) as the carbon source were inoculated with 1% of the
exponentially growing Azoarcus sp. strain CIB with wild-type and mutant pR*
cosmids cultures and incubated at 30°C. Samples were taken anoxically at the
designated time points with a sterile syringe flushed with N, and used immediately
for ODgg determination in a Shimadzu UV-266.

3.1.4. Plasmid construction. Plasmid carrying transcripctional P ::lacZ,
Pormia::lacZ and Pygq ::lacZ fusions were obtained as follows: DNA fragments
containing the rehL (576 bp), orfl4 (297 bp) and bgdL (515 bp) promoter regions
from pR* cosmid were amplified by PCR using the appropriated primers (Table
3.1.2) to generate flanking Sall (upstream) and Bglll (downstream) sites for rehL
promoter and Bglll (upstream) and Pstl (downstream) sites for bgdL and orfl4
promoters, and cloned in pGEMT (Promega). The resulting plasmids carrying the
Poria and Pyga. promoters were digested with the corresponding enzymes and the
promoter containing fragment was cloned between the same sites of the broad-host-
range promoter probe vector pMP220 (Spaink et al., 1987a), and then transferred as
Hindlll fragments into the Hindlll site of pMP190 (Spaink et al., 1987a) to create
PMP190::Poa  (p190Porfl4) and pMP190::Pygq  (p190PbgdL). To obtain
PMP190::Pen. (p190PrehL), the rehL promoter cloned in pGEMT was directly
subcloned on pMP190 using Salll and Bglll. The correct orientation of each
promoter in pMP190 was confirmed by sequence analysis.

3.1.5. Site-specific homologous inactivation of genes in the pR+ cosmid.
All the plasmids used for allelic replacement were based on the pKNG101 suicide
vector (Kaniga et al., 1991) and are listed in Table 3.1.1. The mutants in pR*
obtained in this work were generated by double homologous recombination using
pKNG101 plasmid derivatives as described (Aranda-Olmedo et al., 2005). To
construct the redR2 knockout mutant, a 2.3 kb HindIll fragment of pR* containing
redR2 gene and its flanking region was cloned in pBluescriptlISK (Stratagene) and
inactivated by insertion of the mini-Tn5 kanamycin resistance gene at the unique
Bglll site. The resulting mutated redR2::km gene was cloned in the Smal site of
pKNG101 to obtain pKNGredR2::Km. For the redR1 deletion mutant, 1 and 1.1 Kb
DNA fragments upstream and downstream of redR1 were amplified with the
appropriate primers to create overlapping sequences, and the resulting products
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were used as template in a second PCR reaction with the outer set of the primers of
the first reactions. The final fragment was cloned into pCR2.1-TOPO (Invitrogen)
and sequenced to exclude the presence of point mutations in the sequences flanking
redR1 deletion. The final fragment was cloned between the Apal and Spel sites of
pKNG101 to obtain pKNGAredR1. Both pKN101 derivatives were used to deliver
the mutations to pR* cosmid in E. coli ET8000 by RP4-mediated mobilization, as
follows: the E. coli donor strain CCI118Apir bearing the pKNG101 mutant
derivatives, recipient strain ET8000 bearing pR*, and HB101 (pRK600) helper
strain were grown overnight on LB medium in the presence of tetracycline,
kanamycin and chloramphenicol, respectively. Samples of 0.5 ml of each culture
were harvested by centrifugation (13,000 x g for 10 min) and the cells were washed
once with 1 ml LB. The resulting pellets were combined in 100 pl LB and dropped
on a sterile 47 mm-diameter, 0.22 pum pore size filter (Schleicher and Schnell,
Germany) placed on an LB plate and incubated overnight at 30°C. The filters were
transferred into 3 ml of M9 salt solution (Abril et al., 1989) and cells were washed
off by vigorous vortexing. For the redR2 mutant, E. coli ET8000 (pR")
transconjugants were selected for their resistance to nalidixic acid, tetracycline and
kanamycin in LB solid medium. Amongst them, those where double crossover had
occurred were directly selected as sucrose-resistant/streptomycin sensitive clones.
For the redR1 deletion mutant, transconjugants bearing a cointegrate of the
pPKNG101AredR1 into pR* were selected on WMM with 5 mM glutarate as the sole
carbon source and 50 pg/ml streptomycin in addition to tetracycline. Streptomycin-
resistant transconjugants were analysed by PCR with primers flanking the gene to
be deleted. Those in which both the wild-type and the mutated gene products were
amplified were selected and cultured in liquid LB medium with inly tetracycline
during 12-16 h to promote the second crossover and the allelic exchange to occur.
To select double recombinants, colonies were plated on LB with 10 % (w/v)
sucrose. Streptomycin-sensitive/sucrose-resistant colonies were analyzed by PCR to
confirm the cosmid gene deletion. A double redR1, redR2 mutant was obtained in
the same way, except that the E. coli ET8000 bearing pR'redR2::Km instead of pR*
was used as the recipient strain. The correct insertion of all mutations was
confirmed by PCR analysis and Southern blot.

3.1.6. Triparental conjugation of cosmids and plasmids into Azoarcus sp.
CIB. Wild-type and mutant pR* cosmid derivatives, as well as pMP190 derivatives
were transferred to Azoarcus sp. CIB by RP4-mediated mobilization. Azoarcus sp.
CIB was grown aerobically to saturation in WMM supplemented with glutarate (5
mM), and E. coli donor strain DH5a. (bearing either pR* or its mutant derivatives, or
pMP190 derivatives) and HB101 (pRK600) helper strain were grown overnight on
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LB medium in the presence of the required antibiotic. Samples of the E. coli
cultures (1 ml each) and 15 ml of Azoarcus sp. CIB culture were harvested by
centrifugation (13,000 x g for 10 min at 10°C) and the cell pellets were washed
once with 1 ml of WMM and combined in 100 pl WMM. The resulting cell
suspension was dropped on a sterile 47 mm-diameter, 0.22 pum pore size filter
(Schleicher and Schnell, Germany) placed on an LB plate, and incubated overnight
at 30°C. The filters were then transferred into 1 ml of minimal medium and cells
were washed off by vigorous vortexing. Azoarcus sp. CIB transconjugants where
selected aerobically for their resistance to tetracycline (pR* derivatives) and
chloramphenicol (pMP190 derivatives) on WMM supplemented with glutarate (5
mM) to counter-select against E. coli donor and helper strains.

3.1.7. RNA extraction. A. anaerobius was grown at 30°C under nitrate
reducing conditions with resorcinol (2 mM) and/or succinate (2 mM) as the carbon
source. Cells (45 ml) were harvested by centrifugation (8000 x g, 5 min, 4°C) in
disposable plastic tubes pre-cooled in liquid nitrogen, and the pellets were kept at -
80°C until use. RNA was extracted using the TRI-reagent method (Ambion, Austin,
TX) with the following modifications: the lysis step was carried out at 60°C, and a
final digestion step with RNase-free DNase was added at the end of the process.
The RNA concentration was determined with a NanoDrop (Thermo Scientific), and
RNA integrity was assessed by agarose gel electrophoresis.

3.1.8. Reverse transcription-polymerase chain reactions (RT-PCR).
Reverse transcriptase PCR (RT-PCR) was done with 400 ng RNA in a final volume
of 50 pl using the Titan OneTube RT-PCR system according to the manufacturer’s
instructions (Roche Laboratories). cDNA was synthesized with random primers at
50°C for 45 min, and the PCR cycling conditions were as follows: 94°C for 20 s, 35
cycles at an adequate annealing temperature for 20 s followed by extension at 68°C
for 20 s. The annealing temperature was calculated for each reaction based on the
melting temperatures of the pair of primers used (Table 3.1.3). For each reaction,
the positive control was total DNA from Azoarcus sp. CIB (pR"), and the negative
control was a reaction with the same RNAs but omitting the cDNA synthesis step.

3.1.9. Primer extension analysis. Oligonucleotides complementary to the
coding strand of the rehl, badl and orfl4 genes (Table 3.1.2) were **P-labelled at
their 5’-end in 10 pl final volume that contained: 1 pl 10 x buffer, 10 pmol
oligonucleotide, 1 pl [y- **P]JATP (6000 mCi/mmol) and 1 U phage T4
polynucleotide kinase (Roche). The reaction mixtures were incubated for one hour
at 37°C and 10 minutes at 70°C to inactivate the kinase, and the labelled
oligonucleotide was filtered through a Micro Bio-Spin column (Bio-Rad) to
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eliminate unbound nucleotide. Labelled primers were annealed to total RNA
isolated as described above in 10 pl annealing mixture that contained 2 pl 5 x
annealing buffer (2 M NaC1, 50 mM Pipes, pH 7.0), 10° cpm of 5'-end-labelled
primer and 10-30 pg total RNA template. The mixtures were first heated at 95°C for
3 min, incubated at 65°C for 5 min and then slowly cooled to 44°C. cDNA was
synthesized by the addition of 40 ul of reverse transcriptase buffer to bring final
concentrations to 50 mM Tris-HCI pH 8.5, 1 mM dithiothreitol, 8 mM MgCl,, 30
mM KCI, 1 mM each of all four dNTPs, 0.4 U/ul of RNAse inhibitor (Roche) and 8
U AMV reverse transcriptase (Roche). The mixtures were incubated 1 h at 44 °C
and the reaction was halted by the addition of 5 ul 3 M sodium acetate and 150 pl
ethanol. The products of reverse transcription were analyzed in urea—
polyacrylamide sequencing gels. Gels were exposed to Molecular Imager model
GS-525 (Bio-Rad).

3.1.10. Bacterial adenylate cyclase two-hybrid assays (BACTH). BACTH
assays were performed as described (Karimova et al., 2000). Briefly, the redR1 and
redR2 genes were amplified from pR™ cosmid DNA by PCR using the primers
XbalRedR1, XbalRedR2 and BamHIRedR1/2 for whole length genes, and
XbalRedR1/2, BamHINTRedR1/2 (amplifies the N-terminal domain, NTD) and
XbalARedR1-2 (amplifies the protein genes with an NTD deletion) for the
truncated protein genes. The resulting products were purified and cloned in pPGEMT
(Promega) and confirmed by sequence analysis. The pGEMT derivatives were
digested with either Xbal/BamHI or Hindlll/Xbal and the fragments containing the
redR1 and redR2 genes and their truncated versions were fused in frame to either
the pKT25 or pUT18C fragments of adenylate cyclase gene (Karimova et al.,
2000), respectively, to create pKT25redR2 and derivatives (T25-RedR2 fusions)
and pUT18CredR1 and derivatives (T18-RedR1 fusions). The remaining constructs
containing different segments of the two proteins were constructed as above using
the primer sets listed in table 3.1.2. Correct translational fusions were confirmed by
sequence analysis. For BACTH assays, pKT25 and pUT18C plasmids carrying
redR2 and redR1 genes or their truncated derivatives were transformed in different
combinations into E. coli BTH101 cells and interaction efficiency between the
plasmid-encoded proteins was quantified by measuring B-galactosidase activity of
the cultures following overnight induction with 0.5 mM isopropyl-p-d-
thiogalactoside. Assays were minimally performed in triplicate and standard errors
of the mean were calculated.

3.1.11. Betagalactosidase assays. For assays in E. coli, 3 ml LB
supplemented with the required antibiotics were inoculated with a single colony of
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E. coli BTH101 bearing the appropriate combination of plasmids and incubated
overnight at 30 °C. The 3 ml LB were then inoculated with 1/100 overnight culture
and incubated at 30 °C with shaking. When the cultures reached the exponential
phase or after overnight growth, B-galactosidase activity was determined as
described previously (Miller, 1972). For assays in Azoarcus sp. CIB, 3 ml WMM
supplemented with 5 mM glutarate as carbon source and the required antibiotics
were inoculated with a single colony of each strain bearing the appropriate
combination of plasmids and incubated aerobically (100 rpm) for 3 days at 30 °C.
The pre-grown culture was then inoculated in 45 ml of WMM supplemented with
the indicated carbon source to an initial OD of 0.05 and incubated under anoxic
conditions at 30°C without shaking. At the indicated times, B-Galactosidase activity
was determined in permeabilizedwhole cells (0.1 ml) according to Miller (Miller,
1972). Assays were minimally performed in duplicate and standard errors of the
mean were calculated.

3.1.12. Purification of RedR1 and RedR2 by affinity chromatography.
The redR1 and redR2 genes were amplified by PCR using the primers NdelredR1,
NdelredR2 and HindlllredR1/2 (Table 3.1.2). The resulting products were purified
and cloned in pGEMT (Promega) and confirmed by sequence analysis. The
PGEMT derivatives were digested with Ndel/Hindlll and the fragments containing
the redR1 and redR2 genes were ligated fused in frame to pET28b+, to create
PET28b-redR1 and pET28b-redR2. E. coli BL21 (D3) transformed with plasmid
PET28b-redR1 and pET28b-redR2 was used to overproduce RedR1 and RedR2
with a C-terminal His-tag. The cells were grown in 1 L of 2 x YT medium
supplemented with 25 pg/mL kanamycin in an Erlenmeyer flask on a rotary shaker
a 37°C. When the cells had reached an Agg Of 0.6, protein expression was induced
with 0.1 mM IPTG (isopropyl-p-D-thiogalactopyranoside) and incubation was
continued for 20 h at 18°C. The cells were then harvested and stored at -20°C until
use. Frozen cells were suspended in 20 ml of buffer A (20 mM Tris-HCL pH 8.0,
500 mM NaCl, 10% glycerol , 10 mM Triton X-100, 0.1 mM EDTA, 2.5 mM B-
mercaptoethanol and 10 mM Imidazole) and lysed by two passages through a
French pressured cell. The crude extract was centrifuged at 13,000 g for 1 h at 4°C.
The resulting supernatant containing His-tagged RedR1 or RedR2 protein was
loaded onto a HisTrap HP affinity column (GE Healthcare) prepared as indicated by
the manufacturer and equilibrated with the breakage buffer A containing 10 mM
imidazole in an AKTA fast protein liquid chromatography system (GE Healthcare).
The protein was eluted with 180 mM imidazole. The purity of His-RedR1 and His-
RedR2 proteins were verified by SDS-PAGE. The protein concentration was
determined with the Bradford method using bovine serum albumin as the standard,
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and dialyzed against buffer B (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 10%
glycerol, 0.1 mM EDTA and 1 mM DTT).

3.1.13. Isothermal titration calorimetry (ITC). Titrations of His-tagged
RedR1 and RedR2 were carried out in a VP microcalorimeter (MicroCal,
Northampton, MA, USA) at 25°C under anoxic conditions because the hydroxylated
pathway intermediates are highly sensitive to oxygen. Before starting, proteins were
dialyzed against oxygen-free buffer B obtained by flushing nitrogen gas through the
solution for 20 min, followed by filtration through 0.45 pm cut-off filters. Then the
protein was placed in the sample cell of the instrument previously gassed with
nitrogen. The ligands were prepared in the degassed dialysis buffer. The ligands
used were resorcinol (Merck), hydroxyhydroguinone and the hydroxylated
analogues gentisate, methyl-p-benzoquinone, tetrahydroxy-1,4-quinone and
benzoquinone (Sigma Aldrich). Control experiments involved the titration of
dialysis buffer with ligand solutions.
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Table 3.1.1 Bacterial strains and plasmids used in Chapter 4.1.

Strain or plasmid

Genotype/Relevant Characteristics

Reference

Strains
Escherichia coli

HB101

CC118\pir

DH5a

BTH101

ET8000

Azoarcus anaerobius
LufRes1

Azoarcus sp. strain CIB

Plasmids
pKNG101
pRK600
pMP190
pMP220

PCR2.1-TOPO
pGEMT®-T Easy
pET28b+

pKT25

puUT18C

pUT18CredR1
pUT18CredR2
pKT25redR1
pKT25redR2
pUT18CredR1-NTD
pKT25redR2-NTD
pKT25AredR1

SupE44 hsdS20 (rg'mg) recA13 ara-14proA2 lacY1 galK2 rpsL20 (SmF) xyl-5 mtl-1

A(ara-leu)araD 4lacX74 galE galK phoA20 thi-1 rpsE rpoB argE recAl, lysogenized with Apir
endA1l hsdR17 supE44 thi-1 recAl gyrA(Nal®) relAl A(argF-lac) U169 depR(®80dlacA (lacZ) M15)
F~ cya-99 araD139 galE15 galK16 rpsL1 (Str') hsdR2 mcrAl mcrBl

rbs lacZ::1S1 gyrA hutC% (prototroph)

Wild-type strain, strict anaerobe, degrades resorcinol under denitrifying conditions (DSM 12081)
Wild-type strain, degrader of aromatic compounds

SmR, gene replacement vector, oriR6K, oriTRK2, sacB
CmR, helper plasmid, oriColE1, mobRK2, traRK2
CmR, broad-host-range promoter probe vector (lacZ)
TcR, broad-host-range promoter probe vector (lacZ)

PCR product cloning vecto, ori PUC, ori f1; Ap®, KmR
PCR product cloning vector, ori PUC, ori f1; ApR
Expression vector for recombinant proteins with Hiss tag at the N-terminus; Km"®

KmR, pSU40 derivative that carries the T25 fragment of B. pertussis adenylate cyclase (residues 1 to 224) with a

polylinker sequence at the 3’ end.

ApR, pUC19 derivative that carries the T18 fragment of B. pertussis adenylate cyclase with a polylinker sequence

at the 3’ end.

In frame gene fusion of B. pertussis adenylate cyclase T18 fragment and redR1 in pUT18C.
In frame gene fusion of B. pertussis adenylate cyclase T18 fragment and redR2 in pUT18C.
In frame gene fusion of B. pertussis adenylate cyclase T25 fragment and redR1 in pKT25.
In frame gene fusion of B. pertussis adenylate cyclase T25 fragment and redR2 in pKT25.

In frame gene fusion of B. pertussis adenylate cyclase T18 fragment and the NTD of redR1 in pUT18C

In frame gene fusion of B. pertussis adenylate cyclase T18 fragment and the NTD of redR2 in pKT25

(Boyer and Roulland-Dussoix,
1969)

(de Lorenzo et al., 1990)
(Sambrook et al., 1989)
(Karimova et al., 2000)
(MacNeil et al., 1982)

(Springer et al., 1998b)
(Martin-Moldes et al., 2015b)

(Kaniga et al., 1991)

(Kessler et al., 1992)

(Spaink et al., 1987b)

(Spaink et al., 1987a; Kovach et
al., 1995)

Invitrogen

Promega

Novagen

(Karimova et al., 2000)

(Karimova et al., 2000)

This study
This study
This study
This study
This study
This study

In frame gene fusion of B. pertussis adenylate cyclase T25 fragment and a truncated redR1 starting at residue 319 This study
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pKT25AredR2
pUT18CAredR1
pUT18CAredR2

pBBRedR1
PBBRedR2
pKNGredR2::Km

pPKNGAredR1

p190Prehl
p190Porfl4
p190PbqdL
pET28b-redR1
pET28b-redR2

Cosmids

pLAFR3

PR’

pR*redR1::Km
pR*redR2::Km
pR*AredR1
pR*AredR1,redR2::Km
pR*rehL::Km
pR*btdL::Km
pR*bqdS::Km

in pKT25.

In frame gene fusion of B. pertussis adenylate cyclase T25 fragment and a truncated redR2 gene starting at residue

321 in pKT25.

In frame gene fusion of B. pertussis adenylate cyclase T18 fragment and a truncated redR1 gene starting at residue

319 in pKT25.

In frame gene fusion of B. pertussis adenylate cyclase T18 fragment and a truncated redR2 starting at residue 321

in pKT25.
1.9 Kb PCR product containing redR1 inserted between the HindllI/Xbal sites of pPBBRMCS-5.
1.9 Kb PCR product containing redR2 inserted between the HindllI/Xbal sites of pPBBRMCS-5.

pKNG101 carrying, at the Smal site, the 2.35-kb redR2 fragment from pR*, with the mini-Tn5 Km gene inserted

at the unique Bglll site.

pKNG101 carrying, between the Apal and Spel sites, redR1 with a 1920 bp internal deletion in a 2 kb fragment

from pR™.

Preni::lacZ transcriptional fusion in pMP190; CmR

Port1a::1acZ transcriptional fusion in pMP190; CmR?

Pogai::1acZ transcriptional fusion in pMP190; cmR

pET28b+ derivative containing an in frame fusion of the Hisg tag to redR1 gene; KmR®
pET28b+ derivative containing an in frame fusion of the Hisg tag to redR2 gene; Km®

TcR, cos, RK20riV, RK20riT

TcR, pLAFR3 containing a 29.9-kb resorcinol gene cluster of A. anaerobius

TcR, Km®, pR* knockout mutant Mu_42, redR1:: TN<KAN-2>

TcR, Km®, pR* knockout mutant, mini-Tn5 Km resistance gene inserted at the Bgll| site of redR2
TcR, Km®, pR* mutant carrying a 1920 bp internal deletion in redR1

TcR, KmR, pR* double mutant, redR2::Km, AredR1

TcR, KmR, pR* knockout mutant Mu_21, rehl:: TN<KAN-2>

TcR, KmR, pR* knockout mutant Mu_76, btdl:: TN<KAN-2>

TcR, KmR, pR* knockout mutant Mu_53, bgdl:: TN<KAN-2>

This study
This study
This study

This study
This study
This study

This study

This study
This study
This study
This study
This study

(Staskawicz et al., 1987)
(Darley et al., 2007)
(Darley et al., 2007)
This study

This study

This study

(Darley et al., 2007)
(Darley et al., 2007)
(Darley et al., 2007)
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Table 3.1.2. Oligonucleotide primers used in Chapter 4.1.

Product

Primer Sequence (5’ to 3°) (target plasmid)
XbalRedR1 TCTAGAGGTGGACGGTTTCCTCTCCAGCGTCA redRL (OKT25)
BamHIRedR1 GGATCCTTACTTGACGGTGACCTGCTTGACGATG P
XbalRedR2 TCTAGAGATGAGTAGGGAAACTTCATTGGCCAGC oo o1ty
BamHIRedR2 GGATCCTTACCTGACGGTGAACGACT P
XbalRedR1 TCTAGAGGTGGACGGTTTCCTCTCCAGCGTCA
BamHINTDRedR1 ~ GGATCCTTACAGCGCGAGGATC NTD-redR1 (pKT25)
XbalRedR2 TCTAGAGATGAGTAGGGAAACTTCATTGGCCAGC

BamHINTDRedR2

GGATCCTTACTCGCGCAGCGCGAG

NTD-redR2 (pKT25)

XbalARedR1-2

TCTAGAGACTTTCGACGACATCC

AredR1 (pKT25)

BamHIRedR1 GGATCCTTACTTGACGGTGACCTGCTTGACGATG

XbalARedR1-2 TCTAGAGACTTTCGACGACATCC

BamHIRedR2 GGATCCTTACCTGACGGTGAACGACT AredR2 (PKT25)
HindIlIRedR1F AAGCTTGTGGACGGTTTCCTCTCCAGCGTCAG redR1 (PUTLEC)
XbalRedR1Re TCTAGAGTTACCTGACGGTGAACGAC P
HindIlIRedR2F AAGCTTATGAGTAGGGAAACTTCATTGGCCAGC \ion irrae
XbalRedR2Re TCTAGAGTTACTTGACGGTGACCTGC P
HindIlIARedRIF ~ AAGCTTACTTTCGACGACATCC

XbalRedR1Re TCTAGAGTTACCTGACGGTGAACGAC AredRI (pUT18C)
HindIlIARedR2F  AAGCTTACTTTCGACGACATCC

XbalRedR2Re TCTAGAGTTACTTGACGGTGACCTGC AredR2 (pUT18C)
SallrehlF GTCGACCATCCTCGTTCCTCAGGG

BgllirehIR AGATCTCATTCCCTGTTTCCTCC Prehl (p190PrehL)
NdelredR1 CATATGGTGGACGGTTTCCTCTC

HindllIpETredRlL  AAGCTTTTACTCGCGCAGCGCGAGG redR1 (pET28b-redR1)
NdelredR2 CATATGTTCACTTTCGACGAC

HindllIpETredR2

AAGCTTTTACTCGCGCAGCGCGAGG

redR2 (pET28b-redR2)

HindllIpBRedR1F
XbalpBRedR1R

AAGCTTGTGGACGGTTTCCTCTCCAGCGTCAG
TCTAGACGTTACCTGACGGTGAACGAC

redR1 (pBBR1)

HindllIpBRedR2F
XbalpBRedR2R

AAGCTTATGAGTAGGGAAACTTCATTGGCCAGCG
TCTAGACGTTACTTGACGGTGACCTGC

redR2 (pBBR2)

Bglllporfl4 AGATCTGGTCGGGCGCAAGCTC P 11e (p190POrf14)
Pstlporfl4 CTGCAGGTATCTCCTGTTAATC
e
priAlfa90 CATCATTTCCTGATTTGGTC rehL primer extension
pripyr90 AATCCTTGGCATCCTCG bqdL primer extension
pri20(90) CCACGAAGTTCGATGG orfl4 primer extension
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Table 3.1.3 Primers used in the RT-PCR assays described in Figure 4.1.1.

Amplified region

Expected

Primer 3" to 37 sequence (reaction in figure 4.1.1) size
Reg4 ups ATTGATCGCCGCCTTCCTTTGC . . .
Cuatroend ~ CTGGTGGCAAAGGGTACGAAC orf4/orf5 intergenic region (A) 589 bp
Cuatroaups CCGACTATCCGAACCTCTC . . .
GSTend GCCGACTATCCGAACCTCTC orf5/orf6 intergenic region (B) 333 bp
GSTups TGCCATACACCCCGATTCAGG . . .
bethaend ~ GGATACCTTCGGCGACTTC orf6/rhS intergenic region (C) 316 bp
Bethaups CACATCGTCGGGCGGTAGGC . . .
Alphaend  GCAACAGCAAGGCACCGAGG rhS/rhL intergenic region (D) 420 bp
Pyrend TGCTAACCGACGAGATCCAG bgdhL/bgdhS intergenic region 317 b
Acups CCGTCCTTCTTGAGCCAGCG (E) P
Acend ATCCTGGCGGTCGGCACGG bgdhS/bgdhM intergenic region 338 b
PDHups GATGCAGCCCCAGTTGAGG (F) P
PDHend CCGTGTTCCCGCATCCGAC bgdhM/redR1 intergenic region 368 b
AcoRlups  CCAGGATGAAGCCCGTGCC (G) P
THIlups CACATTGGGTCGCCGAAGTAG . . .
13end CCATTTCGCCGCTGCTTTTCG orf8/orf9 intergenic region (H) 257 bp
orfoF-rt GCTGCGCGATGACGCAACT . . .
orflOR-It GCCGAGGAAATCGGGGA orf9/orf10 intergenic region (1) 149bp
orf10F-rt CTCGATGAGTTCGTGATCCAG . . .
orfl1R-rt GTCATCTACCTGATCATGCCG orf10/orf11 intergenic region (J) 244 bp
orfl1F-rt GTCATCTACCTGATCATGCCG . . .
orf12R-rt GTCGAAGTCGGCATCGACGAG orfl1/orf12 intergenic region (K)  175bp
Gabups GTTGCGACTCACCGTTGTC : . .
17end CGCTCGCCGCAGTGTCGE orf12/btdhL intergenic region (L) 230 bp
BtdhL end AGATTAGCGGCCATCGGCGTACCC btdhL/btdhS intergenic region 450 b
BtdhSend  ATGGCGCAGTGCTGCTCCGCATC (M) P
17ups TGCCGTTGAGGTTCCACAGC . . .
18end GCGGGCAGTCCCTAAAGATG btdhS/cup intergenic region (N) 410 bp
18ups GCCGCCGGGATGGATTTC . . .
Pepend AGGAGGAGGTGGTGGTGAC cup/orfl3intergenic region (O) 254 bp
Pepups CCGCGCTCCCAGTCCTTG . . .
20end GCCGAAGCCCAGTATCCC orfl3/orfl4 intergenic region (P) 199 bp
20x GAGATGTACTGGCACATCGG orfl4/redR2 intergenic region 404 b
AcoR2end  GGAGTTCAATGGCAATGTCG Q) P
2g-rhiF ATACCAGCGCATCGAGAC thl intergenic region (¥) 3750
2g-thIR AAGTTCGCCGACATCATC genic reg P
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3.2 Materials and methods for Chapter 4.2

3.2.1. Materials and standard procedures. All chemicals used in this study
were from Fluka (Neu Ulm, Germany), Sigma-Aldrich Labor Chemie
(Steinheim,Germany), PerkinElmer Life Science (Waltham, MA) or Merck Serono
(Darmstadt, Germany). Restriction enzymes were obtained from New England
BioLabs (Frankfurtam Main, Germany). T4 DNA ligase was purchased from Roche
(Grenzach-Wyhlen, Germany). Plasmids were isolated with a Qiapreps spin
plasmid kit from Qiagen (Hilden, Germany). PCRs and cDNA were purified with a
Qiaquick gel extraction kit from Qiagen. Oligonucleotides were synthesized by
Sigma-Aldrich. DNA sequencing was performed by the DNA Sequencing Service
at the LoOpez-Neyra Parasitology and Biomedicine Institute (IPBLN; Granada,
Spain). Transformation, PCR amplification with the Expand high-fidelity system
(Roche), and protein analysis were performed according to standard protocols
(Ausubel et al., 1991).

3.2.2. Bacterial strains, media, and culture conditions. The bacterial
strains used in this work are summarized in Table 3.2.1. Azoarcus sp. strain CIB
(Lopez Barragan et al., 2004) was used for heterologous expression of the
resorcinol degradation pathway encompassed in the pR* cosmid (Darley et al.,
2007). Azoarcus sp. strain CIB bearing the pR* plasmid and plasmid mutant
derivatives was cultured anaerobically at 30°C without shaking in 50- or 100-ml
infusion bottles containing non-reduced Widdel mineral medium (WMM) under
nitrogen gas. The medium was buffered with 30 mM 3-(N-morpholino) propane
sulfonic acid (MOPS) instead of bicarbonate and supplemented with 8 mM nitrate.
Resorcinol (2 mM), glutarate (5 mM) or both (1 mM and 3 mM, respectively) was
added from 0.5 M stock solutions under nitrogen gas. For genetic manipulations,
Azoarcus sp. strain CIB (pR") and derivatives were grown aerobically in WMM
supplemented with 5 mM glutarate as the carbon source. Solid media for Azoarcus
sp. strain CIB derivatives were prepared with 1.6% twice-washed Difco agar. When
necessary, antibiotics were used at the following concentrations: tetracycline, 5
pg/ml; kanamycin, 25 pg/ml; and chloramphenicol, 15 pg/ml. When required, 5-
bromo-4-chloro-3-indolyl D-galactopyranoside (X-Gal) was used at 0.8 mM.
Escherichia coli strains were cultivated in Luria-Bertani (LB) medium (10 g I"*
tryptone, 5 g I"* yeast extract, 5 g I"* NaCl) in Erlenmeyer flasks at 37°C and 200
rpm on a rotary shaker. When required, cultures were supplemented with 100 pg/ml
ampicillin, 50 pg/ml kanamycin, 50 pg/ml streptomycin, and 0.5 mM isopropyl-D-
1-thiogalactopyranoside (IPTG).
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3.2.3. Plasmid construction. Truncated versions of redR1 and redR2 genes
lacking the NTD were amplified from pR* cosmid DNA by PCR using the primers
indicated in Table 3.2.2. The resulting products were purified and cloned in pGEM-
T (Promega) and confirmed by sequence analysis. The pGEM-T derivatives were
digested with Ndel/Hindlll, and the fragments containing the AredR1 and AredR2
genes were ligated and fused in frame to pET28b+ to create pET28b-AredR1 and
PET28b-AredR2. These were cut with Xbal /HindIII and the fragments were cloned
into pMMBG67EH, obtaining the plasmids pMMBARedR1 and pMMBARedR2 used
for the B-gal assays. For the full-length version of RedR1 the same approach was
used but cutting plasmid pET28bRedR1 (Pacheco-Sanchez et al., 2017) with
Xabl/Hindll and subcloning the resulting fragment into pMMBG67EH to obtain
pMMBRedR1. To construct pJBRedR2, a Hindlll fragment from pR* encompassing
the redR2 gene and short flanking regions was first cloned in pBlueScript and then
subcloned as EcoRI-Kpnl fragment into pJB3Km (Blatny et al., 1997).

3.2.4. Site-specific homologous inactivation of genes in the pR+ cosmid.
All the plasmids used for allelic replacement were based on the pKNG101 suicide
vector (Kaniga et al., 1991) and are listed in Table 3.2.1. The mutants in pR*
obtained in this work were generated by double homologous recombination using
pKNG101 plasmid derivatives as described previously (Aranda-Olmedo et al.,
2005). To maximize recombination efficiency and counter selection, mutageneis
were performed with the recipient pR* plasmid or its derivatives in E. coli strains
ET8000 or DH5a. The btdS mutant was constructed by two rounds of overlapping
PCR. In a first round the upstream btdS flanking region (647 bp) and a gentamicin
resistance cassette from pBBR1-MCS5 were amplified with the appropriated
primers to create overlapping ends and used as template for a second round of PCR
with the outer set of primers of the first reactions. The procedure was repeated
combining the downstream btdS flanking region (678 bp), and then the two PRC
products containing the same gentamicin resistance gene were used as template for
a final PCR with the outer set of btdS primers of the first reactions. The final
fragment was cloned into pGEM-T (Promega) and sequenced to exclude the
presence of point mutations in the sequences flanking btdS. The fragment was cut
and cloned between the Apal and Spel sites of pKNG101 to obtain
PKNGBtdS::Gm. This plasmid was used to deliver the mutation to pR* cosmid in E.
coli ET8000 by RP4-mediated mobilization, as follows: the E. coli donor strain
CC118ipir (PKNGBtdS::Gm), recipient strain ET8000 (pR*) and mutant derivates,
and HB101(pRK600) helper strain were grown overnight on LB medium in the
presence of the appropriated antibiotics. Samples of 0.5 ml of each culture were
harvested by centrifugation, the cells were washed with 1 ml LB, the resulting
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pellets were combined in 100 pul LB and dropped on a sterile 47 mm diameter, 0.22
um-pore-size filter (Schleicher and Schuell, Germany) placed on an LB plate, and
incubated overnight at 30°C. The filters were transferred into 3 ml of M9 salt
solution (Abril et al., 1989), and cells were washed off by vigorous vortexing. E.
coli ET8000 (pR™) transconjugants were selected for their resistance to nalidixic
acid, tetracycline, gentamicin in LB solid medium. Among them, those where
double crossovers had occurred were checked for sucrose-resistance/streptomycin-
sensitivity. The btdS::Gm mutation was delivered in the redR1 and redR2 mutants
and in the redR1 redR2 double mutant directly in Azoarcus sp. CIB bearing the
corresponding mutants of (pR*). To that end, we first selected a transconjugants
bearing a cointegrate of pKNG101BtdS into the pR* derivative on WMM with 5
mM glutarate as the sole carbon source and 50 pg/ml streptomycin in addition to
tetracycline. Streptomycin-resistant transconjugants were analyzed by PCR with
primers flanking the btdS gene to confirm the presence of a wild-type and a mutated
gene copy, and a selected correct clone was cultured in liquid LB medium with only
tetracycline during 12 to 16 h to promote the second crossover event and the allelic
exchange to occur. To select double recombinants, colonies were plated on LB with
10% (w/v) sucrose. Streptomycin-sensitive/sucrose-resistant colonies were analyzed
by PCR to confirm the double cross-over. The correct insertion of all mutations was
confirmed by PCR analysis and Southern blotting.

3.2.5. Triparental conjugation of cosmids and plasmids into Azoarcus sp.
strain CIB. Wild-type and mutant pR™ cosmid derivatives, as well as pMP190
derivatives were transferred to Azoarcus sp. strain CIB by RP4-mediated
mobilization. Azoarcus sp. strain CIB was grown aerobically to saturation in WMM
supplemented with glutarate (5 mM), and E. coli donor strains bearing either pR* or
its mutant derivatives, or pMP190 derivatives, and the HB101 (pRK600) helper
strain were grown overnight on LB medium in the presence of the required
antibiotics. Samples of the E. coli cultures (1 ml each) and 15 ml of Azoarcus sp.
strain CIB culture were harvested by centrifugation and the cell pellets were washed
once with 1 ml of WMM and combined in 100 ul WMM. The resulting cell
suspension was dropped onto a sterile 47-mm-diameter, 0.22-m-pore-size filter
(Schleicher and Schuell, Germany) placed on an LB plate, and incubated overnight
at 30°C. The filters were then transferred into 1 ml of WMM, and cells were
washed off by vigorous vortexing. Azoarcus sp. strain CIB transconjugants where
selected aerobically for their resistance to tetracycline (pR* derivatives) and
chloramphenicol (pMP190 derivatives) on WMM supplemented with glutarate (5
mM) to counter-select against E. coli donor and helper strains.
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3.2.6. Bacterial adenylate cyclase two-hybrid assays (BACTH). BtdS was
amplified by PCR using the primers indicated in Table 3.2.2. The resulting
amplicon was purified and cloned in pGEM-T (Promega) and verified by
sequencing. The pGEM-T derivative was digested with Sall/Hindlll and subcloned
into pUT18 to create pUT18btdS. The constructions of the complete and truncated
versions of the RedR1 and RedR2 proteins fused to pKT25 were already available
(Pacheco-Sanchez et al., 2017). The BACTH assays were performed as previously
described (Karimova et al., 2000). The pKT25 and pUT18 plasmids carrying redR1,
redR2 and btdS genes or their truncated derivatives were transformed in different
combinations into E. coli BTH101 cells, and interaction efficiency between the
plasmid-encoded proteins was quantified by measuring B-galactosidase activity of
the cultures following overnight induction with 0.5 mM IPTG. Assays were
minimally performed in triplicate and standard errors of the mean were calculated.

3.2.7 Betagalactosidase assays. For assays in E. coli strains BTH101 and
MC4100, 3 ml LB supplemented with the required antibiotics were inoculated with
a single colony of the E. coli strain bearing the appropriate combination of plasmids
and incubated overnight at 30°C. Fresh 3 ml LB was then inoculated with 1/100 of
this overnight culture and incubated at 30°C with shaking. When the cultures
reached the exponential phase, or after overnight growth, B-galactosidase activity
was determined as described previously (Miller, 1972). For assays in Azoarcus sp.
strain CIB, 3 ml WMM supplemented with 5 mM glutarate as the carbon source and
the required antibiotics were inoculated with a single colony of each strain bearing
the appropriate combination of plasmids and incubated aerobically (100 rpm) for 3
days at 30°C. The pre-grown culture was then inoculated into 45 ml of WMM
supplemented with the indicated carbon source to an initial OD of 0.05 and
incubated under anoxic conditions at 30°C without shaking. At the indicated times,
B-galactosidase activity was determined in permeabilized whole cells (0.1 ml) as
above.

3.2.8. Construction of human influenza haemaglutinin (HA) epitope-
tagged RedR1 and RedR2. To construct the plasmids for the production of C-
terminal HA-tagged RedR1 and RedR2 proteins, the genes were amplified using the
primers indicated in Table 2.2 that included the sequence for the HA tag. The
resulting fragment were purified and cloned in pGEM-T (Promega) and confirmed
by sequence analysis. The pGEM-T derivatives were digested with Ndel/HindlIlI
and the fragments containing the tagged redR1 and redR2 genes were ligated and
fused to pET24b+ to create pET24bRedR1HA and pET24bRedR2HA. E. coli
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BL21(D3) transformed with plasmids pET24bRedR1HA or pET24bRedR2HA were
used to overproduce RedR1HA and RedR2HA with a C-terminal HA-tag.

3.2.9. Overproduction and purification of 6His-RedR1, 6His-RedR2 and
MBP-6His-BtdS by affinity chromatography. BL21 (pETRedR1), BL21
(PETRedR2) and BL21 (pMALBtdS) cells were grown in 1 liter of 2xYT medium
supplemented with 25 pg/ml kanamycin in an Erlenmeyer flask on a rotary shaker
at 37°C. When the cells had reached an Agg 0f 0.6, protein expression was induced
with 0.1 mM IPTG and incubation was continued for 20 h at 18°C. The cells were
then harvested and stored at 20°C until use. Frozen cells were suspended in 20 ml
of lysis buffer A (20 mM Tris-HCI [pH 8.0], 500 mM NaCl, 10% glycerol, 10 mM
Triton X-100, 0.1 mM EDTA, 2.5 mM -mercaptoethanol, and 10 mM imidazole)
and lysed by two passages through a French pressure cell. The crude extract was
centrifuged at 13,000 g for 1 h at 4°C. The resulting supernatant containing
6His-RedR1, 6His-RedR2 or MBP-6His-BtdS protein was loaded onto a HisTrap
HP affinity column (GE Healthcare) prepared as indicated by the manufacturer and
equilibrated with the lysis buffer A containing 10 mM imidazole in an Akta fast
protein liquid chromatography system (GE Healthcare). The protein was eluted with
250 mM imidazole. The purity of the 6His-RedR1, 6His-RedR2 and MBP-6His-
BtdS proteins was verified by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The protein concentration was determined with the
Bradford method using bovine serum albumin as the standard after dialyzed against
buffer B (20 mM Tris-HCI [pH 8.0], 300 mM NaCl, 10% glycerol, 0.1 mM EDTA,
and 1 mM DTT).

3.2.10. Column binding assay. Before starting these assays, the 6His-
RedR1, 6His-RedR2, or MBP-6His-BtdS proteins were purified as described in the
previous section. After being dialysed against buffer B to eliminate imidazole, the
assay started by attaching the purified protein to a HisTrap HP affinity column (GE
Healthcare). Then a crude extract containing the overproduced protein of interest
(RedR1-HA or RedR2-HA) was obtained by 3 passages of 1 | culture concentrated
in 30 ml of buffer A through a French pressure cell. The crude extract was
centrifuged at 13,000 g for 1 hour at 4°C. The resulting supernatant containing the
HA-tagged protein was loaded onto the column where the 6His-RedR1, 6His-
RedR2, or MBP-6His-BtdS protein had previously been loaded, then the column
was washed with up to 10 column volumes of buffer A supplemented with 10 mM
imidazole. The bound proteins were then eluted in buffer B (lysis buffer
supplemented with 250 mM imidazole). Fractions (2 ml) were collected throughout
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the process and analyzed by Western Blot with either anti-His or anti-HA
antibodies to identify each protein.

3.2.11. SDS-PAGE and Western-Blot. Proteins in chromatography samples
(25 wl) were fractionated by SDS-PAGE in 10% polyacrylamide gels and
electrotransferred to nitrocellulose membranes. Membranes were then blocked with
5% dry milk in phosphate-buffered saline (PBS). Immunodetection was performed
using anti-His antibody (Penta-His Antibody (1:5000), BSA-free from QiagenR) or
a monoclonal antibody directed against the influenza hemagglutinin epitope
(1:2000) (HA.11, Covance) by incubating the membranes during 1 h at room
temperature. Then the membranes were washed three times with PBS. The second
antibody, Polyclonal Rabbit Anti-Mouse Immunoglobulins/fHRH (Dako) or the
horseradish peroxidase-conjugated rabbit anti-mouse (DAKO) (1:1000) was added
and incubated for 1 hour, membranes were washed three times with PBS, and the
signal was detected using the SuperSignal® West Femto Chemiluminescent
Substrate (Thermo Scientific). Blots were scanned and analyzed using the Quantity
One version 4.6.7 (Bio-Rad).

3.2.12. Bioinformatics tools for sequence analysis. Nucleotide and amino
acid sequences were analyzed using the tools provided by the NCBI
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the EXPASy molecular biology server
(http://www.expasy.org). Computational models of the protein three-dimensional
structure were built with the Phyre2 Server (http://www.shg.bio.ic.ac.uk/phyre2/)
(Kelley et al, 2015). DAS transmembrane  prediction  server
(https://tmdas.bioinfo.se/) (Cserzo et al., 1997) was used to confirm the BtdS
secondary structure determined by Phobius (http://phobius.sbc.su.se) (Zou et al.,
2010) and visualized with Protter (http://wlab.ethz.ch/protter) (Omasits et al.,
2014). The protein structure models were visualized with UCSF Chimera (Pettersen
et al., 2004).
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Table 3.2.1 Bacterial strains and plasmids used in Chapter 4.2,

Strain or plasmid

Genotype/Relevant Characteristics

Reference

Strains

Escherichia coli
MC4100

HB101

CC118\pir

DH5a

BTH101

BW25113
JW1702-1
JW3169-1

Azoarcus

Azoarcus anaerobius
Azoarcus sp. strain CIB

Plasmids
PCR2.1-TOPO
pPGEMT®-T Easy
pMP190
pMP220
p190Porfl4
p220Porfl4
pKNG101
pKNGbtdS::Km
pET28b+
pPET28b-ARedR1
pET28b-ARedR2
pET28bRedR1
pET28bRedR2
pPMMBG67EH
pMMBRedR1

AraD139 A(argF-lac) U169 relAlrpsL150(SmR)deoCL ptsF25 flbB5301rbsR

supE44 hsdS20 (rg'mg) recAl3 ara-14proA2 lacY1 galK2 rpsL20 (SmR) xyl-5 mtl-1

A(ara-leu)araD AlacX74 galE galK phoA20 thi-1 rpsE rpoB argE recAl, lysogenized with Apir

endA1l hsdR17 supE44 thi-1 recAl gyrA(Nal®) relAl A(argF-lac) U169 depR(®80dlacA (lacZ) M15)

F~ cya-99 araD139 galE15 galK16 rpsL1 (Str") hsdR2 mcrAl merBl

F~,A (araD-araB)567, lacZ4787(del)::rrnB-3, LAM-, rph-1, A(rhaD-rhaB)568, hsdR514 (Keio collection)
BW25113 strain with inactivated mutants in the ihfA gene

BW25113 strain with inactivated mutants the rpoN gene which encodes the ¢* subunit of RNA polymerase

Wild-type strain, strict anaerobe, degrades resorcinol under denitrifying conditions(DSM12081)
Wild-type strain, degrader of aromatic compounds

PCR product cloning vecto, ori PUC,ori f1; ApR Km®

PCR product cloning vector, ori PUC,ori f1; ApR

Cm® Broad-host-range promoter probe vector

TcR broad-host-range promoter probe vector (lacZ)

Poriia::1acZ in pMP190; CmR

Porfia::lacZ in pMP 220; TcR

Sm®; gene replacement vector; ori R6K oriT RK2 sacB

pKNG101 carrying, between Apal- Spel sites, btds in a 1.6-kb fragment from pR" disrupted with a GmR cassette
Expression vector for recombinant proteins with His6 tag at C-terminus; KmR®
PET28b+ derivate containing redR1 starting at residue 319 (without NTD domain)
PET28b+ derivate containing redR2 starting at residue 322 (without NTD domain)
pET28b+ derivative containing redR1 gene; Km®

pET28b+ derivative containing redR2 gene; Km~®

ApR Py, 0riV, Expression vector for recombinant proteins, broad-host-range, Ap®R
pMMBG67EH carrying redR1 subcloned from pET28RedR1 cut with Xbal / Hindlll
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(Casadaban, 1976)

(Boyer and Roulland-Dussoix,
(de Lorenzo et al., 1990)
(Sambrook et al., 1989)
Karimova et al., 2000)

(Datsenko & Wanner, 2000; Baba
(Baba et al., 2006)

(Baba et al., 2006)

(Springer et al., 1998b)
(Martin-Moldes et al., 2015b)

Invitrogen

Promega

(Spaink et al., 1987b)

(Spaink et al., 1987a; Kovach et al.,
(Pacheco-Sanchez et al., 2017)
(Pacheco-Sénchez et al., 2017)
(Kaniga et al., 1991)

This study

Novagen

This study

This study

(Pacheco-Sanchez et al., 2017)
(Pacheco-Sénchez et al., 2017)
(Furste et al., 1986)

This study



pMMBARedR1
pMMBARedR2
pJB3Ap

pJBRedR2
pMAL-pV
pMALBtds
pET24b+
pET24bRedR1IHA
pET24bRedR2HA
pKT25

pUT18
pUT18btdS

pKT25redR1
pKT25redR2
pKT25redR1-NTD
pKT25reR2-NTD
pKT25redR1A6NTD

pKT25redR2ASNTD

Cosmids

pLAFR3

pR+

pR+redR1::Km
pR+redR2::Km
pR+btdS::Gm
pR+btdS::Gm redR1::Km
pR+btdS::Gm redR2::Km

pMMBG67EH carrying AredR1 subcloned from pET28-ARedR1 cut with Xbal / HindlII
pMMBG67EH carrying A redR2 subcloned from pET28-ARedR2 cut with Xbal / HindlIl1l
pJB3KmL1 derivative lacking the Km® gene; broad-host range IncP1 cloning vector, Ap®

redR2 gene in pJB3Ap as Kpnl-HindlIl fragment .

Expression vector for recombinant proteins with a MBP tag at the N-terminus, Ap®

PMAL-pV derivate containing btdS gene; ApR

Expression vector for recombinant proteins with a His6 tag at the N-terminus; Km®

pET24b+ derivate containing RedR1 gene with HA tag at the C-terminal; Km~®

pET24b+ derivate containing RedR2 gene with HA tag at the C-terminal; Km®

KmR, pSU40 derivative that carries the T25 fragment of Bordetella pertussis adenylate cyclase (residues 1 to 224)
Ap®, pUC19 derivative that carries the T18 fragment of B. pertussis adenylate cyclase with a multicloning

In frame gene fusion of the T18 fragment of B. pertussis adenylate cyclase and the btdS gene in pUT18.8 in
pKT25.

In frame gene fusion of the T25 fragment of B. pertussis adenylate cyclase and the redR1 gene in pKT25.

In frame gene fusion of the T25 fragment of B. pertussis adenylate cyclase and the redR2 gene in pKT25.

In frame gene fusion of the T25 fragment of B. pertussis adenylate cyclase and the NTD of redR1 gene in pKT25.
In frame gene fusion of the T25 fragment of B. pertussis adenylate cyclase and the NTD of redR2 gene in pKT25.
In-frame gene fusion of B. pertussis adenylate cyclase T25 fragment and a truncated redR1 gene starting at residue
8 in pKT25.

In-frame gene fusion of B. pertussis adenylate cyclase T25 fragment and a truncated redR1 gene starting at residue
10 in pKT25.

TcR, cos, RK20riV, RK20riT

TcR, pLAFR3 containing a 29.9-kb resorcinol gene cluster of A. anaerobius

TcR, KmR, pR+ knockout mutant Mu_42, redR1:: TN<KAN-2>

TcR, Km®, pR+ knockout mutant, mini-Tn5 Km resistance gene inserted at the Bglll site of redR2

TcR .GmR, pR+ knockout mutant, the btds gene in a 1.6-kb fragment from pR+, containing a GmR cassette.
TcR, KmR, GmR, pR+ double mutans, btdS::Gm redR1::Km

TcR KmR, GmR, pR+ double mutans, btdS::Gm redR2::Km

This study
This study
(Blatny et al., 1997); this study

This study

(Pérez-Martin et al., 1997)
This study

Novagen

(Pacheco-Sanchez et al., 2017)
(Pacheco-Sénchez et al., 2017)
(Karimova et al, 2000)
(Karimova et al, 2000)

This study

(Pacheco-Sénchez et al., 2017)
(Pacheco-Sanchez et al., 2017)
(Pacheco-Sanchez et al., 2017)
(Pacheco-Sénchez et al., 2017)
This study

This study

(Staskawicz et al., 1987)
(Darley et al., 2007)

(Darley et al., 2007)
(Pacheco-Sénchez et al., 2017)
This study

This study

This study
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Table 3.2.2. Oligonucleotide primers used in for Chapter 4.2

Primer Sequence (5t0 3°) Product (target plasmid)
GmF ACGCACACCGTGGAAC
GmR TCCTCGATCTCGGCTTGAACG Gm
FupS GGTGTTCGCGGTCGAG
RupsGm GTTTCCACGGTGTGCGTCGGGGAAAGAAGAA  Upstream btdS
AAGGC
Rds ATGACCTCGATCATCTGC Downstream btdS
FdsGm CGTTCAAGCCGAGATCGATCGAGGAGGGCAG
CCATGAGCG

SallbtdsMBPForv
Hindll1btdsMBPRev

GTGACATGCGGGGAAATATGGCTCTTACC

AAGCTTTAACATGGCTGCCCCAGTAC btdS (pPMALBS)

NdelRedR1
HindlIIHARedR1

CATATGGTGGACGGTTTCCTCTC
AAGCTTTACGCGTAGTCCGGCACGTCGTACGG redR1 (pET24b+HARedR1)
GTACCTGACGGTGAACG

NdelRedR2
HindlIIHARedR2

CATATGTTCACTTTCGACGAC
AAGCTTTACGCGTAGTCCGGCACGTCGTACGG  redR2 (pET24b+HARedR?2)
GTACTTGACGGTGACCTGCTTGAC

Hindl11BtdS AAGCTTATGCGGGGAAATATGGCTCTTACC btdS (pUT18btdS)
SallBtdS GTCGACTCATGGCTGCCCCCAGTACAGC P
NdelARedR1 CATATGACTTTCGACGACATCC

HindllIpETRedR1

AAGCTTTTACTCGCGCAGCGCGAGG ARedRI (pET28bARedR1)

NdelARedR2
HindIlIpETRedR2

CATATGACTTTCGACGACATCC

AAGCTTTTACTCGCGCAGCGCGAGG ARedR2 (pET28bARedR2)

XbalA6RedR1 TCTAGAGAGCGTCAGAGCCGCTTGG A6RedR1
BamHINTDRedR1 GGATCCTTACAGCGCGAGGATC (pKT25redR1A6NTD)
XbalA8RedR1 TCTAGAGAGCGTCAGAGCCGCTTGG A8RedR1
BamHINTDRedR2 GGATCCTTACTCGCGCAGCGCGAG (pKT25redR2A8NTD)

SallbtdsMBPForv
HindllIbtdsMBPRev

GTGACATGCGGGGAAATATGGCTCTTACC

AAGCTTTAACATGGCTGCCCCAGTAC btdS (pPMALBIdS)
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3.3. Materials and methods for Chapter 4.3

3.3.1. Materials and standard procedures. All chemicals used in this study
were from Fluka (Neu Ulm, Germany), Sigma-Aldrich (Darmstadt, Germany) and
Merck (Darmstadt, Germany). Restriction and other molecular biology enzymes
were obtained from New England BioLabs (Ipswich, Massachusetts) and Roche
(Basel, Switzerland). Plasmids were isolated with a Qiaprep spin plasmid kit from
Qiagen (Hilden, Germany). PCR producs and cDNA were purified with a Qiaquick
gel extraction kit from Qiagen. Oligonucleotides were synthesized by Sigma-
Aldrich. RNA was extracted using the TRI-reagent method (Ambion, Austin, TX).
DNA sequencing was performed by the DNA Sequencing Service at the Lépez-
Neyra Parasitology and Biomedicine Institute (IPBLN, CSIC; Granada, Spain).
Transformation, PCR amplification with the Expand high-fidelity system (Roche),
and protein analysis were performed according to standard protocols (Ausubel et
al., 1991).

3.3.2. Bacterial strains, plasmids, and culture conditions. The bacterial
strains and plasmids used in this study are summarized in Table 3.3.1. Thauera
aromatica strain AR-1 (Gallus et al., 1997) and its mutant derivatives and
transconjugants were grown anaerobically at 30°C without shaking in 50 or 100 ml
infusion bottles containing non-reduced Widdel mineral medium under nitrogen gas
prepared as described (Molina-Fuentes et al., 2015). The final medium (WMM)
included 30 mM 3-(N-morpholino) propanesulfonic acid (MOPS) as buffer instead
of bicarbonate and 8 mM potassium nitrate. The carbon sources used were stored in
sterile infusion bottles under nitrogen gas and were added to the cultures with
syringes to the specified final concentrations. For all genetic manipulations, T.
aromatic strain AR-1 and derivatives were grown aerobically in WMM
supplemented with glutarate 5 mM as the carbon source. Solid media were prepared
by addind 1.6 % twice-washed Difco agar to the WMM medium. Escherichia coli
strains HB101, DH5a, MC4100 and CC118Apir were grown aerobically at 37°C in
Luria-Bertani (LB) medium. When appropriate, antibiotics were used at the
following concentration: tetracycline, 10 pg ml™?; ampicillin, 100 pg ml™;
kanamycin, 50 pg ml™, streptomycin, 50 pg ml?, and gentamicin, 10 pg ml™*
(except for T. aromatica AR-1, for which tetracycline and kanamycin were used at
5 ug ml™ and 25 ug ml™, respectively).

3.3.3. Growth experiments. Infusion bottles (100 ml) containing 75 ml of
anaerobic WMM supplemented with the required antibiotics and 3,5-DHB (1 mM)
and/or succinate (2 mM) or glutarate (3.5 mM) as carbon source were inoculated
with 1% of an exponentially growing culture of T. aromatica AR-1 or mutant
derivatives, and incubated anaerobically at 30°C. Samples were taken anoxically
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with a sterile syringe flushed with N, at the designated time points and used
immediately for determination of the optical density at 600 nm (ODgy) or B-
galactosidase activity.

3.3.4. Plasmid Construction. Plasmids carrying transcriptional Py, ::lacZ,
Porfig::1acZ, Poo:lacZ and Pgperi:lacZ fusions were obtained as follows. DNA
fragments containing the dbhL (328-bp), orf18 (385-bp), orf20 (345-bp) and dbdR
(301-bp) promoter regions from Thauera aromatic AR-1 were amplified by PCR
using the appropriated primers (Table 3.3.2) to generate flanking Bglll (upstream)
and Xbal (downstream) sites for Pgy,. promoter, Bglll (upstream and downstream)
sites for Pgygr promotor and Bglll (upstream) and Pstl (downstream) sites for Pysg
and Pgp promoters, and cloned in pGEM-T (Promega) or pCR2.1-TOPO
(Invitrogen). The resulting plasmids carrying the promoters were digested with the
enzymes for the newly created flanking sites and the promoter-containing fragment
was cloned between the same sites of the broad-host-range promoter probe vector
pMP220 (Spaink et al., 1987) to create p220PdbhL, p220Porf18, p220Porf20 and
p220PdbdR. The correct orientation of each promoter in pMP220 was confirmed by
sequence analysis. For the construction of the plasmid pBBdbdR, the dbdR gene
was amplified by PCR using the primers HindllIDbdR-F and XbalDbdR-R (Table
3.3.2) using genomic DNA from T. aromatica AR-1 as template. The resulting
product was purified and cloned in pGEM-T (Promega) and confirmed by sequence
analysis. The pGEM-T derivatives were digested with Hindlll/Xbal, and the
fragment containing the dbdR gene was ligated in the same sites of pPBBR1MCS-5
to create pBBdbdR. This plasmid was used for the complementation of the dbdR
mutant.

3.3.5. Triparental conjugation. The promoter::lacZ fusion pMP220
derivatives were transferred to T. aromatica strain AR-1 (wild type) and its mutant
derivatives AR-1-dbdR, AR-1-bgdL, AR-1AbtdL-gorA and AR-1-dbhL obtained
previously (Molina-Fuentes et al., 2015) by RP4-mediated mobilization. T.
aromatica AR-1 was grown to saturation in WMM supplemented with glutarate (5
mM). The E. coli donor strain CC118Apir bearing the plasmids to be transferred and
the E. coli HB101 (pRK600) helper strain were grown overnight on LB medium in
the presence of tetracycline and chloramphenicol, respectively. All steps were
performed aerobically as follows: 1 ml of each E. coli culture and 15 ml of T.
aromatica AR-1 culture were harvested by centrifugation (13,000 g for 10 min at
10°C). Cell pellets were washed once with 1 ml of WMM. The three resulting cell
pellets were combined in 100 ul WMM, distributed on a sterile 47 mm-diameter,
0.22 pum pore-size filter (Schleicher and Schuell, Germany) placed on an LB plate,
and incubated overnight at 30°C. The filters were then transferred into 3 ml of
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WMM, and cells were washed off by vigorous vortexing. T. aromatica AR-1
transconjugants where selected by their resistance to tetracycline
(pMP220::promoter) or kanamycin and tetracycline (dbdR mutant bearing plasmid
pMP220::promoter) either anaerobically or aerobically in WMM supplemented
with 5 mM glutarate to counter-select against E. coli donor and helper strains. The
transconjugants were confirmed by PCR analysis. Complementation plasmids were
transferred to T. aromatica AR-1 mutant strains as described above, except that T.
aromatica AR-1 mutant transconjugants where selected aerobically for their
resistance to gentamicin in WMM supplemented with 5 mM glutarate.

3.3.6. p-Galactosidase assays. For assays in T. aromatica AR-1 and its
mutants, 3 ml WMM supplemented with 5 mM glutarate as the carbon source and
the required antibiotics was inoculated with a single colony of each strain bearing
the appropriate combination of plasmids and incubated anaerobically for 3 days at
30°C as described (see above). The pregrown culture was then inoculated into 45
ml of WMM supplemented with the indicated carbon source to an initial OD of 0.05
and incubated under anoxic conditions at 30°C without shaking. At the indicated
times, 1 ml culture was collected by centrifugation and 3-galactosidase activity was
determined in permeabilized whole cells according to Miller (Miller, 1972). Assays
were minimally performed in triplicate and standard errors of the mean were
calculated.

3.3.7. RNA preparation. T. aromatica AR-1 was grown at 30°C under
nitrate-reducing conditions with 1 mM 3,5-DHB and/or 3.5 mM glutarate as the
carbon source. Cells (45 ml) were harvested by centrifugation (8,000 x g, 5 min,
4°C) in disposable plastic tubes precooled in liquid nitrogen, and the pellets were
kept at -80°C until use. RNA was extracted using the TRI-reagent method (Ambion,
Austin, TX) with the following modifications (Aranda-Olmedo et al., 2005): the
lysis step was carried out at 60°C, and a final digestion step with RNase-free DNase
was added at the end of the process. The RNA concentration was determined with a
NanoDrop (Thermo Scientific), and RNA integrity was assessed by agarose gel
electrophoresis.

3.3.8. Primer extension analysis. Oligonucleotides complementary to the
coding strand of the dbhL, orfl8, orf20, and dbdR genes (Table 3.3.2) were $2p
labeled at their 5" end in 10 pl final volume that contained 1 pl 10 x T4
polynucleotide kinase buffer (Roche), 10 pmol oligonucleotide, 1 pl [gama-
%2P]ATP (6,000 mCi/mmol) and 1 U phage T4 polynucleotide kinase (Roche). The
reaction mixtures were incubated for 1 h at 37°C and 10 min at 70°C to inactivate
the kinase, and the labeled oligonucleotide was filtered through a Micro Bio-Spin
column (Bio-Rad) to eliminate unbound nucleotide. Labeled primers were annealed
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to total RNA isolated as described above in 10 pl annealing mixture that contained
2 pl 5x annealing buffer (2 M NaCl, 50 mM PIPES [piperazine-N,N-bis(2-
ethanesulfonic acid)] [pH 7.0]), 10° cpm of 5 -end-labeled primer, and 10 to 30 pg
total RNA template. The mixtures were first heated at 95°C for 3 min, incubated at
65°C for 5 min, and then slowly cooled down to 44°C. cDNA was synthesized by
the addition of 40 pl of reverse transcriptase buffer to bring final concentrations to
50 mM Tris-HCI (pH 8.5), 1 mM dithiothreitol (DTT), 8 mM MgCl,, 30 mM KClI,
1 mM (each) all four deoxynucleoside triphosphates (ANTPs), 0.4 U/ul of RNase
inhibitor (Roche) and 8 U avian myeloblastosis virus (AMV) reverse transcriptase
(Roche). The mixtures were incubated for 1 h at 44°C, and the reaction was halted
by the addition of 5 pul 3 M sodium acetate and 150 pl ethanol. The products of
reverse transcription were analyzed in urea-polyacrylamide sequencing gels. Gels
were exposed to Molecular Imager model GS-525 (Bio-Rad). The DNA sequence
was patterned using the DNA Cycle Sequencing kit based on the Sanger method
(dideoxy chain termination method) following the manufacturer’s instructions
except that **P-labelled primers (1ul, 6.5 x 10° cpm) were used instead of
fluorescence-labeled primers.

3.3.9. Overproduction and purification of His-tagged DbdR by affinity
chromatography. The dbdR gene was amplified by PCR using the primers
NdelDbdR-F and HindIlIDbdR-R (Table 3.3.2). The resulting products was
purified and cloned in pGEM-T (Promega) and sequenced to rule out the presence
of mutations. The pGEM-T derivative was digested with Ndel/Hindlll, and the
fragment containing the dbdR gene was ligated and fused in frame to pET28b+ to
create pETDbdR. E. coli BL21 (D3) transformed with plasmid pETDbdR was used
to overproduce the protein with the His tag. The cells were grown in 1 liter of 2xYT
medium supplemented with 25 pg/ml kanamycin in an Erlenmeyer flask on a
rotary shaker at 37°C. When the cells had reached an Aggo 0f 0.6, protein expression
was induced with 0.1 mM IPTG (isopropyl-B-D-thiogalactopyranoside) and
incubation was continued for 20 h at 18°C. The cells were then harvested and stored
at -20°C until use. Frozen cells were suspended in 25 ml of buffer A (20 mM Tris-
HCI [pH 7.9], 500 mM NaCl, 10% glycerol, 1 mM DTT, and 10 mM imidazole)
and lysed by 3 passages through a French pressure cell. The crude extract was
centrifuged at 13,000 x g for 1 h at 4°C. The supernatant was passed through a 0.45
um pore-size filter and loaded onto a 5-ml Ni-agarose column (Amersham
Biosciences) pre-equilibrated with buffer A in an AKTA (GE Healthcare) FPLC
system. Nonspecifically bound material was washed with six volumes of the same
buffer plus 10 mM imidazole, and then a linear gradient from 20 mM to 500 mM
imidazole in buffer B (20 mM Tris-HCI [pH 7.9], 500 mM NaCl, 10% glycerol, 1
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mM DTT) was applied at a flow rate of 1 ml min~' for 30 min. Fractions of 2 ml
were harvested; the 6His-DbdR protein eluted between 150 mM and 250 mM
imidazole. The purity of the 6His-DbdR protein was analyzed in 12.5% SDS-
PAGE. The protein was dialyzed overnight against buffer B, quantified with
Bradford (Biorad) and aliquot fractions were stored at 4°C.

3.3.10. Analytical size-exclusion chromatography. The native molecular
mass of purified 6His-DbdR protein was determined by gel filtration
chromatography using a FPLC Superdex 200 HR 10/30 (GE Healthcare) column.
The buffer used for the gel filtration chromatography was the working buffer used
for the purification of 6His-DbdR (see 6.3.9.) without imidazole and DTT. About
0.45 mg of purified 6His-DbdR protein was applied at a flow rate of 0.5 ml min™.
The molecular mass of DbdR was estimated from a plot of the elution volume
against the logarithm of the molecular masses of the following protein standards
(Sigma): B-Amylase 4 mg/ml (200 kDa), alcohol dehydrogenase 5 mg/ml (150
kDa), albumin 10 mg/ml (66 kDa), carbonic anhydrase 3 mg/ml (29 kDa) and
Cytochrome C7150 2 mg/ml (12.4 kDa). Blue dextran (2 mg/ml, 2000 kDa) was
used to calculate the void volume.

3.3.11. Preparation of cleared-out extracts enriched in DbdR. E.coli
MC4100 bearing pBBdbdR were grown overnight in LB with streptomycin
and gentamicin at 30° C and 200 rpm. Flasks containing 500 ml of fresh medium
were inoculated with an aliquot of these pre-cultures and incubated at 30°C until an
ODggo of 0.6 was reached, when they were induced with 1 mM IPTG and incubation
was continued for 20 h at 30°C.The cells were then harvested by centrifugation and
cell pellets were store at -80°C until use. Crude extracts were prepared by
suspending the pellet in 5 ml lysis buffer (20 mM Tris-HCI [pH 7.9], 500 mM NaCl
and 1 mM DTT, 1x Complete™ protease inhibitor mixture (Roche Applied
Science)) followed by cell disruption by sonication. The clear supernatant was
filtered through a 0.45-um pore size nylon membrane and loaded onto a 1-ml
Heparin column (HiTrap Heparin HP, Amersham Biosciences) pre-equilibrated
with buffer C (Tris-HCI 20 mM pH 7,6, DTT 1 mM). Unbound proteins, which
included DbdR, were collected and labelled as “purified extract”. The column was
then washed with buffer C until non-specifically bound material had been removed.
Specifically bound proteins were eluted from the column with buffer C
supplemented with 1 M NaCl, collected and labelled as “bound extract”. The
protein concentration in the fractions was determined according to Qubit™ assays.
DbdR-free control extracts were obtained with a similar procedure but starting from
E.coli MC4100 (pBBR1MCS-5) cultures.
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3.3.12. Electrophoretic mobility shift assays (EMSA). The promoter
regions of Pgsni, Porfis, Por2o @and Pgngr Were amplified by PCR using T. aromatica
AR-1 chromosomal DNA as template and the primer pairs indicated in Table 3.3.2,
and cloned in pCR2.1-TOPO (Invitrogen) or pGEM-T (Promega), rendering
plasmids pGEMT::dbhL, pGEMT::orfl18, pGEMT::orf20 and pTOPO::dbdR,
respectively. The plasmids were sequenced to ensure the absence of mutations and
the promoter fragments for *P end-labelling were obtained either by PCR with the
primers shown in Table 3.3.2 for Pympg, and Poro, Or they were obtained after
plasmid restriction with the appropriate enzymes for Pgn. and Pgwr. After
electrophoresis, the fragments (ranging from 205 to 350 bp, approximately) were
isolated from agarose gels and end-labeled with [y-*PJATP using T4
polynucleotide kinase. A concentration of 2 nM end-labeled DNA fragment (1.5 x
10* cpm) and the indicated amounts of DbdR-enriched cell extracts were mixed and
incubated at 30°C for 15 min in 10 pul of binding buffer (50 mM Tris—HCI, pH 7.8,
50 mM KCI, 100 mM NaCl, 8 mM magnesium acetate, 5% [wt/vol] glycerol)
containing 20 pg/mL of poly-d (IC) as competitor DNA and 200 pg/mL bovine
serum albumin. The DNA-protein complexes were resolved by electrophoresis in
4% (wt/vol) non-denaturing polyacrylamide gels and electrophoresed at 50V in
Tris-glycine Buffer for 2 h at room temperature. The gels were dried and visualized
by exposure to Phosphorimager screens. The results were analyzed with Molecular
Imager FX equipment and QuantityOne software (Bio-Rad).

3.3.13. Isothermal titration Calorimetry (ITC). Titrations of His-tagged
DbdR were carried out in a VP microcalorimeter (MicroCal, Northampton, MA) at
25°C under anoxic conditions because the hydroxylated pathway intermediates are
highly sensitive to oxygen. Before starting, proteins were dialyzed against oxygen-
free buffer B obtained by flushing nitrogen gas through the solution for 20 min. The
6His-DbdR protein was placed in the sample cell of the instrument previously
flushed with dinitrogen. The ligands were prepared in the degassed dialysis buffer.
The ligands used were 3,5-DHB, hydroxyhydroquinone, and the hydroxylated
analogues gentisate and benzoquinone (Sigma-Aldrich). Control experiments
entailed the titration of dialysis buffer with ligand solutions.

3.3.14. Protein modelling. The tridimensional models of DbdR protein
structure  were  generated with the Phyre2 tool available at
http://www.sbg.bio.ic.ac.uk (Kelley and Sternberg, 2009). The proteins used as
model were obtained from the Protein Data Bank in the www.rcsb.org server: TsaR
(c3fzjC) and CbnR (cliz1B). Using TsaR as a template, Phyre2 modelled the
structure of DbdR with 100.0% confidence and 96% sequence coverage.
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Table 3.3.1 Strains and plasmids used in Chapter 4.3

Strain or plasmid

Genotype/Relevant Characteristics

Reference

Strains
Escherichia coli

HB101
CC118\pir
DH5a

MC4100
BL21(DE3)
Thauera aromatica
AR-1

AR-1-dbdR
AR-1-bqdL
AR-1-4btdL-gorA
AR-1-dbhL

Plasmids
pRK600
pMP220
pBBR1MCS-5
pBBdbdR
PCR2.1-TOPO
pGEMT®-T Easy
p220Pdbhl
p220Porf18
p220Porf20
p220PdbdR
pET28b+
pETDbdR

F- ompT hsdSB(rb-mB-) gal dem ADE3

Wild-type strain, degrades 3,5-DHB under denitrifying conditions (DSM-11528)

Km®, T. aromatica AR-1 mutant strain with a disruption of dbdR gene

Km®, T. aromatica AR-1 mutant strain with a disruption of bqdL gene

Km®, GmR T. aromatica AR-1 mutant strain with a disruption of gorA gene and deletion in btdL gene
Km®, T. aromatica AR-1 mutant strain with a disruption of dbhL gene

Cm"®; helper plasmid, oriColE1,mobRK2, traRK2

SupE44 hsdS20 (rB-mB-) recAl3 ara-14proA2 lacY1 galK2 rpsL20 (SmR) xyl-5 mtl-1
A(ara-leu)araD AlacX74 galE galK phoA20 thi-1 rpsE rpoB argE recAl, lysogenized with Apir
endAl hsdR17 supE44 thi-1 recAl gyrA(NalR) reldl A(argF-lac) U169 depR(P80dlacA(lacZ) M15)
araD139 A(argF-lac) U169 relAlrpsL150(SmR)deoCL ptsF25 flbB5301rbsR

Tc®; broad-host-range promoter probe vector (lacZ)

Broad-host-range, (oriV RK2), Gm®

965 kb PCR product containing dbdR gene inserted between Hindlll and Xbal sites of pBBRMCS-5.
PCR product cloning vector, ori pUC, ori f1; Ap®,Km®

PCR product cloning vector, ori pUC,ori f1; Ap®
Pdbhl::lacZ in pMP220; Tc®
Porf18::lacZ in pMP220;TcR
Porf20::lacZ in pMP220;TcR
PdbdR::lacZ in pMP220; Tc®

Expression vector for recombinant proteins with His6 tag at the N-terminus; Km"®

pET28b+ derivative containing dbdR gene; Km®

(Boyer and Roulland-
Dussoix, 1969)

(De Lorenzo et al., 1990)
(Sambrook and  Russell,
2001)

(Casadaban, 1976)
(Sambrook and Russell, 2001)

(Gallus et al., 1997)

(Molina-Fuentes et al., 2015)
(Molina-Fuentes et al., 2015)
(Molina-Fuentes et al., 2015)
(Molina-Fuentes et al., 2015)

(Kessler et al., 1992)
(Spaink et al., 1987)
(Kovach et al., 1995)
This study
Invitrogen

Promega

This study

This study

This study

This study

Novagen

This study
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Table 3.3.2 Oligonucleotide primers used in Charpter 4.3

Primer Sequence (5’ to 3°)

Product (target plasmid) /
Purpose / size

Bglllpdbdr-F  AGATCTGTTCGCCGCGATCATCAACC
Bglllpdbdr-R  AGATCTCTGGCAAATTCCCCGATTTCC

PdbdR (p220PdhdR) /
transcriptional fusion and
EMSA /-263 to +34

BglllpORF20-F AGATCTGCGCAAGGCCCGCGAGC
PstlpORF20-R CTGCAGCATGAATCGTCCTCGAAGAT

Porf20 (p220Porf20) /
transcriptional fusion / -122
to +72

BglllpORF18-F AGATCTGCCATGCCGGCAAGG
PstlpORF18-R CTGCAGTCATCGCAACCCATCCTCC

Porf18 (p220Porf18) /
transcriptional fusion / -254
to +83

Pdbdhl (p220PdbdhL) /

Bgllipdbhl-F  AGATCTGCGCAGCTCCGCAAC Haneorinnonal fosiom nd
Xbalpdbhl-R ~ TCTAGACATAGTCCCCTCTGTATTGA ranscriptional fusto
NdelDbdR-F  CATATGGTGGACGCGCATCGTGGATGATGCCG  UPAR (PETdbAR) / His-

HindllIDbdR-R AAGCTTTATCAGCCGACTGACTGACG

tagged protein purification /
918 bp

HindllIDbdR-F AAGCTTGTGGACGCGCATCGTGGATGATGCCG
XbalDbdR-R TCTAGAACCCGAGATCGAATTGCC

dbdR (pBDbdR) / cleared
extract preparation / 918 bp

EMSAORF18F AGATCTTTGCTGCTGTGCGCCGGCAA
PstlpORF18-R CTGCAGTCATCGCAACCCATCCTCC

Porf18 / EMSA / -254 to
+83

EMSAORF20F AGATCTTTGCTGCGCCGGCAAG
PstlpORF20-R CTGCAGCATGAATCGTCCTCGAAGAT

Porf20 / EMSA / -122 to
+72

Priext-dbhL TGTCGTCGAACTCGATCGGC
Priext-orf18 GCCCTCCAAAACAGCTTGATTC
Priext-orf20 GGTCAATTCAAGGCCGGAGA
Priext-dbdR GCAGCTGGCTCAGCTTC

dhbL / primer extension
orf18 / primer extension
orf20 / primer extension
dbdR / primer extension
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Chapter 4.1

Results and Discussion
Chapter 4.1

Azoarcus anaerobius 1,3-dihydroxybenzene (resorcinol)
anaerobic degradation pathway is controlled by the
coordinated activity of two bacterial enhancer-binding
proteins

This chapter was published as:
Pacheco-Sanchez D, Molina-Fuentes A, Marin P, Medina-Bellver J-I,
Gonzélez-Lopez O, Marqués S. 2017.

The Azoarcus anaerobius 1,3-dihydroxybenzene (resorcinol) anaerobic degradation
pathway is controlled by the coordinated activity of two enhancer-binding proteins.
Appl Environ Microbiol 83:e03042-16. https://doi.org/10.1128/AEM.03042-16.
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Chapter 4.1

4.1.1 Abstract

The anaerobic resorcinol degradation pathway in A. anaerobius is unique in
that it uses an oxidative rather than a reductive strategy for the degradation of the
aromatic compound, in a process that is dependent on nitrate respiration. We have
shown that the pathway is organized in five transcriptional units, four of which are
inducible by the presence of the substrate. Three ¢>'-dependent promoters located
upstream from the three operons coding for the main pathway enzymes were
identified, which shared a similar structure with conserved upstream activating
sequences (UASs) located at 103 to 111 bp from the transcription start site.
Expression of the pathway is controlled by the bEBPs RedR1 and RedR2, two
highly homologous regulators which, despite their high sequence identity (97%),
have non-redundant functions: RedR2, the master regulator which also controls
RedR1 expression, is itself able to promote transcription from two of the promoters,
whilst RedR1 activity is strictly dependent on the presence of RedR2. The two
regulators were shown to interact with each other, suggesting that the natural mode
of activation is by forming heterodimers, which become active in the presence of
the substrate after its metabolization to hydroxybenzoquinone through the pathway
enzymes. The model structure of the N-terminal domain of the proteins, composed
of tandem GAF and PAS motifs, suggests a control mechanism which also involves
direct interaction with additional proteins.
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Chapter 4.1

4.1.2 Background

For the degradation of hydroxylated compounds the strict anaerobic A.
anaerobius utilize alternative way, to the classical benzoyl-CoA pathways, 1,3-
dihydroxybenzene (resorcinol) and 1,3,5-trihydroxybenzene (phloroglucino). In this
new strategy, 1,3-dihydroxybenzene is hydroxylated to give the intermediate
hydroxyhydroquinone (HHQ), followes by an oxidative desaromatization to
hydroxybenzoquinone(HBQ). HBQ is further metabolized to malate and acetate
through an unknown mechanism (Philipp and Schink, 2012) (Fig. 4.1.1B).

Pents Pogar Rorra

rehs rehl P’EM bgdl bgds  bgdM redRI redRZ
s << @@@q«m

P Fp——— e

HOOC CH,
=T
H 2H] 2[H] 2[H] HOO H COOH

RehlS OH  BtdLS o BqdLMS malic acetic
acid acid

Figure 4.1.1 Azoarcus anaerobius, resorcinol anaerobic degradation pathway and gene cluster A)
Transcriptional organization of the anaerobic resorcinol degradation pathway in Azoarcus
anaerobius. The genes (block arrows) for the pathway are located in a 29-kb chromosomal region,
which includes 19 genes organized in five operons, which are induced (solid red arrows) by the
presence of substrate or show basal expression levels (blue arrows (dashed when the gene is also
inducible)). Bent arrows above the genes show the presence of putative promoters, as deduced from
our results and identified by primer extension analysis. Dashed block arrows (orange) depict the genes
for the two transcriptional regulators redR1 and redR2 (after the results obtained in this study). (B)
The first reactions in the degradation of resorcinol. The gene products involved are indicated in each
step.

resorcinol

The genes of this pathway were located in a cosmid of 29.88 Kb (pR")
selected from a library of A. anaerobius and includes 19 genes. This cosmid can
confer the ability to grow anaerobically with resorcinol as the sole carbon source to
other NRB. The genes encoding the enzymes for the first three steps in resorcinol,
degradation were identified and annotated as rehLS for resorcinol hydroxylase,
btdLS for hydroxyhydroquinone dehydrogenase and bqdLMS for a putative
benzoquinone dehydrogenase (Fig. 4.1.1A) (Darley et al., 2007).

Two genes, orf7 and orfl5, with homology with transcriptional regulators of
the NtrC family that activate ¢ dependent promoters, also known as bacterial
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enhancer binding proteins (bEBP), have also been identified in the gene cluster. The
regulatory mechanisms controlling expression of anaerobic aromatic degradation
pathways have been experimentally elucidated in an increasing number of
organisms; the regulators described so far belong to the major prokaryote regulatory
protein families, such as NtrC, LysR, MarR, FNR and two-component systems. In
most cases, their activating or repressing activity is modulated by the presence of an
effector, generally a substrate or an intermediate in the degradation pathway
(Carmona et al., 2009; Juérez et al., 2013; Hirakawa et al., 2015).

Regulators belonging to the NtrC family, typically have a modular domain
architecture consisting of three functional domains: a highly conserved central
domain that belongs to the AAA+ family (ATPases associated to several cellular
activities), a C-terminal DNA binding domain (CTD) with a helix-turn-helix (HTH)
motif, and an N-terminal receiver domain (NTD) involved in signal recognition
which is not conserved in the family (Bush and Dixon, 2012). The sigma-54-
dependent RNA polymerase recognizes a localized consensus sequence -12 and -24
bp upstream from the transcription initiation site and forms a stable closed complex
for the oligomerization to open complex and initiation of transcription requires
hydrolysis of ATP by the bEBP regulator.This requires the bEBP to contact the
promotor bound ¢>*-RNApolymerase, wich is facilitated by DNA looping favored
by the IHF protein. The binding site of the regulator, so-called upstream activity
sequences (UAS) is located between 60 and 120 bp upstream from the RNA
polymerase binding site. (Shingler, 2011).

The presence of two homologous o**-dependent regulators in the A.
anaerobius gene cluster opens up the question of how the overall pathway is
regulated, whether both are required for expression of the pathway, and which
signals control its expression. Here we have defined the transcriptional units
governing the pathway expression and identified the promoters for the three main
steps in the pathway, and we have analyzed the regulatory network controlling
transcription of the pathway genes. Our results suggest that despite the high
sequence identity between them, neither of the two regulators is redundant, but
rather both are essential and operate coordinately, probably using different
activation mechanisms.
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4.1.3 Results

4.1.3.1. Transcriptional organization of the resorcinol degradation gene
cluster.
To determine the transcriptional organization of the pathway, we analyzed

the co-transcription of all adjacent genes in the cluster using RT-PCR with RNA
isolated from A. anaerobius cells growing with either resorcinol or succinate as the
carbon source (Figure 4.1.2). The results showed that the cluster was arranged in
five transcriptional units that did not match the initially predicted operons (Darley
et al., 2007) (Figure 4.1.1A).

Bent  Foga ) Rorr14
btdS
4 5 6 rehS rehL bgdL bgdS bgdM redR1 8 9 10 11 12 btdL cupl1l3 14  redR2
P St e > > e DD P PP P D
A B-ba— D E F G H I""J"K L ﬂ P Q
>
(o]
PR C— ey
Operonl| Operonli Operon IV Operon i

LL _RS_

Suc
-IM+ + - §+-+-i% E? E? iH+-+-i

_B__S.u.c_ _B__Su.Q _B_S.u.c_ j_ Suc

SUC SUC

::i! E h.n+-+-i " |

Figure 4.1.2. Transcriptional organization of A. anaerobius resorcinol degradation gene cluster.
The genes for the pathway are presented as block arrows. Red arrows below the cluster indicate
inducible operons. Blue arrows indicate basal expression levels. Curved arrows above the genes show
the presence of putative promoters, as deduced from our results. The converging black arrows and
underlined numbers indicate the amplified region and refer to the PCR reactions shown below, where:
M, molecular marker; R, resorcinol; Suc, succinate; C, positive ¢, positive control with A. anaerobius
DNA. PCR reactions were carried out in the presence (+) and absence (-) of reverse transcriptase. The
reaction labelled with an asterisk was done with rehL internal primers. The primers used in this
analysis are listed in Table 3.1.3.
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Operon | encompassed the genes for the two subunits of the resorcinol
hydroxylase rehLS and the two genes located downstream. Operon Il, transcribed
divergently from operon I, included the genes coding for the third step enzyme
subunits bqdLMS together with redR1, coding for one of the NtrC family
transcriptional regulators present in the operon. Operon 111 comprised seven genes,
including those coding for the second pathway enzyme btdLS.Operon IV included
three genes of unknown function (orf8, orf9 and orf10). Finally redR2, the second
NtrC family regulator gene located at one end of the cluster, was transcribed
independently from the remaining genes. Operons | to IV were only expressed in
the presence of the pathway substrate, indicating they were inducible by resorcinol.
In addition, the first two genes and the last gene of operon Il were also expressed at
basal levels in the absence of the inducer, whilst the gene coding for redR2 was
constitutively expressed (Figure 4.1.2., Figure 4.1.1A). This organization suggests
the presence of upregulated promoters in the presence of the pathway substrate at
least upstream of rehL, badL, orf14 and orf10 genes. To map the promoters driving
transcription of the first three pathway enzymes, total RNA of A. anaerobius cells
growing on either succinate or resorcinol was isolated and analyzed using primer
extension with labelled oligonucleotides complementary to rehL, bgdL and orfl4
(Table 3.1.2). A single extension band was observed for bqdL and orfl4, which
only appeared when cells were grown on resorcinol, confirming the induction of the
pathway by its substrate (Fig. 4.1.3.). The band size positioned the transcription
start sites 82 bp (Ppqar) and 64 bp (Porr14) upstream from the translational start site of
bgdL and orf14, respectively. In contrast, two bands were observed for rehL: a 72 nt
band appeared in both the succinate- and resorcinol-grown cells, whilst a 93 nt band
was only present in the resorcinol-grown cells. This indicates the presence of two
promoters: one expressed in all conditions (P.en2) and a second one inducible by
resorcinol (Pren1), located 95 bp and 116 bp upstream from the rehL translational
start site, respectively. Alignment of the sequences upstream from the transcription
start sites evidence a similar architectural organization of the three inducible
promoters, characteristic of ¢>*-dependent promoters (Fig. 4.1.3D). All comprised a
well-conserved binding site for c>*-dependent RNA polymerase (Ec™) with the
consensus TGGCA-Ng-TTGC and a sequence with good homology to the IHF-
binding consensus was found 17-18 bp upstream from the -12/-24 Ec™ binding site
(Figure 4.1.3D). More than 100 bp upstream from the start site, a highly conserved
region spanning more than 25 bp including conserved motifs rganized as one direct
and two inverted 5 bp repeats (TGCGA) was identified as possible UASs for
activator binding.
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Figure 4.1.3. Mapping of the transcription initiation site of the three pathway operons. Primer
extension of total RNA of A. anaerobius cells grown on succinate (-)or resorcinol (+) with primers for
Pbqdl (A), Porfl4 (B), and PrehLl (C). In panels A and B, the sequencing reaction mixtures of
unrelated sequences were used asa molecular size marker (M). VIII, Roche molecular marker VIII. In
panel C, a sequencing reaction of the promoter region with the same primer was run in parallel
(TGCA) to map the start site, as indicated on the right side. (D) Alignment of the promoter region of
the three promoters showing the conserved Es® binding -24/-12 elements (red), the transcription start
site (+1), the IHF-binding site (green), and the proposed UASs (dark blue, conserved in the three
promoters, light blue, conserved in at least 2 promoters). The -35/-10 elements of PrehlL2 Eo™-
dependent promoter are double underlined. The sequences between the IHF-binding site and the UASs
are in a contracted format as “Nx,” where “x” represents the number of bases present between the two
sequence segments.

Additional possible repeats with less conserved sequences in direct and
inverse orientation were found flanking the conserved region (Fig. 4.1.4). In
addition a sequence for o™ binding overlapping the o>*-binding site was found
upstream from rehL, which defined the constitutive P, promoter. These results
suggest that although the RedR2 regulator is synthesized constitutively and is
always present in the cell, RedR1 expression requires the prior induction of Pyyq
and is dependent on the presence of resorcinol. In addition to the upregulated
promoters, the promoters upstream from orfl0 and redR2 were mapped using
primer extension analysis, and the transcription start sites were located 32 and 25 bp
upstream of the translation start site, respectively. The results confirmed the
constitutive expression of both promoters (Fig. 4.1.5).
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4.1.3.2 Two o™*-dependent regulators are required for maximal pathway
expression.

Sigma-54 dependent promoters are controlled by the so-called bEBPs
belonging to the NtrC family of transcriptional regulators. RedR1 and RedR2, the
two bEBPs encoded in A. anaerobius resorcinol degradation gene cluster, share
more than 97% amino-acid sequence identity (Fig. 4.1.6.A, Fig. 4.1.5). The
sequence of their central (AAA+) domain is identical, and the 17 different residues
between the two proteins are distributed between the NTD (the 7 initial residues are
different in the two proteins and there is a single Thr to lle change within the PAS
domain), the HTH of the DNA binding domain (5 different residues), and 4 residues
in the tail downstream the HTH motif (Fig. 4.1.6.A). The N-terminal receiver
domain of both proteins is composed of a GAF and a PAS domain connected by a
long a-helix (Fig. 4.1.6B).

Because A. anaerobius is a strict anaerobe that cannot grow on solid agar
plates, the genetic analysis were carried out in the facultative anaerobe Azoarcus sp.
strain CIB (Martin-Moldes et al., 2015a) bearing the pR™ cosmid, which
encompasses the entire resorcinol degradation cluster of A. anaerobius and confers
Azoarcus sp. CIB the capacity to grow anaerobically on resorcinol (Darley et al.,
2007). Primer extension analysis of total RNA isolated from Azoarcus sp. CIB
(pR™) growing on either succinate or resorcinol as the carbon source confirmed that
pR+ plasmid reproduced the promoter expression pattern observed in the parental
A. anaerobius strain (not shown). Azoarcus sp. CIB (pR") was used henceforth in
the genetic analysis of the degradation pathway.

We generated knockout mutants in either redR1 or redR2 genes by insertion of
a kanamycin resistance cassette in the corresponding coding region in pR* cosmid
to create pR*redR1::Km and pR*redR2::Km (see 3.1 Materials and Methods 4.1). A
redR1, redR2 double mutant was generated by creating an internal deletion in redR1
on pR*redR2::Km cosmid. The wild-type and mutant cosmids were introduced into
Azoarcus sp. CIB and the capacity of the resulting strains to grow with resorcinol as
carbon source was determined. Figure 4.1.7. shows that Azoarcus sp. CIB bearing
wild type pR" was able to grow on resorcinol as A. anaerobius strain, whilst the
Azoarcus sp. CIB strains bearing either redR1 or redR2 mutant cosmids were
impaired in their capacity to grow with resorcinol as the carbon source. However,
whilst redR1 mutant growth was delayed for 24 hours, the redR2 mutant only
started to grow after a 72 hour-lag period, when the medium turned into a
characteristic reddish color due to the transient accumulation of hydroxylated
intermediates.
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Figure 4.1.6. Homologies and differences between RedR1 and RedR2. Schematic representation
of the different domains of the regulatory proteins RedR1 and RedR2. (A) The N-terminal
receiver domain including a GAF (blue) and a PAS (green) domain, the central domain (AAA+,
yellow) and the DNA binding domain (orange) including an HTH motif (squares) are shown. The
Walker A and B motifs in the central domain are depicted as white boxes, the two helices shaping the
HTH are shaded in grey in the sequence and the final tail is indicated. The amino acid sequences
where the 17 differences between the two proteins are found are enlarged, highlighting in red the
amino acid residues that are different between the two regulators. The remaining sequence which is
not shown is identical in the two proteins. (B) Model structure of the N-terminal domain of RedR2
using DhaR as template. The amino acid residues at the N- and C-terminal ends are indicated.

A redR1 redR2 double mutant was unable to grow with resorcinol as the sole
carbon source. It is worth noting that all Azoarcus sp. strain CIB derivatives showed
similar growth rates on glutarate (data not shown). These results suggest that both
regulators are involved in the control of the pathway: the role of RedR2 is critical
for the activation of the pathway, although RedR1 is also required for optimal
expression. Normal growth was recovered when the mutants were complemented
with the corresponding regulatory gene cloned in a broad-host-range plasmid under
the control of a P, promoter in plasmids pBBRedR1 and pBBRedR2 (Materials
and Methods 4.1, Table 3.1.1).
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Figure 4.1.7. Growth of A. anaerobius and Azoarcus sp. CIB with wild-type pR+ plasmid and
redR mutant derivatives. Cells Cells were grown under anaerobic conditions with nitrate as electron
acceptor and resorcinol as carbon source. Black circle, A. anaerobius; red circles, Azoarcus sp. CIB
(pPR") green triangles, Azoarcus sp. CIB (pR'redR1::Km); blue squares, Azoarcus sp. CIB
(pPRredR2::Km); grey circles, Azoarcus sp. CIB; white diamonds, Azoarcus sp. CIB
(pR*AredR1,redR2::Km) double mutant. Data are the average of two or three independent experiments
and standard errors of the mean are shown.

To confirm that both regulators were involved in controlling transcription of
the pathway, we constructed transcriptional fusions of the Preni1, Porfia, and Ppgar
promoters for the first, second and third steps of the pathway, respectively, to lacZ
in the pMP190 broad-host-range vector (Spaink et al., 1987a) and we transferred
them to Azoarcus sp. CIB (pR™) and its corresponding redR1 and redR2 mutants. To
allow normal growth of the mutant strains, the cells were grown on glutarate in the
presence or absence of resorcinol and B-galactosidase activity was determined after
72 hours. Figure 4.1.8 shows that in Azoarcus sp.strain CIB (pR"), the promoters
were only active in the presence of the substrate, as expected. The exception was
Prens, Which included both Py 1 and Preno promoters. The activity values of the
control strain carrying the promoter fusion in the absence of pR* was extremely low
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(1.3+/- 0.14 Miller units [MU]), while activity in the presence of pR* but in the
absence of effector was 20.4+/- 2.3, in accordance with the presence of the
constitutive promoter P2 (Fig. 4.1.3 C). Similar values were obtained in the
redR1 and redR2 mutants.

The effect of the mutations was slightly different on the three promoters:
while P14 activity in the presence of resorcinol was negligible in both the redR1
and redR2 mutants, Pren 1 and Pypgqe activities were reduced to 52% and 35% in the
redR1 mutant, respectively, and were negligible in the redR2 mutant. Activity
assayed in a redR1, redR2 double mutant gave negligible values for all three
promoters (not shown). The activity of the promoters was also assayed after 120
hours in cells growing on resorcinol as the only carbon source (Fig. 4.1.8 B and D),
once the redR2 mutant had initiated growth (see a typical growth curve in Fig.
4.1.7). It is worth noting that in the wild type background the activity of both
promoters in the absence of glutarate was twice as high as the maximum activity in
the presence of this carbon source, suggesting that they were probably controlled by
catabolite repression in this strain.
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Figure 4.1.8. Activity of Ppgai, Porf1s, and Pren. promoters in the presence and absence of redR1
and redR2. pB-Galactosidase activity was measured after 72 h in cultures of Azoarcus sp. strain CIB
bearing the wild-type pR plasmid or its redR1 and redR2 knockout mutants, together with the
corresponding promoter-lacZ fusion in pMP190, growing on glutarate plus resorcinol. (A) Pyga; (B)
Por14; (C) Preni. Assays were minimally performed in duplicate, and standard errors of the mean are
shown.
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In these conditions, activity of P,4 Was reduced to between 20 and 25% of
the wild type values in both mutants, whilst Pygq. and Prens activity in the redR1
mutant reached 35-40% of the wild type, and below 10% in the redR2 mutant.
These results confirm that both regulators were required for promoter activity,
although the role of RedR2 was more relevant. Nevertheless both regulators seemed
to be equally important for P14 activity.

Because redR1 is the last gene of operon I, its expression will be dependent
on the Pyqa promoter, which also depends on redR2 (Fig. 4.1.8A and B). Therefore,
a mutant in redR2 may in fact be impaired in redR1 expression and therefore
behave like a redR1-redR2 double mutant, thus masking the actual role of redR2.
To rule out this possibility, we made redR1 expression independent of redR2 by
cloning the redR1 gene under the control of the constitutive P, promoter (Azoarcus
sp. CIB lacks a lac operon) in pBBR-redR1, and we transferred it to Azoarcus sp.
CIB (pR'redR2::Km) bearing either the Py OF the Ppga promoter::lacZ fusion in
the corresponding plasmid (Materials and Methods-Chpater 4.1 Table 3.1.1). It is
worth noting that pBBRedR1 could restore wild type activity in a redR1::Km
mutant (Table 4.1.1). The presence of RedR1 expressed from a constitutive
promoter neither improved growth of the redR2 mutant nor restored totally or
partially the activity of the promoters (Table 4.1.1.). This confirmed the
requirement of both regulators for promoter expression, and the central role of
RedR2.

Table 4.1.1 Activity of Pren, Poga. and Poq promoters in different
Azoarcus CIB backgrounds.

B-galactosidase (MU)*

Background PhoadL P renL
pR* 226.1 £51.7 954+4.8
pRredR2::Km 22+07 0.0
pR*redR2::Km, pBR-redR1 0.0 0.0
pR'redR1::Km 172.7+ 37 66.2
pR'redR1::Km, pBR-redR1 255.2+94 86.4+4.3

1 Cells were grown on glutarate plus resorcinol and assayed after 72 h.
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4.1.3.3 Resorcinol must be metabolized to activate the pathway.

As in most bEBPs, the N-terminal domain of RedR1 and RedR2 constitutes
the receiver domain probably involved in sensing the environmental signal required
to trigger transcription from their target promoter. In a subgroup of bEBPs involved
in the regulation of degradation pathways, this signal is the presence of a small
molecule, generally the substrate or an intermediate of the regulated pathway,
which serves as effector for activation of the regulator (Shingler, 2003). To test the
interaction of the RedR1 and RedR2 regulators with resorcinol or with pathway
intermediates, His-tagged versions of RedR1 and RedR2 were overproduced and
purified using affinity chromatography, and binding of possible effectors was tested
using isothermal titration calorimetry (ITC). Assays were carried out under anoxic
conditions because the hydroxylated pathway intermediates are highly sensitive to
oxygen (see the materials and methods chapter 4.1). No binding signal was detected
with either resorcinol or the first pathway intermediate hydroxyhydroquinone (data
not shown). Hydroxybenzoquinone, the second intermediate in the degradation
pathway, is not commercially available and could not be tested. In addition we
tested hydroxylated and oxo analogues as possible effectors of the protein, such as
gentisate, methyl-p-benzoquinone, tetrahydroxy-1,4-quinone and benzoquinone,
with negative results. We therefore decided to apply a genetic approach to
determine if any compound of the pathway would act as effector by measuring
promoter activity in genetic backgrounds unable to transform the substrate
resorcinol (an rehL mutant), the first intermediate HHQ (a btdL mutant) or the
second intermediate hydroxybenzoquinone (a bgdS mutant). The Pos and Pugar
promoter fusions to lacZ were assayed in Azoarcus sp. CIB bearing the wild-type
PR" cosmid or pR* mutants in either rehL, bgdS or btdL (Darley et al., 2007), and
[-galactosidase activity was determined after 72 and 96 hours of growth on
glutarate in the presence and absence of resorcinol. Figure 4.9 shows that in the
rehL mutant, which was not able to transform resorcinol, the activity of the two
promoters was completely absent.

The same was true for the btdL mutant, where HHQ resulting from resorcinol
hydroxylation could not be further metabolized and accumulated. However, in a
bgdS mutant, which lacks the small subunit of benzoquinone dehydrogenase and
accumulates hydroxybenzoquinone, the activity of P4 promoter reached 85% of
the wild-type, and that of Py was significantly higher than in the two other
mutants, reaching 40% of the wild type wvalues. These results point to
hydroxybenzoquinone as the effector molecule required for activation of the
regulators. The different intensity of the mutation effect on the two promoters
suggests that additional factors may be involved in promoter activation in each case.
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Figure 4.1.9. Activity of Pygar, Porfia, and Py promoters in mutants of the three first pathway
reactions.f3-Galactosidase activity was measured after 72 h in cultures of A. anaerobius bearing the
wild-type pR* plasmid or the indicated knockout mutants, together with the corresponding promoter-
lacZ fusion in pMP190, growing on glutarate in the presence of resorcinol. (A) Poris; (B) Pgars (C)
P.en . Basal values in the absence of resorcinol (30 to 50 MU) were similar in the wild-type and mutant
strains. Assays were minimally performed in duplicate; error bars show the standard deviations of the
mean.

4.1.3.4. RedR1 and RedR2 interact to activate transcription.

From the results in figures 4.1.7 and 4.1.8 it follows that the two regulators
are required to initiate transcription from the three operons at maximum levels.
Primer extension analysis showed that in each case a single activable promoter (i.e.,
a single transcription start site) controlled expression of the operon (Fig. 4.1.3),
which points to both regulators simultaneously acting to activate transcription. This
would mean that the two proteins need to interact to generate a proficient hexamer
for effective activation of the promoters, which is conceivable considering their
high degree of sequence homology. We used bacterial adenylate cyclase two-hybrid
assays (BACTH, (Karimova et al., 1998)) to determine whether RedR1 and RedR2
could physically interact. We constructed different fusions of redR1 and redR2
genes and several truncated derivatives in the plasmids pKT25 and pUT18C and
transformed them into the BTH101 reporter strain. Binding interactions were
detected when the full RedR1 and RedR2 proteins were genetically fused to the
complementary fragments of adenylate cyclase active site (Fig. 4.1.10), whilst no
self-interaction above control values was observed between two RedR1 or two
RedR2 proteins. Binding between the two regulators was detected when the NTD of
either or both of them was deleted (ARedR1 and ARedR2), suggesting that the
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interaction occurred through the central domain. In this sense, no interaction
between the NTD of either protein with the counterpart full-length protein was
observed.
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Figure 4.1.10. Binding-interaction between RedR1 and RedR2 proteins and truncated
derivatives. The RedR1 and RedR2 proteins and truncated derivatives were fused to the N-terminus of
T25 or T18C Cya fragments in the plasmids pKT25 and pUT18C BATCH vectors (Karimova et al.,
2000). In each assay pair in the X-axis, the first construct was based on pKT25 and the second one on
pUT18C. Controls are the plasmids devoid of insert. Red bars, hetero-interactions; blue bars, self-
interactions; grey bars, controls with one of the plasmids devoid of insert. NTD, N-terminal domain;
ARedR, truncated version lacking the N-terminal domain.
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These data suggest that RedR1 and RedR2 form a heterodimer bound through
their central domains, which have an identical sequence, and this interaction is
required for promoter activation. Interestingly, no self-interaction was observed
between either the two ARedR1 or the two ARedR2 truncated proteins. Since the
central domain sequence of the two proteins is identical, the only difference
between the self-interaction assays and the assays combining ARedR1and ARedR2
was the presence of some different residues at the HTH motif. Thus self-interaction
of two identical proteins seems to be hindered by the presence of identical HTH
domains.

4.1.4. Discussion

The anaerobic resorcinol degradation pathway in A. anaerobius is unique in
that it uses an oxidative rather than reductive strategy for the degradation of the
aromatic compound, in a process that is dependent on nitrate respiration. Expression
of the pathway, which includes more than fifteen genes, is energetically demanding
for the cell, therefore only takes place when the substrate of the pathway is present
in the medium. We have shown that expression is controlled by two highly
homologous bEBPs present in the cluster, which regulate the activity of three 6™
dependent promoters located upstream from the three operons coding for the main
pathway enzymes. The structure of the three promoters is well conserved and
presents the typical features, including an IHF binding site located 44-46 bp
upstream from the transcription start site (Fig 4.3). Although this is not always
required in o>'—dependent promoters, binding of IHF dimers to this sequence
induces a strong bending in the DNA that brings into close proximity the DNA-
bound RNA polymerase and the regulator hexamer bound at its UASs located
further upstream in the promoter sequence (Shingler, 2011). The bEBP binding sites
have being identified in a number of >*-dependent promoters to be constituted by
palindromic sequences of different lengths and significance, located far upstream
from the RNA polymerase binding site (Martinez et al., 2008; Abdou et al., 2011).
Transcription activation by bEBPs requires previous oligomerization of the protein
into hexamers rings bound at their UASs, which is required both for ATP
hydrolysis and for interaction with the promoter-bound RNA polymerase (Bush and
Dixon, 2012). Recently it has been shown for the E. coli NorR activator that a 100
bp DNA region wraps around the oligomeric complex, which directly contacts three
UASs spanning 53-56 bp that are essential for promoter activation (Tucker et al.,
2004; Bush et al., 2015). However, although this finding probably anticipates DNA-
protein arrangement for most bEBPs, the strict requirement of all UASs for
activation is an unusual situation, and in most ¢>*-dependent promoters UASs of
high and low affinity binding are defined, which usually correspond to sequences of
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high and low relevance for promoter activation, respectively. In the three
RedR1/RedR2 regulated promoters, putative conserved UASs arranged as three 5
bp repeats and spanning 24 bp were located at 103-111 bp upstream from the start
site (Fig. 4.1.3.). Several less conserved repeats flanking the proposed conserved
region were identified, probably comprising the entire binding site (Fig. 4.1.4).

The DNA binding domain in most bEBPs is composed of 4 helices (A to D)
(Vidangos et al., 2014): a three-helical bundle constitutes the typical HTH core
domain that binds DNA through the last helix (D helix) (Aravind et al., 2005),
flanked by a fourth helix (A helix) which contributes to dimerization and correct
positioning of the dimers of HTHs on the DNA. In the model structures of the CTD
of RedR1 and RedR2, helices B, C and D were clearly defined, while the presence
of an A helix was unclear (Fig. S.1. in the supplemental material). The postulated
DNA binding helixes of RedR1 and RedR2 contain three arginines (Fig. 4.1.6), two
of are predicted to face toward DNA (Fig. 4.11) The proposed uses (TCGCA-N3-
TGCGA-N6-TGCGA) identified here are rich in guanines ( Fig. 4.1.3 D) which are
good candidates for establishing direct interactions with D helix arginines
(Vidangos et al., 2014).

In accordance with their 97% amino-acid identity, the two regulators were
able to interact with each other independently of their NTD, suggesting that the
interaction occurs through their central domains, which are identical (Fig. 4.1.10.).
A reduced number of bEBPs have been reported to be able to form heterodimer
complexes: HrpR and HrpS regulators of Pseudomonas syringae hrpL promoter
encoding an extracitoplasmic sigma factor (ECF) that controls expression of the
type Il secretion system in this strain (Hutcheson et al., 2001), and FleQ and FleT
regulators controlling flagellar synthesis in Rhodobacter sphaeroides (Poggio et al.,
2005). All these proteins naturally lack the N-terminal receiver domain. HrpR and
HrpS share 57% amino-acid sequence identity (Jovanovic et al., 2011). HrpR is
unable to form homodimers whilst HrpS does associate with itself to a certain
extent. However, the most active assembly occurs when the two proteins interact
with each other to form a transcriptionally active heterohexamer (Lawton et al.,
2014). Critical positions in HrpR and HrpS exposed in the interface are responsible
for the discrimination between self- and hetero-interaction. However, this does not
seem to be the case in the RedR1-RedR2 heterodimer interactions, since the
sequence of their central domain is identical. Rather, the presence of different
residues in their DNA binding domains appears to be hindering self-association.
Interestingly, the main differences between the HTH sequence of RedR1 and
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RedR2 are not located in the predicted DNA recognition helix D but in the C helix
and in the tail downstream from the D helix (Fig. 4.6A, Fig. 4.1.11).

R648 R646 C helix

\

R647 R645

D helix

N

Figure 4.1.11. Model structure of the HTH motif of the DNA binding domain of RedR1 and
RedR2, showing in blue the arginine residues in the DNA recognition helix (D helix). The two motifs
are presented in inverted orientation, the same as they would be found in a protein heterodimer.

D helix

R640

The loop between helices C and D has been suggested to contribute to NtrC4
DNA binding domain dimerization by stabilizing the inter-monomer interactions
established through helix B (and helix A in some proteins) (Vidangos et al., 2013).
Thus it would be plausible that interaction between the HTH domains in
RedR1/RedR2 heterodimer would be favoured over self-interaction. The
contribution of the DNA binding domain to overall protein homodimerization is
variable amongst bEBPs and depends on other protein domains. In some bEBPs, the
interaction between central domains or NTDs is weak in their inactive state, and
dimerization through their DNA binding domain becomes essential to allow DNA
binding in the inactive state (Vidangos et al., 2013). Oligomerization determinants
of HrpS were shown to reside in its CTD, since the protein devoid of this domain
was incapable of self-interaction or interaction with HrpR (Jovanovic et al., 2011).
RedR1 and RedR2 would thus belong to the protein type stabilizing dimerization
through DNA binding domain interactions, although only interactions between two
different proteins would be favoured. The case of FleT and FleQ interaction is
different and less understood. FleT lacks the DNA binding domain, and it has been
suggested to improve FleQ binding to DNA through direct interaction (Poggio et
al., 2005). Thus, RedR1 and RedR2 would be the only bEBPs composed of the
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three archetypical domains described so far that require heterodimer formation to be
fully active. However, whilst RedR1 seems to absolutely require RedR2 to be
active, RedR2 alone was capable of a certain degree of promoter activation (Fig.
4.1.8.), suggesting that this protein could form homohexamers in vivo, although, as
for HrpS this self-interaction was not detected in two-hybrid assays (Hutcheson et
al., 2001). Consequently, the function of the two regulators was not redundant in
the cell and both were required for maximal pathway expression. Whilst RedR1
seem to be almost dispensable for growth (Fig. 4.1.7.), it is clearly required for
transcription activation, especially in the case of Py4, for which the absence of
either regulator reduced the activity to basal levels (Fig. 4.1.8.). On the other hand,
growth of redR2 mutants on resorcinol was severely impaired, confirming the
pivotal role of RedR2 in transcription activation of Pgs, Ppga and Pren.. The
transcriptional organization of the pathway, where redR2 is constitutively expressed
and redR1 is the fourth gene of an operon controlled by RedR1 and RedR2,
suggests that an activation cascade may control the pathway expression with RedR2
as the master regulator. In fact in a redR2 mutant, expression from Py, Which
governs redR1 expression, was negligible (Fig. 4.1.8.A and B). Thus although
maximum expression from this promoter also requires an active RedR1 protein
(Fig. 4.1.8.), the absence of RedR2 regulator reduces RedR1 production and
therefore also contributes to reducing expression from the remaining promoters.
Despite the conserved architecture of the three promoters, subtle differences in
promoter activity were observed: whilst the presence of RedR2 was sufficient to
promote Ppgg and Pren. activity to levels below maximum, Pomq required both
RedR1 and RedR2 (Fig. 4.1.8.), suggesting that they respond differently to RedR2
homodimers and RedR1/RedR2 heterodimers.

We have shown that the signal triggering promoter activation was the
intermediate compound HBQ. Whilst HBQ accumulation in a bgdS mutant fully
induced P14, Poga Was only partially active, suggesting that additional elements
were required under those conditions. In a group of bEBPs, activation occurs
through binding of an effector, generally a substrate of the pathway, to the NTD,
which de-represses the ATPase activity at the central domain (Shingler, 2011). It
was impossible to test direct binding of HBQ to either RedR1 or RedR2 by ITC,
and it is unclear from our results which protein is the target of HBQ or if both of
them respond to the effector. The PAS and GAF domains in the NTD of the two
proteins are good candidates to accommodate an effector, but interestingly, they
resemble the tandem GAF-PAS domains of the DhaR protein, which has been
shown to be regulated by direct interaction with two antagonist proteins (Shi et al.,
2014). The distinct behaviour of the redR1 and redR2 knockout mutants suggests
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different regulation modes for each of them. Preliminary results in our lab with
truncated versions of the regulators point in this direction. It is thus tempting to
suggest that RedR1 and RedR2 are able to sense different signals or the same signal
through different mechanisms, with different consequences on activation. A number
of genes in the resorcinol degradation cluster whose function is unknown will be
candidates for a future screening of RedR interacting factors.
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Figure S1. Alignment of RedR1 and RedR2 sequences showing the conserved domains and
functionally relevant regions. The 17 residues that are different between the two proteins are
depicted in bold. An asterisk below the sequences denotes identical residues in the two proteins.
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Results and Discution
Chapter 4.2

Two 97% identical bacterial enhancer-binding proteins
(bEBP) that interact to induce Azoarcus anaerobius 1,3-
dihydroxybenzene (resorcinol) anaerobic degradation
pathway are controlled by different activation mechanisms.
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4.2.1. Abstract

Three ¢>*-dependent promoters drive transcription of the operons coding for
resorcinol degradation pathway in the strict anaerobe A. anaerobius. Expression of
the pathway is controlled by two bEBPs, RedR1 and RedR2, which show 97%
sequence identity. The NTD of the two proteins show tandem GAF-PAS domains
connected by a linker helix. In this chapter we have demonstrated using column-
binding assays the previous suggestion of hetero-oligomer formation between
RedR1 and RedR2, and we have identified a different mechanisms of control of
each regulator activity, despite the high sequence identity between them: whilst
RedR1 responds to the classical NTD-mediated negative regulation, RedR2 activity
is constitutive and controlled through interaction with BtdS, an integral membrane
subunit of hydroxyhydroquinone dehydrogenase that sequesters the regulator to the
membrane. We have used P4 as model target promoter since it is the promoter
that was shown to be more dependent on the activity of the two regulators. No self-
interaction of either bEBP could be detected in column-binding assays, as was
suggested in chapter 1 with the two-hybrid assays. This contradicts the fact that an
NTD-truncated version of RedR1 and full-length RedR2 were capable of promoter
activation on their own, which implies that they were able to assemble into homo-
hexamers. We suggest the promoter DNA sequence is necessary to stabilized in
vivo the homodimers of the active forms of the two regulators. We have also shown
the N-terminal end of RedR2, which presents a different sequence to RedR1 in the
N-terminal tail, probably interacts with one of the cytoplasmic loops predicted in
BtdS model.

149



150



Chapter 4.2

4.2.2. Background

As mentioned earlier (see section 1.8 of this thesis), promoter specificity
factors guiding RNA polymerases to specific promoters in bacteria (sigma factors)
fall into two classes: the o' class can function in transcription initiation without
additional control proteins, although many o'°-dependent promoters can also be
modulated by transcriptional regulators belonging to diverse families. In contrast,
the o class is incapable of initiating transcription by itself and requires specialized
AAA+ transcription activator proteins, the bacterial enhancer-binding proteins
(bEBPs) (Bush & Dixon, 2012).

The resorcinol anaerobic degradation pathway in A. anaerobius is organized
in five transcriptional units, three of which are inducible by the presence of the
substrate (Pacheco-Sanchez et al., 2017). Three o>*-dependent promoters drive
transcription of the operons coding for the main pathway enzymes (Fig 4.1.1).
Expression of the pathway is controlled by two bEBPs, RedR1 and RedR2, which
show 97% sequence identity. The two RedR proteins show the typical domain
organization of bEBPs: the N-terminal domain (NTD) has a characteristic signature,
in this case composed of GAF and PAS tandem domains connected by a long a-
helix (Fig 4.1.3.B, Fig 4.2.1A); the central domain of both regulators is identical
and bears the typical GAFTGA, Walker A and Walker B motifs that characterize
the AAA+ family; the C-terminal domain (CTD) encompasses the DNA binding
motif, consisting of a Fis-like HTH. The three domains are connected by linker
helixes. The 17 residues that are different between the two proteins are located in
the NTD and CTD. Especially, the N-terminal edge of both proteins is different in
sequence and length (6 and 8 residues in RedR1 and RedR2, respectively), and an
additional Tle to Thr change is present in the PAS domain. In addition the a-helix
preceding the recognition helix in the DNA-binding HTH motif at the C-terminal
end, and the C-terminal tail, include nine different residues (Figure 5.1A). Induction
of the pathway requires the transformation of the substrate to the intermediate
hydroxybenzoquinone (HBQ). We have previously shown that despite the high
sequence identity between the two regulators, they are not redundant, and both of
them are required to activate transcription, although RedR2 can to a certain extent
activate transcription by itself from two of its target promoters. RedR2 is thus the
master regulator of the pathway that also controls RedR1 expression. RedR1 is
inactive in the absence of RedR2. Bacterial adenylate cyclase two-hybrid (BACTH)
assays pointed to the two proteins interacting which each other, and only
heteromeric oligomers being capable of full transcription activation (Pacheco-
Sanchez et al., 2017). Furthermore, analysis of the pathway expression in different
mutant backgrounds suggested that the two regulators are subjected to different
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activation mechanisms. Structure modeling identified the NTD of DhaR regulator,
which controls the dihydroxyacetone kinase operon in E. coli, as the closest related
structure to the NTD of both proteins (Figure 4.2.1C). Interestingly, the activity of
DhaR is controlled through protein-protein interaction of its NTD with the two
subunits of the kinase under its control (Shi et al., 2014). This opened up the
possibility of RedR proteins being controlled by similar mechanisms.

A) receiver central DNA-binding
r 1 r 1

[
GAF PAS AAA+ HTH

Chelix D helix_——

_ w‘ ——

RedR1 VDGFLS i AEAAR] "LSRSTVYRRMQFHG VKSFTVR

3 i%s e Rk ki s koo kK kk s

RedR2 MSRETSLA| \I_ LVGRKLGLSRATVYRRMODHG IVKQVTVEK
NT-tail CT-tail

E321

RedR1
v N-terminal domain

Figure 4.2.1. Homologies and differences between RedR1 and RedR2. (A) Schematic
representation of the domains of the regulatory proteins RedR1 and RedR2: the N-terminal receiver
domain that includes a GAF (orange) and a PAS (blue) domain; the central domain (AAA+, yellow);
and the DNA binding domain (red) including an HTH motif (squares), are shown. The Walker A and
B motifs in the central domain are depicted as white boxes, the two helices shaping the HTH are
shaded in gray in the sequence, and the final tail is indicated. The amino acid sequences where the 17
differences between the two proteins are found are enlarged, with the amino acid residues that are
different between the two regulators highlighted in red. The remaining sequences, which are not
shown, are identical for the two proteins. (B) Schematic presentation of the truncated versions of
RedR1 and RedR2 used in this study, indicating the RedR sequences residues at the N-C-Terminal of
each protein. (C) Model structure of the N-terminal domain of RedR1 using DhaR as the template.
The amino acid residues at the N- and C-terminal ends are indicated. The GAF and PAS domains are
colored as in A. The Thr residue that is substitute by an lle in RedR2 is presented as sticks and
highlighted in red. The NTD models of RedR1 and RedR2 would be otherwise identical.
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Our preliminary results on A. anaerobius resorcinol degradation pathway
regulation thus indicated that to two almost identical bEBPs controlled through
different mechanisms were working as heterohexamers to activate transcription of
three pathway promoters (Pacheco-Sanchez et al., 2017). The aim of this study was
to further analyze the proposed interaction between the two bEBPs and to elucidate
the control mechanism operating for each regulator. We used P4 as target
promoter, which has been shown to be strictly dependent on the two bEBPs once
the effector HBQ has been synthesized through the pathway. Our results
demonstrate the previous suggestion of hetero-oligomer formation and identify two
different modes of control of the regulators activity, despite the high sequence
identity: whilst RedR1 responds to the classical NTD-mediated negative regulation,
RedR2 activity is constitutive and controlled through interaction with an integral
membrane protein that sequesters the regulator to the membrane.

Because A. anaerobius is a strict anaerobe that cannot grow on solid agar
plates, the experiments were carried out in the facultative anaerobe Azoarcus sp.
strain CIB (Martin-Moldes et al., 2015) bearing the pR" cosmid, which
encompasses the entire resorcinol degradation cluster of A. anaerobius (Darley et
al., 2007) and confers upon Azoarcus sp. strain CIB the capacity to grow
anaerobically on resorcinol, reproducing the promoter expression pattern of the
original A. anaerobius host (Pacheco-Sanchez et al., 2017).

4.2.3. Results

4.2.3.1 Only RedR1-RedR2 hetero-oligomers are stable in vitro.
We had previously suggested based on BACTH assays that neither RedR1

nor RedR2 were capable of self-interaction, and only contacts between RedR1 and
RedR2 were detected. Additional results with different truncated versions of the
two regulators suggested that interaction occurred through the central domain, and
that the NTDs were not involved in this interaction (Pacheco-Sanchez et al., 2017).
Because the central domain of the two proteins is identical, the absence of self-
interaction was unexpected. In order to confirm that only hetero-interactions could
be physically established between these proteins, we performed column-binding
experiments with differently tagged RedR1 and RedR2 proteins. An N-terminal
6His fusion to RedR2 (6His-RedR2) was purified and then bound onto a Ni**-
sepharose column. Then a C-terminal fusion of hemagglutinin epitope (HA) to
RedR1 (RedR1-HA) was overexpressed in E. coli and the crude extract was loaded
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onto the column where 6His-RedR2 was previously bound. After thorough washing
to eliminate unbound material, the 6His-RedR2 protein was finally eluted with 250
mM imidazole. Since the two proteins have a similar molecular weight (72.5 and
72.8 kD) they must migrate at the same position in the gel. Figure 5.2A shows that
RedR1 (detected with anti-HA antibody) was retained in the column where RedR2
was bound, and co-eluted with it (detected with anti-His antibody) when imidazole
removed the nickel-bound His-tagged protein. This result is a strong indication of
direct interaction between the two regulators, consistent with the preliminary two-
hybrid analysis results. It is worth noting that RedR1-HA did not bind the column in
the absence of pre-bound 6His-RedR2 (not shown).

To explore the occurrence of self-interactions between the two proteins, we
repeated the experiment described above except that we changed either the HA-
tagged protein in the crude extract or the His-tagged protein bound to the column.
Fig. 4.2.2B and C show that neither RedR1-HA nor RedR2-HA were retained in the
column when the same regulator (except for a 6His-tag substituting the HA tag) was
pre-loaded in the column, and they were directly eluted with the unbound material
and further washing. These data confirm that RedR1 and RedR2 can only form
hetero-oligomers, which probably constitute the competent conformation in the
promoter activation mechanism

4.2.3.2 RedR1 and RedR2 are controlled through different mechanisms.
The great majority of bEBPs are negatively controlled by their NTD, which

blocks the protein dimers in a face-to-face orientation that impedes the
oligomerization to hexamers unless the triggering signal produces an appropriate
conformational change (Chen et al., 2008). In these proteins, the deletion of the
NTD renders proteins no longer repressed in hexamer assembly and capable of
transcription activation in the absence of the triggering signal (Weiss et al., 1991;
Pérez-Martin & de Lorenzo, 1996). In contrast, in some bEBPs the NTD does not
exert a negative effect, but is rather required, once activated by the environmental
signal, for the assembly of the hexameric ring (De Carlo et al., 2006). In these
proteins, deletion of the NTD renders a regulator incapable of hexamer assembly
and thus inactive. To identify the mechanism controlling RedR1 and RedR2
activity, we generated NTD-truncated versions of the proteins (ARedR1 and
ARedR2) by deleting the 319 and 321 N-terminal residues, respectively, living
almost intact the full-length of the linker helix (Fig 4.2.1).
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Figure 4.2.2. Interaction of RedR1 and RedR2 detected by column-binding analysis. A) A
solution of purified 6His-RedR2 protein was loaded onto a HisTrap HP (GE Healthcare) column and
thoroughly washed with buffer B as described in Experimental procedures. Then a crude extract
containing overproduced RedR1-HA protein was loaded and the column was washed with 10 bed
volumes of loading buffer. Unbound material (U) and washing fractions (W) were collected, then
bound proteins were eluted using buffer B supplemented with 250 mM imidazole. The collected
fractions (bound proteins) were labelled as IE1 and IE2. The proteins in the indicated samples were
fractionated in SDS-PAGE, transferred to polyvinylidene difluoride (PVVDF) membranes, and probed
using eiher anti-His or anti-HA antibodies as indicated. B) A similar experiment as in A except that
the crude extract contained overproduced RedR2-HA. C) A similar experiment as in A except that the
initially loaded purified protein was 6His-RedR1.

We measured the activity of both the wild-type and truncated versions of the
bEBPs on P14 promoter fused to lacZ in p220Porfl14 in the heterologous host E.
coli MC4100 in the absence of inducer (which in E. coli cannot be transformed into
the effector HHQ). Interestingly, whilst RedR1 was inactive in E. coli, its NTD-
truncated version ARedR1 produced high transcription levels from Py4 (Table
4.2.1). On the contrary, whilst the truncated ARedR2 was totally inactive, the wild-
type RedR2 regulator was constitutively active in E. coli, although the transcription
levels obtained were lower. To confirm that the activity of both proteins
corresponded to the o**-dependent promoter, assays of ARedRland RedR2 were
performed in E. coli BW25113 (wild-type) and its rpoN and ihfA mutants. Table 5.1
shows that activation of transcription from P14 by the two active versions of the
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regulators was strictly dependent on the RNA polymerase with ¢>* and required
IHF, a particular feature of most bEBP-regulated promoters that require this factor
to bend DNA and bring into proximity the regulator and the RNA polymerase
(Shingler, 2011).

These results clearly show that the two bEBPs, despite their striking sequence
identity, are subjected to different control mechanisms. RedR1 behaves as a typical
negatively regulated bEBP such as NtrC1, DctD or XyIR (Fernandez et al., 1995;
Park et al., 2002; Lee et al., 2003), and is probably controlled through binding of
the previously identified effector hydroxybenzoquinone (HBQ) (Pacheco-Séanchez
et al., 2017). In contrast, RedR2 is capable by itself of significant levels of
constitutive transcription activation. This is rather unigue, since positively regulated
bEBPs require stimulation of the NTD (e.g. through phosphorylation or ligand
binding) to become active (Weiss et al., 1991; Bush & Dixon, 2012), and in the
experimental conditions of Table 4.2.1 with E. coli, no effector was present. It is
worth noting that different combinations of the two proteins in either version (full-
length and truncated) were incapable to activate transcription (not shown).

Table 4.2.1. B-galatosidase activity from P4 With different versions of RedR
proteins in different E. coli strains.

Strain bEBP p-galatosidase' (MU)
none 6.4 (£0.2)

RedR1 9.9 (x3.5)

MC4100 RedR2 53.7 (£ 5.5)
ARedR1 166.6 (+ 36.5)

ARedR2 9.1(x2.3)

BW25113 (wt) 156.2 (+16.2)
rpoN ARedR1 10.1 (£ 1.2)

ihfA 6.4 (£ 1.0)
BW25113 (wt) 49.9 (+ 4.0)
rpoN RedR2 6.4 (£ 8.9)

ihfA 8.9 (£ 4.6)

IMeasured from Pq4:1acZ fusion in pMP220.
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4.2.3.3. Promoter activity is effector-independent (constitutive) in a btsS
background.
Because RedR2 was constitutively active in the heterologous host E. coli,

where no other specific regulatory element of A. anaerobius was present, we
hypothesized that in its natural host an unknown mechanism was keeping this
regulator inactive in the absence of inducer. Among the possible mechanisms
involved in the process, we considered protein-protein interaction with a protein
factor encoded in the resorcinol degradation cluster, which would repress activity of
RedR2. We screened several available mutants of different genes of the cluster
(Darley et al., 2007) for constitutive promotor activation. Some of them (rehL, btdL
and bqds, coding for a subunit of the enzymes involved in the three first steps of the
pathway) had been analyzed in a previous work and were shown to be responsible
for the transformation of the substrate into the effector, but activity was in all cases
effector dependent (Pacheco-Sanchez et al., 2017). However, primer extension
analysis of Py114 promoter in a knock-out mutant of the btdS gene, coding for the
small subunit of HHQ dehydrogenase (second step of the pathway), showed that
expression was similar in the presence and absence of the pathway substrate, in
contrast to the wild-type strain where expression was only observed in the presence
of resorcinol (Fig 4.2.3).

Figure 4.2.3 Primer extension analysis of
. P in a btdS background. Primer
- + - + orfl4 i .

resorcinol e extension of total RNA of wild-type

Azoarcus sp. CIB (pR*) and its btdS mutant

growing on glutarate (-) or glutarate plus

Porf14 - ..- resorcinol (+) with a **P-labelled primer

complementary to orfl4. The cDNA

extension band corresponding to P4 iS
indicated with an arrow.

To confirm constitutive expression of the promoter in a btdS background, we
introduced the Pggg4:lacZ fusion (pl90Porfl4) in the btdS mutant strain and
determined f-galactosidase activity in the presence and absence of substrate. Table
2 shows that whilst in the wild-type strain P4 activity was negligible in the
absence of resorcinol and was induced more than ten-fold in the presence of the
substrate, activity in the btdS background was similar in the presence and absence
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of resorcinol and reached approximately 55% the activity of the wild-type in the
presence of effector.

To determine whether the observed constitutive activity depended on the
regulatory proteins, we constructed double mutants of btdS and either regulatory
gene (redR1 and redR2). As shown in Table 4.2.2, constitutive activity of Pyq4 in a
btdS mutant was confirmed with B-galactosidase activity. Moreover, this activity
was unaffected in a redR1 btdS double mutant. In contrast, the activity was
negligible in a redR2 btdS double mutant both in the presence and absence of
substrate, indicating that RedR2 was the only regulator responsible for the
constitutive Pq4 expression. Thus, we can conclude that btdS is the regulatory
element repressing RedR2 activity in Azoarcus when no substrate is present.
Furthermore, the presence of the inducer resorcinol in the btdS redR1 double mutant
did not further increase activity with respect to the values in the absence of inducer,
which suggests that once de-repressed by the absence of BtdS, no additional signal
is sensed by RedR2, which when working as only regulator could not reach
maximum activation levels.

Table 4.2.2. p-galactosidase activity from Pgng in  different genetic
backgrounds in Azoarcus sp. CIB (pR")

Strain p-galatosidase (MU)
Azoarcus sp. CIB (pR") Glutarate Glutarate/Resorcinol
wt 16.65 (+ 6.70) 197.47 (+ 1.18)
btdS::Gm 105.59 (+ 15.18) 107.98 (+ 13.62)
btdS::Gm, redR1::Km  99.75 (£ 15.18) 106.56 (+ 16.32)
btdS::Gm, redR2::Km 6.13 (£ 2.32) 7.34 (£ 8.97)
redR1:Km? 19.76 (+ 16.06) 30.60 (+ 8.70)
redR2::Km? 20.93 (+ 8.30) 18.71 (+ 2.51)

"Measured from P14 promoter::lacZ fusion in pMP220.
2\/alues already presented in Pacheco-Sanchez et al., 2017.

4.2.3.4 BtdS controls RedR2 activity through sequestration of the regulator to
the membrane.
Homology search in the databases revealed that BtdS closest relative (85%

identity) was a DoxX/D-like family protein of the Betaproteobacterium
Candidimonas bauzanensis (Zhang et al., 2012). DoxX/D is a poorly characterized
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family of small integral membrane proteins of unknown function (PFAM04173).
The members of this family are similar in size (<200 residues, BtdS has 135
residues) and are characterized by four predicted transmembrane helices (Figure
4.2.4). Thus, if btdS is located in the membrane, the observed lack of activity of
RedR2 in the absence of effector would result from the BtdS-mediated
sequestration of this bEBP to the cytoplasmic membrane.

The best characterized member of the family is DoxD from the archaeon
Acidianus ambivalens, the small subdunit of thiosulphate: acceptor oxidoreductase
(TAOR) involved in sulfur oxidation (Purschke et al., 1997). In a group of DoxX/D
family protein genes, doxD is co-transcribed with the gene for the large subunit of
TAOR, doxA. However, in a divergent cluster of homologues, a partner doxA gene
is missing, and a different function is suggested for this group, to which BtdS would
belong. Interestingly, the acceptor of DoxD in A. ambivalens is a quinone (Miller et
al., 2004), as a quinone is also the product of the reaction carried out by BtdLS.

Cys
™4
® ™3
™2
™1

Figure 4.2.4. BtdS membrane topology
prediction. The amino acid residues are shown
as circles with the corresponding one-letter
symbol, transmembrane segments (gree,
yellow, blue, orange) are shown as schemes of
the helix, the membrane is shown in grey with
the extracellular and cytoplasmic sides
indicated. The The C- and T-terminal ends are
indicated. The cysteine residues are highlighted
in yellow.
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To confirm direct protein-protein interaction between RedR2 and BtdS, we
carried out column binding experiments. Because BtdS is an integral membrane
protein insoluble when overexpressed (not shown), we generated a protein fusion of
BtdS to the maltose-binding protein (MBP) in pMAL-pV, which includes an
internal 6-His tag (Pérez-Martin et al., 1997). The resulting chimera (MBP-6His-
BtdS) was purified and loaded onto a Ni**-sepharose column, and an E. coli crude
extract containing overproduced RedR2-HA was then applied to the column and
subsequently washed to eliminate unbound material.
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Figure 4.2.5 shows that RedR2 was retained by the BtdS protein bound to the
column and co-eluted with it when imidazole was applied. MBP-6His-BtdS eluted
as a 52 kD protein. On the contrary, RedR1 was not retained by BtdS and eluted
with the unbound material. These results confirm the above genetic indications that
RedR2 but not RedR1 was repressed by BtdS. It is worth noting that in a control
assay with the MBP lacking the BtdS moiety bound to the column, neither RedR1
nor RedR2 were retained in the column (not shown). To further identify the RedR2
domain involved in interaction of this bEBP with BtdS, we designed a series of
BACTH constructs in pUTC18 and pKT25 to probe the different RedR2 domains
against BtdS. BACTH assays are especially suitable for BtdS analysis since they
were designed to be applicable to integral membrane proteins (Karimova et al.,
2000). The different pUT18 and pKT25 derivatives were transformed into BTH101
reporter strain (Material and Methods 4.2, Table 3.2.1). Figure 4.2.6 clearly shows
that RedR2 but not RedR1 as whole-length proteins showed binding interaction
with BtdS, thus confirming the above results with column binding assays.
Furthermore, the binding determinant could be located to the NTD of RedR2, which
gave strong positive binding values with BtdS. As expected, RedR1 NTD was
negative in interaction with BtdS.

he} N
A £ IMBP-6His-BtdS vs RedR2-HA| B 2 [MBP-6His-BtdS vs RedR1-HA
2 8
) Washing Bound 5 Washing Bound
U Wi w2 IE1 12 U Wi W2 IE1  IE2

Anti-His

- (MBP-BtdS)

Anti-His
- (MBP-BtdS)

. w=  Anti-HA
¥ (RedR2-HA)
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Figure 4.2.5. Interaction of BtdS with RedR proteins detected by column-binding analysis. A) A
solution of purified MBP-6His-BtdS was loaded onto a HisTrap HP (GE Healthcare) column and
thoroughly washed with buffer B as described in Materials and Methods 3.2. Then a crude extract
containing overproduced RedR2-HA was loaded and the column was washed with 10 bed volumes of
loading buffer. Unbound material (U) and washing fractions (W) were collected. Finally bound
proteins were eluted using buffer B supplemented with 250 mM imidazole. The collected fractions
(bound proteins) were labeled as IE1 and IE2. The proteins in the indicated samples were fractionated
in SDS-PAGE, transferred to PVDF membranes, and probed using either anti-His or anti-HA
antibodies as indicated. B) A similar experiment as in A except that the crude extract contained
overproduced RedR1-HA.

160



Chapter 4.2

[ASNTDRedR2-pUT18
A6NTDRedR1-pUT18
NTDRedR1-pUT18
NTDRedR2-pUT18
RedR2-pUT18

controls

pKT25-BtdS
o |:A6NTDRedR1-§tdS H

ASNTDRedR2-Btds [
D|:NTDRedR1-BtdS H

NTORedR2-Bres |

RedR1-BtdS H
Full-length

Redr2-otes |

0 200 400 600

Two-Hybrid construct

B-galactosidase (MU)

Figure 4.2.6. Binding of BtdS to RedR proteins and truncated derivatives. RedR1 and RedR2
proteins and truncated derivatives were fused to the N-terminus of T25 and BtdS was fused to the C-
terminus of T18 in pKT25 and pUT18 BACTH vectors (Karimova et al., 2000). In each assay pair in
the x axis (separated by a hyphen), the first construct was based on pKT25 and the second on pUT18.
NTDRedR1 and NTDRedR2 are the N-terminal domain of either protein (red), AONTDRedR1 and
A8NTDRedR2 are truncated versions of the NTD indicating the number of N-terminal residues
removed (green), RedR1 and RedR2 are the full-length proteins (blue). Controls are assays with one of
the plasmids devoid of insert (grey). Assays were minimally performed in triplicate; error bars show
the standard deviation of the mean

The NTD domains of the two proteins are identical except for their N-
terminal tail, where a stretch of 6 and 8 non-conserved residues (in RedR1 and
RedR2, respectively) precede the conserved sequence, and for position 233 of
RedR1 within the PAS domain, where a Thr is substituted by an lle in RedR2 (Fig.
4.2.1). Therefore, the different behavior of the two proteins in the binding assays
must lie in either or both sequence differences. We constructed a T25 fusion to the
NTDs devoid of their N-terminal tail (6 or 8 residues according to the specific
protein) and probed them against the T18 fusion to BtdS. As shown in Fig. 4.2.6,
the RedR2 NTD devoid of his N-terminal tail had lost its capacity of binding
interaction with BtdS.This result suggests that the N-terminal tail of the protein is
the sequence determinant that establishes the differences between RedR1 and
RedR2 in their capacity to interact with BtdS, and has an essential role in the
control of the NTD through binding BtdS.
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4.2.4. Discussion

The anaerobic resorcinol degradation pathway of A. anaerobius is unigue not
only because it represents a different aromatic degradation strategy in anaerobes
(Philipp & Schink, 1998), but as evidenced in this study, because it also constitutes
a novel and complex model of bEBP-mediated transcriptional regulation. The
presence of two genes coding for almost identical bEBPs in the cluster initially
raised the possibility of their function being redundant for pathway activation. Our
previous genetic analysis established that despite their striking sequence similarity,
both regulators were required for full pathway induction in a manner that probably
required them to form hetero-oligomers (Pacheco-Sanchez et al., 2017). In this
study we were able to clearly confirm in vitro the binding interactions between
RedR1 and RedR2 that were faintly predicted in previous two-hybrid assays. In
fact, an overall practical outcome of the set of results presented here is that column-
binding assays are reliably reflected in the two-hybrid assays, an approach that
allows the easy evaluation of a broader range of protein derivatives and
combinations. In addition, column-binding assays discarded self-interactions of the
two proteins, as already suggested by the two-hybrid assays. This is especially
intriguing since hetero-interactions were shown to occur through the central
domains of RedR1 and RedR2 (Pacheco-Sé&nchez et al., 2017), and both proteins
have identical central domains. The differences between them are located in the
NTD and CTD. We must then assume that some unknown determinant in either or
both NTD and CTD was impeding self-interaction of each protein through their
central domain. In the case of RedR1, this is most likely the NTD, which also
negatively controls protein assembly in negatively regulated bEBPs (Batchelor et
al., 2008). Deletion of this domain in ARedR1 rendered a protein that was fully
active in E. coli (Table 4.2.1), which implies that is was capable to assemble into a
homo-hexamer. However, we had previously shown that this truncated version of
the protein was also not capable of detectable binding-interaction with itself in two-
hybrid assays (Pacheco-Sanchez et al., 2017). We contemplate two possible
explanations for this discrepancy: one possibility is that the interactions that occur
in vivo during activation are too weak to be detected in two-hybrid assays; the
second hypothesis is more plausible and involves the DNA sequences at the UASs
as a stabilizing factor during hexamer assembly. In fact, bEBPs are normally bound
to their UASs as two dimers in the absence of stimulatory signal (Vidangos et al.,
2013) (Figure 1.16), and assemble into a hexamer when activation of the NTD
reorients this domain, eliciting the conformational change in each subunit required
for oligomer assembly on the DNA (Volkman et al., 2001). A case of extreme
dependence on DNA binding for oligomerization is the NorR protein of E. coli.
This regulator is unique in that it is capable of DNA binding and hexamer formation
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in the absence of stimulatory signal provided that its three target UASs are present
(Tucker et al., 2010), and is only prepared to receive the stimulatory signal (NO)
once the hexameric nucleoprotein complex is assembled (D'Autreaux et al., 2005).
In fact, the presence of the target DNA was shown to increase in vitro ATPase
activity of this and other regulators (Austin & Dixon, 1992), which ultimately
depends on hexamer assembly. Thus, it is conceivable that the DNA binding
domain in ARedR1 is also involved in oligomer formation through binding its target
UASs at the Pgs4 promoter. This binding would not only increase the local
concentration of the protein, as suggested (Porter et al., 1993), but most importantly
it would stabilize the otherwise weak interactions between ARedR1 monomers,
explaining why this truncated protein was active on P4. In Other words, the DNA
of the UASs would behave as an allosteric effector that determined ARedR1
conformation by controlling multimerization, and hence activity, of the regulator.

A similar DNA-mediated stabilization of the oligomer might also explain
RedR2 full-length protein activation of P4 in E. coli and in a btdS redR1 double
mutant of Azoarcus sp. CIB, despite the absence of self-interaction in two-hybrid
and column binding assays (Table 4.2.1 and 4.2.2, and Fig. 4.2.2). However, in this
case the model has additional paradoxes. The NTD of RedR2 is clearly not exerting
a repressing effect on protein oligomerization (Table 4.2.1), as for other positively
regulated bEBPs (De Carlo et al., 2006). This is however striking since the
difference between ARedR1 (active) and ARedR2 (inactive) is at their CTD, mainly
at the positioning helix C and the N-terminal tail (Fig. 4.2.1). This would imply that
RedR2 CTD obstructs ARedR2 hexamer assembly on the DNA in the absence of
the NTD. The differences between the two CTDs are not especially significant, but
changes in the polarity/charge of a few residues in the positioning helix C might
influence the orientation of the two DNA-binding helixes of a dimmer, leading to
an incompatible angle and/or distance to allow their binding to the major grooves in
the DNA (Vidangos et al., 2013), besides the possible role of the N-terminal tail.

Also, positively regulated bEBPs generally compensate the absence of
dimerization at their NTD by dimerizing through the two helixes linking the central
domain to the HTH in the CTD (helixes A and B) (Sallai & Tucker, 2005; Vidangos
et al., 2014). We have previously shown that a truncated version of RedR2 only
consisting of the CTD was not capable of self-interaction in two-hybrid assays
(Pacheco-Sanchez et al., 2017). Thus activity of RedR2 in the absence of RedR1
again points to the presence of the target promoter DNA stabilizing in vivo hexamer
assembly to stimulate transcription from P,s4. However in this case, unlike in
RedR1, this interaction requires the presence of an intact RedR2 NTD, which
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probably favors and/or stabilizes the oligomer assembly. Since, as mentioned, the
differences between the two bEBPs mainly lie in the C- and T-terminal tails, it is
tempting to suggest that these two ends physically interact in the active RedR2
hexamer. This type of interaction has been recently suggested from the structural
studies of NorR in complex with its target DNA. The GAF domain in NorR NTD
formed an arm-like structure curved down over the hexamer, sitting at the periphery
of the central domain. The DNA binding domain was located below the central
domain and contacted the DNA that encircled the bottom of the hexamer ring.
Interestingly, the structure revealed that the GAF at the NTD domain interacted
with the DNA binding domain, and potentially with the enhancer DNA itself (Fig.
4.2.7) (Bush et al., 2015).

Central Domain
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Figure 4.2.7. Homology models of AAA and GAF domains fitted into an electron microscopy
density model of NorR bound to its UAS. A) Three pairs of DNA binding domains (yellow, red and
cyan) fitted into the inner density viewed from the bottom. B) Cut-open view of (A) showing he three
domains in different colors and a 100 bp circular dsDNA fitted into the density below the NorR
hexamer. Taken from Bush et al., 2015.

It has been suggested that the positive and negative regulation of bEBPs can
be predicted based on the presence/absence of dimerization motifs in the linkers
connecting the NTD with the central AAA+ domain (L1) and connecting this
domain with the CTD (L2) (Doucleff et al., 2005; Shingler, 2011). Obviously, this
is not corroborated by RedR1 and RedR2, which have identical linker sequences but
opposite activation mechanisms.

RedR2 activity on Py4 in E. coli occurred in the absence of any external
activating signals, which contrasts with the strict necessity of NTD activation to
promote transcription in the positively controlled bEBPs (Bush & Dixon, 2012). We
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have shown that the control of RedR2 in its natural host is mediated by its NTD
binding the integral membrane protein BtdS, which sequesters the bEBP to the
membrane, constraining its availability to activate the target promoter (Fig. 4.2.5).
This implies that rather than a positively activated bEBP, RedR2 would be a
constitutive bEBP, directly capable to bind its operator and undergo the series of
event leading to transcription activation if made available in the cell. However, we
have shown that under natural conditions, maximum promoter activity is only
obtained when the two regulators are present and the activating signal (presence of
the resorcinol substrate metabolized to HBQ) is provided (Pacheco-Sanchez et al.,
2017), as shown in Table 4.2.2 for P14 promoter in Azoarcus sp. CIB bearing the
pR* plasmid. The RedR2-dependent constitutive transcription level in the absence of
RedR1 was 50% lower than the induced levels in the wild-type, where RedR1 and
RedR2 associate to promote transcription. Because RedR1 by itself is incapable of
promoter activation (see negligible activity values in the redR2 mutant, Table
4.2.2), the activity in the wild-type is not the sum of the activities corresponding to
each regulators, but rather the activity stemming from the novel active
conformation of the regulators, composed of RedR1 and RedR2 hetero-oligomers.
We suggest that in their native conformation, the affinity of the RedR proteins for
their counterpart is higher than their affinity for themselves, favoring the formation
of heterodimers/oligomers. This is supported by the strong interactions between the
two full-length proteins observed in BACTH and column binding assays. It must
be emphasized that the predicted recognition helix (D) of the HTH of both proteins
is almost identical (a single Ser to Ala change, Fig. 4.2.1) and most differences are
found in the positioning helix (C) and C-terminal tail. It is thus plausible that both
regulators target the same UASSs, and that some determinants in the NTDs and
CTDs are weakening the affinity to form homodimers/oligomers. Thus, when the
two regulators are present, heterodimers are preferentially formed in solution over
either homodimer, since RedR1 full-length protein is incapable of self-interaction
and RedR2 would require stabilization through DNA binding to form homodimers.

A further question arises from this model: why is RedR1 not repressed by
BtdS? The NTD sequence, which is responsible for RedR2 binding to BtdS (Fig.
4.2.6), in slightly different in the two regulators. As depicted in Figure 4.2.1, the N-
terminal tail preceding the conserved sequence between the two proteins is different
in sequence and length, and Thr233 in RedR1 is an lle in RedR2. A BACTH
construct of RedR2 NTD lacking its N-terminal 8-residue tail completely lost its
capacity of binding interaction with BtdS (Fig. 5.6), suggesting this tail plays an
important role in RedR2 control, being responsible for the interaction with BtdS.
Our suggestion is that RedR2 N-terminal tail makes specific contacts with one of
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the predicted cytoplasmic loops of BtdS. Besides the specific differences in the tail
sequence, RedR2 N-terminal tail (MSRETSLA) has a more polar character than
RedR1 tail (VDGFLS), which might be relevant for protein-protein interaction. In
fact, one of the cytoplasmic loops in BtdS is rich in Trp, an indication of the
likelihood of being part of a binding site (Fig. 4.2.4) (Ma et al., 2003). This loop
also has a marked polar character, which may favor contacts between the two
proteins at the membrane surface (Hu et al., 2000). Our attempts to identify the
actual BtdS region involved in the interaction with RedR2 by probing oligopeptides
bearing the loop sequence for interaction with RedR2 NTD in ITC assays were
unsuccessful, because the dilution heat of the probed peptides was too high to allow
the detection of interaction signals (not shown).

Several bEBPs are regulated by protein-protein interactions. The best-
characterized examples are FleQ, NifA, PspF and DhaR, the regulation of which
shows interesting similarities with RedR2 regulation. DhaR is a special case of
bEBP, since it does not control a ¢>*-dependent but a ¢"°-dependent promoter, and
its central domain lacks the o>*-binding motif (Bachler et al., 2005). However the
structure of its NTD with a GAF and PAS-like tandem domain resembles the RedR
proteins NTD and was used to model their structure (Fig. 4.2.1). DhaR regulates the
expression of the two subunits of the dihydroxyacetone kinase in E. coli, DhaK and
DhalL. Interestingly, DhaR is activated by interaction with DhaL whilst it is
repressed by DhaK in a manner that is dependent on the ATP versus ADP load of
DhaL (only DhalL-ADP can bind DhaR). Whilst DhaL binds DhaR through both the
PAS and GAF domains, as well as through the linker helix between them, DhaK
can only interact with the GAF domain (Shi et al., 2014). Thus, DhaR and RedR2
can be included amongst the regulators controlled by the so called trigger enzymes,
i. e. enzymes with dual functions: besides their specific enzymatic activity, they
play an active role in the control of gene expression (Commichau & Stulke, 2008).
An example with similar features to what we observe in RedR2 is the LTTR ThnR
controlling tetralin degradation in Sphingopyxis granuli strain TFA (Ledesma-
Garcia et al., 2013). The activity of this regulator is controlled, probably through
protein-protein interaction, by the iron-sulfur flavoprotein ThnY that in turn is
regulated by the electron transport chain of the tetralin dioxygenase system in
response to the catabolic flux in the cell (Ledesma-Garcia et al., 2016). The NifA
protein, which includes a GAF domain in its NTD, is controlled through protein-
protein interaction with its antiactivator NifL, to prevent the hexamer assembly
(Martinez-Argudo et al., 2004). Interestingly, NifL of K. pneumoniae that contains
tandem PAS domains in its NTD is membrane-associated (sequestered) when the
FAD of one of its PAS domains is reduced by the reduced quinone pool generated
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during anaerobic respiration. Only in its oxidized state (in the presence of oxygen)
it dissociates into the cytoplasm to repress NifA through direct protein-protein
interaction (Grabbe & Schmitz, 2003). Furthermore, the N-terminal tail of NifL
seems to be essential for the protein oligomerization and redox signal transduction
(Little et al., 2012). PspF, the phage shock protein regulator, also seems to be
ultimately controlled through the redox state of the quinone pool in the membrane
(Engl et al., 2011). This bEBP that lacks an NTD is constitutively active, and is
repressed through protein-protein interaction with PspA, a peripheral membrane
protein that inhibits its ATPase activity (Weiner et al., 1991). Although the final
factors influencing PspA association to the membrane through two integral
membrane proteins have not been elucidated yet (Joly et al., 2010), this is another
example of a bEBP controlled through membrane related proteins capable of
sensing the redox state of the quinone pool. Finally, the regulation of FleQ varies
depending on the host. In P. aeruginosa, FleQ activity is repressed through direct
protein-protein interaction with FleN, a P loop ATPase that inhibits FleQ ATPase
activity (Dasgupta & Ramphal, 2001; Chanchal & Jain, 2017).

The question remains of which is the mechanism that releases RedR2 from
BtdS to activate transcription. Although this issue was not addressed in this study, it
is tempting to speculate that, as for some of the membrane related systems
described above, the redox state of some membrane factors might influence the
redox state of BtdS, allowing the release of the bEBP. Furthermore, the product of
the reaction carried out by BtdLS is hydroxybenzoquinone, and this compound is
the experimentally determined pathway effector triggering induction of the two
proteins (Pacheco-Sanchez et al., 2017). Furthermore, the only characterized BtdS
homologue is the electron transfer subunit of a thiosulphate:quinone oxidoreductase
(Mdller et al., 2004). As mentioned, RedR2 NTD contains a PAS domain; these
domains frequently accommodate a cofactor, frequently FAD, which would be a
good candidate to sense a redox signal. On the other hand orfl4, the first gene in the
operon controlled by P4 in the resorcinol degradation cluster, codes for a NADH-
dependent flavin oxydorreductase of unknown function (Darley et al., 2007), which
might be involved in returning BtdS/RedR2 to the repressed state once the substrate
were consumed. However, the crystal structure of the NTD of DhaR, based on
which RedR2 structure was modeled, was shown not to contain any cofactor. Thus,
although this remains to be clarified for RedR2, a priori we do not expect a flavin
cofactor be present in RedR2 NTD.

Two examples of DEBP heterodimer formation have been described:
Pseudomonas syringae HrpS-HrpR and R. sphaeroides FleQ-FleT systems.
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However, both of them significantly differ from the RedR1-RedR2 system analyzed
here. Although FleQ is believed to form heterooligomers with FleT, this last bEBP
lacks both the NTD and HTH motifs. Interestingly, FleQ is capable of transcription
activation on its own at Pg.r promoter, but both FleQ and FleT are required to
activate the remaining target promoters (Poggio et al., 2005). This resembles the
situation with RedR2, which can on its own activate to a certain extent some of its
target promoters, but strictly requires RedR1 for some others (Pacheco-Sanchez et
al., 2017 and not shown).

HrpS and HrpR are paralogues that lack the NTD. HrpRS forms a
transcriptionally active heterohexamers that are active in transcription, and are
negatively controlled through protein interaction of HprS with HrpV, which fulfills
a similar role to that of PspA with PspF. These two regulators are believed to have
evolved from a single ancestral gene duplication event, after which sequence
degeneration has lead to two paralogues with specialized role in bEBP activity
control (Jovanovic et al., 2011). It is most probable that redR1 and redR2 also
originated from a gene duplication event, and they further evolved to sense the
same ultimate signal (presence of a usable substrate) through different mechanisms.
The final benefits of this dual mode o regulation are not obvious, but it probably
allows a finer coordination of the expression levels of the five pathway operons
coding for 20 genes, which certainly implies an important energy cost to the cell
that must be tightly controlled.
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Results and Discussion
Chapter 4.3

DbdR, a new member of the LysR family of transcripcional
regulators, coordinately controls four promoters in the
Thauera aromatica AR-1 3,5-dihydroxybenzoate anaerobic
degradation pathway

This chaper was submitted to Applied and Environmental Microbiology as:

Daniel Pacheco-Sanchez, Agueda Molina-Fuentes, Patricia Marin, Alberto
Diaz-Romero and Silvia Marqués. DbdR, a new member of the LysR family of
transcripcional regulators, coordinately controls four promoters in the Thauera
aromatica AR-1 3,5-dihydroxybenzoate anaerobic degradation pathway.
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4.3.1. Abstract

The facultative anaerobe Thauera aromatica strain AR-1 uses 3,5-
dihydroxybenzoate (3,5-DHB) as sole carbon and energy source under anoxic
conditions using an unusual oxidative strategy to overcome aromatic ring stability.
A 25 kb gene cluster organized in four main operons encodes the anaerobic
degradation pathway for this aromatic. The dbdR gene coding for a LysR-type
transcriptional regulator (LTTR) which is present at the foremost end of the cluster
is required for anaerobic growth on 3,5-DHB and for expression of the main
pathway operons. A model structure of DbdR showed conserved key residues for
effector binding with its closest relative TsaR for p-toluensulfonate degradation. We
found that DbdR controlled expression of three promoters located upstream from
the operons coding for the three main steps of the pathway. Whilst one of them
(Port20) Was only active in the presence of 3,5-DHB, the other two (Pgyn. and Po1s)
showed moderate basal levels that were further induced in the presence of the
pathway substrate, which needed be converted to hydroxyhydroquinone to activate
transcription. Both basal and induced activities were strictly dependent on DbdR,
which was also required for transcription from its own promoter. DbdR basal
expression was moderately high and increased two-fold in response to the presence
of the effector. DbdR was found to be a tetramer in solution, producing a single
retardation complex in binding assays with the three enzymatic promoters,
consistent with its tetrameric structure. The three promoters had a conserved
organization with clear putative regulatory and activating binding sites positioned at
the canonical distance from the transcription start site. In contrast, two protein-DNA
complexes were observed for the Pggr promoter, which also showed significant
sequence differences with the three other promoters. Altogether our results show
that a single LTTR coordinately controls expression of the entire 3,5-DHB
anaerobic degradation pathway in Thauera aromatica AR-1, allowing a fast and
optimized response to the presence of the aromatic.
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4.3.2. Background

The facultative denitrifier Thauera aromatica strain AR-1 attacks 3,5-
dihydroxybenzoate (3,5-DHB, a-resorcilate) through an oxidative rather than a
reductive reaction, where the aromatic ring is hydroxylated at position 2 by a
resorcinol hydroxylase (dbhLS) to render, after subsequent decarboxylation, the
central intermediate hydroxyhydroquinone (HHQ) (Gallus & Schink, 1998) (Fig.
4.3.1.A). Similarly, in the strict anaerobe Azoarcus anaerobius, dihydroxybenzene
(resorcinol) is converted to HHQ through hydroxylation of the aromatic ring at
position 4 (Philipp & Schink, 1998). In T. aromatica AR-1 the 3,5-DHB-
hydroxylating enzyme activity is membrane-associated and does not produce HHQ
as a primary oxidation product but an unknown intermediate, probably 2,3,5-
trihydroxybenzoate, where the decarboxylation to HHQ is stimulated in the
presence of an unidentified factor present in the cytoplasmic fraction (Gallus &
Schink, 1998). The group of genes that encodes the enzymes of the route shows a
significant homology between the two organisms, although with some differences
(Darley et al., 2007; Molina-Fuentes et al., 2015). Cluster analysis identified a total
of 28 ORFs, organized into a total of 5 operons, four transcriptional units that
encode the three main steps of the pathways and a TRAP transport system. The
fifth operon that encodes a transcriptional regulator type LysR (LTTR), called
DbdR, together with the gorA gene that encodes a redundant enzyme for the second
step of the pathway (Fig. 4.3.1B).
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Figure 4.3.1. T. aromatica AR-1 3,5-DHB anaerobic degradation pathway and gene cluster. A) T.
aromatica strain AR-1 3,5-DHB degradation pathway. The genes involved in each enzymatic step are
indicated. B) Organization of the T. aromatica strain AR-1 genomic region coding for anaerobic 3,5-
DHB degradation. The genes belonging to the same operon are shown in the same colour, except the
regulatory gene dbdR, which is shown in red. The promoters identified in this work are indicated, and
the resulting messengers are outlined as dashed arrows.
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The main enzymes of both dihydroxylated aromatic degradation pathways
are induced by the presence of the substrate (Philipp and Schink, 2000), which has
been confirmed at the transcriptional level, both in A. anaerobius (Pacheco-Sanchez
et al., 2017) and in T. aromatica AR-1 (Molina-Fuentes et al., 2015). One of the
differences is found in the regulatory mechanisms. In A. anaerobius, the
transcription of the first three reactions of the pathway is controlled by the
coordinated activity of two homologous regulators belonging to the NtrC family
(Pacheco-Sanchez et al., 2017), whislt in T. aromatica AR-1 the dbdR gene is
necessary for growth in 3,5-DHB (Molina-Fuentes et al., 2015), which suggests that
this LTTR is responsible for the expression of the different operons of the pathway

The LTTR family is a highly conserved group of transcriptional regulators
that are composed of a highly conserved N-terminal winged helix-turn-helix
(WHTH) DNA-binding domain (DBD) approximately 60 amino acids in length, and
an effector-binding domain (EBD) with lower sequence conservation but a
conserved structural fold located in the C-terminal end of the protein (Momany &
Neidle, 2012). Both domains are connected by a long linker helix which confers the
high flexibility required for the conformational changes that take place upon
effector binding for promoter activation (Momany & Neidle, 2012; Koentjoro et al.,
2018). The current model for LTTR-dependent promoter activation predicts binding
of the regulator to two distinct binding sites: i) the recognition binding site (RBS)
normally centered at position -65 from the transcription start site and including the
LTTR consensus palindromic sequence (T-N;-A) and ii) the activation binding site
(ABS) generally overlapping the -35 box for RNA polymerase (RNAP) binding
(Maddocks & Oyston, 2008; Momany & Neidle, 2012). Whilst the RBS seems to
be essential for LTTR binding, the ABS is essential for activation. The main goal of
this study was to characterize the transcriptional regulation controlling the growth
of T. aromatica AR-1 on 3,5-DHB and the factors influencing pathway expression,
amongst which the LTTR DbdR plays a pivotal role. Unlike most LTTRs, DbdR is
not transcribed divergently from the genes it controls. Rather, it is able to
simultaneously activate several promoters in the gene cluster. We were able to
define four promoters of the pathway that were strictly dependent on this regulator,
which responded to a pathway intermediate. Analysis of DbdR binding to its target
promoters revealed differences in the binding mode to the promoters coding for
pathway enzymes and to its own promoter.
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4.3.3 Results

4.3.3.1. Three promoters drive expression of the 3,5-DHB anaerobic
degradation pathway in T. aromatica AR-1.
To map the promoters driving transcription of the three main operons of the

pathway, total RNA of T. aromatica AR-1 cells growing on either glutarate or 3,5-
DHB was isolated and analyzed using primer extension with labelled
oligonucleotides complementary to dbhL, orf18 and orf20. A single extension band
was observed for dbhL, which only appeared when cells were grown on 3,5-DHB
(Fig. 4.3.2A). The band size positioned the transcription start site 57 bp upstream
from the translational start site of dbhL. Two extension bands were observed for
orfl8 and orf20, which mapped 76 and 79 bp (Porig), and 70 and 71 bp (Porro)
upstream from the translation start site of orf18 and orf20, respectively (Fig. 4.3.2B
and C). Whilst the two Py bands only appeared with 3,5-DHB, the two P
bands were present al low level in glutarate-grown cells and were strongly induced
in the presence of 3,5-DHB. These data confirm the inducibility of the pathway by
its substrate. Alignment of the sequences upstream from the transcription start sites
showed a similar organization of the three promoters and several regions of high
sequence conservation (Fig. 4.3.2.D).

The highest similarity was found between Pgpn. and Py, With almost
identical -10/-35 boxes for RNA polymerase (RNAP) binding, an identical
sequence between positions -30 and -55 (coordinates relative to Py, Start site) that
overlapped the -35 box, and a highly conserved (58% identity) region with partial
symmetry between positions -57 and -75, which included the consensus LTTR
binding motif T-Ny;-A. Although less conserved, this motif was also present in
Porris, as was the -30/-55 conserved region which overlapped a significantly
different -35 box. In all three promoters the LTTR binding motif was centered at or
near position -65 relative to their transcription start site, and would correspond to
the so-called regulatory binding site (RBS) present in most LTTR-dependent
promoters (Maddocks & Oyston, 2008). The conserved -30/-55 region fulfilled the
criteria of the activation binding site (ABS) defined in most LTTR-dependent
promoters, i.e. placed between the RBS and the transcription start site, overlapping
the -35 box (Lerche et al., 2016).
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Figure 4.3.2. Mapping of the transcription initiation site of the three pathway operons. Primer
extension of total RNA of T. aromatica AR-1 cells growing on glutarate (-) or 3,5-DHB (+) with
primers for Pyyn (A), Poris (B), and Pgygo (C) were run parallel to sequencing reactions of the
corresponding region with the same primers. The cDNA extension bands corresponding to each
promoter are indicated with an arrow. (D) Alignment of the promoter region of the three promoters
showing the conserved RNA polymerase -10/-35 binding elements (double-underlined), the
transcription start site (+1, red), and the conserved putative regulator binding sites located upstream
(RBS, orange; ABS, blue; dark colored bases are conserved in the three promoters; light colored bases
are conserved in two promoters. (E) LOGO presentation of the conserved regions between the three
promoters.

4.3.3.2. DbdR controls expression of the pathway promoters.

We have previously shown that dbdR gene was essential for anaerobic
growth on 3,5-DHB, and was also required for expression of the three main
pathway operons (Molina-Fuentes et al., 2015). In fact, growth of a dbdR mutant on
3,5-DHB was restored when dbdR gene was provided in a plasmid, as was the
activity of the promoters (Fig.4.3.3). To confirm that control of the three promoters
was dependent on DbdR, we generated transcriptional fusions of the Py, Porfis,
and Pq promoters to lacZ in the pMP220 broad-host-range vector (Spaink et al.,
1987) and we transferred them to T. aromatica AR-1 and its dbdR null mutant
(Molina-Fuentes et al., 2015).
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Figure. 4.3.3. Complementation of T. aromatica AR-1 dbdR mutant with dbdR wild-type gene. A)
T. aromatica strain AR-1, its dbdR mutant derivative, and the complemented strain with pPBBRMCS5
bearing dbdR wild-type gene were inoculated at an initial ODggo 0f 0.05 and were cultivated either on
3,5 mM glutarate (white) or 1 mM 3,5-DHB (black) at 30°C. Growth was determined as ODygg, after
72 h. B) The same strains as in (A) but bearing a Pqgsg::lacZ transcriptional fusion in plasmid
p220Porf18 were grown for 96 h either on glutarate (white) or 3,5-DHB (black) and B-galactosidase
activity was determined. Average values from at least 3 repetitions (+SD) are shown.

To allow normal growth of the mutant strain, the cells were cultivated on
succinate in the presence and absence of 3,5-DHB and B-galactosidase activity was
determined after 72 hours of growth. In the wild type strain, Py and Pgs,
promoters of the first and second steps in the pathways, and of one subunit of the
third step, respectively, showed a significant basal activity in the absence of
substrate, which was induced 3.5 and 5 times, respectively, in the presence of 3,5-
DHB (Fig. 4.3.4.). In contrast, the basal levels were negligible in Py, and a strong
induction was observed in the presence of 3,5-DHB. Both the basal and the induced
activities of all three promoters were dependent on the presence of the dbdR gene.
The unexpected differences between the two promoters with highest sequence
similarity, Py and P, eSpecially in the absence of the effector, suggest that
additional elements in the promoter sequence are relevant to determine the final
promoter response and strength. In fact, it has been shown that minute changes in
the DNA recognition elements or even in the flanking sequence can have drastic
consequences on the affinity of the regulator for its binding site (Kovacikova &
Skorupski, 2002; MacLean et al., 2008).
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Figure 4.3.4. Expression of the three pathway promoters in wild-type and dbdR mutant
backgrounds. B-galactosidase activity was measured after 72 h in cultures of wild-type T. aromatica
AR-1 (white bars) and its dbdR mutant (black bars) bearing the corresponding promoter-lacZ fusion in
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4.3.3.3. The substrate must be transformed to activate DbdR.

Although some LTTR are capable of promoter activation in the absence of an
effector, most of them require binding to a signal molecule to become active
(Maddocks & Oyston, 2008). This is especially true for those LTTR regulating
aromatic biodegradation pathways, which are generally recognized and activated by
the substrate or by intermediate compounds in the degradation pathway (Tropel &
van der Meer, 2004). To test the interaction of DbdR with its substrate or with
pathway intermediates, a His-tagged version of the protein was overproduced and
purified using nickel-affinity chromatography and the binding of possible effectors
was tested using isothermal titration calorimetry (ITC). The assays were carried out
under anoxic conditions because the hydroxylated pathway intermediates become
readily oxidized in the presence of oxygen. No binding signal was detected with
3,5-DHB and the first pathway intermediate hydroxyhydroquinone (data not
shown). The first and third intermediates in the pathway, 2,3,5-trihydroxybenzoate
and hydroxybenzoquinone, respectively, are not commercially available and could
not be tested. We also tested two hydroxylated analogues as possible effectors of
the protein; neither 2,5-dihydroxybenzoate (gentisate) nor 3,4-dihydroxybenzoate
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(protocatechuate) showed any interaction with the protein. As an alternative we
used a genetic approach to determine which intermediate of the pathway was
essential for promoter activation in vivo. To that end, we measured promoter
activity in genetic backgrounds unable to transform the substrate 3,5-DHB (a dbhL
mutant), the third intermediate HHQ (a btdL, gorA double mutant) and the fourth
intermediate hydroxybenzoquinone (a bgdL mutant). Each of these mutants was
expected to accumulate the corresponding substrate of the mutated enzyme gene.
Fusions to lacZ of the three promoters were assayed in wild type T. aromatica AR-1
and in its corresponding pathway mutants after 72 hours of growth on glutarate in
the presence and absence of 3,5-DHB. Figure 4.3.5. shows that in the dbhL mutant,
unable to transform 3,5-DHB, Pgun. activity was similar in the absence and presence
of the effector (i.e., basal levels).
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Figure 4.3.5. Identification of DbdR effector molecule. Activity of Pgyn (A), Porig (B) and Py (C)
in mutants of the three first pathway reactions. -galactosidase activity was measured after 72 h in
cultures of wild-type T. aromatica AR-1 and the indicated knockout mutants bearing the
corresponding promoter-lacZ fusions in pMP220, growing on glutarate in the presence and absence of
3,5-DHB. Data are the average of 4-8 assays.
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The same was true for the bqdL mutant, where HBQ accumulated. However,
in a btdL, gorA double mutant, which lacks both pathways for HHQ transformation
into HBQ and accumulates HHQ and probably its proposed precursor 2,3,5-
trihydroxybenzoate, the activity of Py, Was significantly higher than in the two
other mutants, reaching 60% of the wild type values. A similar picture was obtained
for Poig and Pggo, Where promoters were only induced by 3,5-DHB in the
btdL,gorA double mutant, reaching values of 92% and 57% of the wild-type,
respectively.These results point to HHQ or possibly 2,3,5-trihydroxybenzoate as the
ligand required for activation of DbdR to induce the three promoters.

4.3.3.4. DbdR is a tetramer in solution.
In LTTRSs, the effector binding domain (regulatory domain, RD), is located

at the C-terminal end of the protein. Its structure is composed of two Rossmann
fold-like subdomains leaving a cavity in the interface between them that constitutes
the ligand binding site (also known as the inducer binding cavity) (Lerche et al.,
2016). Interestingly, the two closest DbdR homologues for which a crystal structure
is available are the two LTTRs involved in the regulation of aromatic degradation
pathways: Comamonas testosteroni strain T-S TsaR (Monferrer et al., 2010) and
Cupriavidus necator CbhnR (Muraoka et al., 2003), which control degradation of the
aromatics p-toluensulfonate and chlorocathecol, respectively. Fig. 4.3.6.A shows
the alignment of DbdR with TsaR and CbnR. As expected, the highest degree of
sequence identity is located in the CTD, although homology is maintained
throughout the whole protein sequence, especially in certain key residues involved
in effector recognition (Monferrer et al., 2010). Figure 4.3.6.B shows the structure
prediction of DbdR based on the crystal structure of TsaR, which locates DbdR
DBD between residues 3 and 63 in the NTD, whilst the conserved EBD
encompasses residues 87 to 297. A clear inducer binding cavity is identifiable
between the two sub-domains of the RD, which are well delimited in the structure.
A long a-helix connects the DBD to the RD. In the TsaR protein, the residues
putatively involved in p-toluensulfonate binding have been identified (Monferrer et
al., 2010). Similarly positioned residues are present in the DbdR binding cavity
(Fig. 4.3.6A): conserved Ser98 and Pro99 would face the side chain of the aromatic
effector, whilst Pro199, 243 and 267 would create the hydrophobic environment
accommodating the aromatic ring. These residues were also conserved in CatM and
BenM proteins (Clark et al., 2004).
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Figure 4.3.6. A) Alignment of T. aromatica AR-1 DbdR protein with its closest crystalized relatives
TsaR (Comamonas testosteroni) and CnbR (Cupriavidus necator). The consensus sequence is
presented as a LOGO. The sequence secondary structure predicted from TsaR crystal are shown above
the alignment as bars (a-helices) and arrows (B-strands), colored as in B. B) Structure prediction of
DbdR using the crystal structure of TsaR (c3fzjC) as a model (23). Helices and strands are colored as
in A to distinguish the domains and subdomains. DBD, DNA-binding domain, red; RD, regulatory
domain composed of two subdomains, RDI (blue) and RDII (yellow); the linker helix is shown in
turquoise.

LTTRs are generally either dimers (Bender, 2010; Zhou et al., 2010) or
tetramers (Jo et al., 2015; Lerche et al., 2016) in solution, although the majority of
them are only active as DNA-bound tetramers (Nguyen Le Minh et al., 2018).
However, higher level complexes (octamers) have also been suggested (LOpez-
Séanchez et al., 2009; Sainsbury et al., 2009).

To determine the natural conformation of DbdR in solution, a His-tagged
protein was overproduced in E. coli and purified with nickel affinity
chromatography. In SDS-PAGE the 6His-DbdR monomers eluted with a molecular
size of approximately 39.1 kD, consistent with the sequence-deduced protein size
(36.8 kD). In analytical exclusion chromatography, purified DbdR eluted as a single
peak corresponding to 161.8 kD, suggesting that DbdR is a tetramer in solution
(Fig. 4.3.7.).
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4.3.3.5 DbdR binding to its target promoters.

Initial electrophoresis mobility shift assays (EMSA) of DNA fragments of the
three promoters with His-tagged DbdR protein evidenced protein aggregation in the
electrophoresis wells, impeding penetration of the DNA fragment in the gel (not
shown). The LTTRs are known to be poorly soluble, which hinders their
purification and long-term storage (Monferrer et al., 2010). To avoid the
purification step that concentrated the proteins beyond manageable values, we
performed EMSA using purified extracts of an E. coli strain overproducing DbdR
protein as previously described for poorly soluble regulators (Dominguez-Cuevas et
al., 2008). To that end, wild-type DbdR protein was expressed from a P\, promoter
in pBBdbdR in E. coli MC4100 and extracts of the cultures were obtained and
passed through a heparin column to remove most unrelated DNA-binding proteins,
which were eluted after applying 1 M NaCl (Fig. 4.3.8).

Bound and unbound fractions were tested with EMSA for their ability to bind
DNA fragments containing either of the three promoter regions spanning from more
than 120 bp upstream from the transcription start site to more than 34 bp
downstream (Table 3.3.2). Only the heparin-unbound fraction (labeled as “purified
fraction”) was able to form a specific and stable DNA-protein complex, which
appeared as a clearly shifted band in all cases (Fig. 6.9. A, B and C). The presence
of an excess of unlabelled competitor DNA could titrate DbdR from its target DNA
fragment (Fig. 4.3.9.A, lane 8; B, lane 7; C, lane 9). To rule out the possibility of
the extracts containing unrelated DNA-binding proteins capable of binding to these
promoters, labelled promoter DNA fragments were incubated with increasing
concentrations of similarly processed extracts from MC4100 cells carrying and
empty pPBBRMCS5 plasmid (control extracts). These extracts lacking DbdR were
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incapable of producing DNA retardation with either promoter in EMSA (Fig.
4.3.9.A, lanel0; B, lane 8 and D). In all cases, the DbdR containing extracts only
generated a single DNA-protein complex, consistent with DbdR being a tetramer in
solution and binding its target promoter as such. Because DbdR is activated by the
pathway intermediate HHQ, we repeated the assays in the presence and absence of
this effector, although the anoxic conditions during incubation and electrophoresis
could not be fully maintained. The presence of 1 mM HHQ in the binding assays
resulted in loss of retardation. However, this effect was not specific and the addition
of HHQ to unrelated binding assays with different regulators also resulted in loss of
interaction (data not shown), which we attributed to a toxic effect of HHQ on
protein structure.
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Figure 4.3.8. A) Typical elution profile in a heparine affinity column of E. coli MC4100 extracts
bearing or not the dbdR gene cloned in plasmid pPBBRMCS-5. Elution conditions are described in the
methods section. The collected fractions from the extract without DbdR (B, E. coli MC4100
(pBBRMCS-5)) or with DbdR (C, E. coli MC4100 (pBBdbdR)) were analyzed in SDS-PAGE. Blue
star pre-stained protein marker (Nippongenetics) was used as molecular weight marker. The band
corresponding to DbdR is indicated with an arrow
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Figure 4.3.9. Binding of DbdR to Py (A), Porzs (B) and Porrao (C) promoter DNA. EMSA of 32p-
labeled promoter DNA fragments with purified extracts containing DbdR protein were performed as
described in Materials and Methods with either no protein added (lane 1) or increasing amounts of
DbdR-enriched extract (purified extract): A) 0.8, 1, 1.2, 1.6, 1.8 and 2 ng/ul; B) 0.1, 0.2, 0.3, 0.4 and
0.8 pg/ul (lanes 2 to 6); C) 0.5, 0.8, 1, 1.2, 1.6, 1.8 and 2 pg/pl (lanes 2-8) of DbdR-enriched extract.
An excess of specific unlabeled promoter DNA fragment, lane 8 (A); lane 7 (B); lane 9 (C) was added
to a reaction mixture that also contained the maximum amount of crude extract. A purified control
extract lacking DbdR was used as control at the indicated protein concentration (A, lane 2; B, lane 8;
D, lanes 2-5, protein range 0.8, 1.2 and 2 pg/ul).

4.3.3.6. DbdR positively controls its own expression.
In general, LTTRs also control their own expression through interaction with

the promoter of their genes, in most cases located divergently from the pathway
promoter they activate (Maddocks & QOyston, 2008). In contrast, in T. aromatica
AR-1 DbdR is transcribed downstream and in the same direction as the operon
controlled by Pqo (Fig. 4.3.1.). We previously showed that dbdR was transcribed
as a separate mMRNA molecule that included the downstream-located qorA gene, and
independently of the operon controlled by Pgo (Molina-Fuentes et al., 2015),
which suggested the presence of a promoter directly upstream of the gene. We used
primer extension assays to identify the promoter driving expression of DbdR. Total
RNA of T. aromatica AR-1 cells growing on either glutarate or 3,5-DHB was
isolated and analyzed with labelled oligonucleotides complementary to dbdR. A
single extension band was observed that was more intense when cells were grown
on 3,5-DHB (Fig. 4.3.10.A). The band size positioned the transcription start site 36
bp upstream from the translational start site of dbdR, and defined the RNAP binding
site, which differed significantly from the consensus (Fig. 6.10D). Furthermore, the
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only putative DbdR binding site showing the conserved T-Nj;-A sequence was
detected centered at -88 bp from the transcription start site, which is unusually
distant. It is worth noting that the intergenic region between dbdR coding sequence
and the preceding gene (bqdS) is 90 bp long, and only 53 bp separate dbdR
transcription start site and bqdS stop codon (Fig. 4.3.10D).
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Figure 4.3.10. Characterization of Py,gr promoter. A) Mapping of the transcription initiation site of
Panar as determined in primer extension of total RNA of T. aromatica AR-1 cells growing on glutarate
(-) or 3,5-DHB (+) with a primer complementary to dbdR gene. A sequencing reaction of the region
with the same primer was run in parallel. B) Expression of Pygr in wild-type and dbdR mutant
backgrounds determined as [-galactosidase activity in 72 h cultures of wild-type T. aromatica AR-1
(grey bars) and its dbdR mutant (black bars) bearing the corresponding promoter-lacZ fusion in
pMP220, growing on glutarate or glutarate plus 3,5-DHB. C) Binding of DbdR to Pgp4r promoter
DNA: EMSA of **P-labeled promoter DNA fragment with increasing concentrations of purified
extracts containing DbdR (0.025, 0.045, 0.075, 0.1, 0.8 and 1.2 pg/pl, lanes 2-7); -, no extract added
(lane 1); lane 8, addition of specific unlabeled promoter DNA fragment to a reaction mixture that also
contained the maximum amount of crude extract. A similar assay with control extracts lacking DbdR
gave no retardation band (not shown). D) Pg,4r promoter sequence showing the putative RNA
polymerase binding (-10/-35) and DbdR binding sequences. Bases conserved in the DbdR binding
motifs of the remaining promoters are shown with the same colour code as in Fig. 2. The position of
the bases relative to the transcription start site (+1, red) is indicated below the sequence. The region
spanning the end of bqdS gene is indicated.

Thus, the DbdR binding site overlaps the bqdS sequence, which may explain
the atypical location and sequence of the binding sites (Fig. 4.3.10D). Furthermore,
a stem-loop structure could be predicted 9 bp downstream the bqdS stop codon that
may constitute a transcription terminator (not shown). A transcriptional fusion of
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Pangr t0 lacZ in pMP220 was assayed in T. aromatica AR-1 wild type strain and in a
dbdR mutant both in the presence and absence of substrate. Figure 7B shows that
the promoter had high basal activity in the absence of substrate (aproximately 1200
MU), which increased almost twofold in the presence of 3,5-DHB.

Both the basal and induced activities were strictly dependent on DbdR. Thus,
unlike most LTTRs, DbdR is required to activate its own synthesis, which is further
stimulated in the presence of an effector. Binding of DbdR to its own promoter was
confirmed in EMSA of a DNA fragment covering 312 bp upstream from the dbdR
translation start site, with purified DbdR extracts prepared as above (Fig. 6.10.C).
Interestingly, two retardation complexes were observed in this promoter, which we
had never observed for the enzymatic operon promoters analyzed above at any
protein concentration (Fig. 4.3.9).

4.3.4. Discussion

The anaerobic degradation pathway for 3,5-DHB in T. aromatica AR-1
involves oxidative rather than reductive steps as initial reactions for aromatic
activation and metabolism, which depend on at least 20 genes organized in a 25 kb
gene cluster. Efficient expression of the pathway requires the presence of the
substrate in the medium and an intact copy of the regulatory gene dbdR, previously
described as essential for anaerobic growth on the aromatic and for expression of
some genes in the pathway (Molina-Fuentes et al., 2015). DbdR belongs to the
LTTR family of regulators, which are generally transcribed divergently from the
promoter they control. Actually all LTTRs were initially believed to repress their
own expression through binding at the same site required for activation of the
divergent promoter (thus originally called the repressor binding site, RBS), which
was especially true for many LTTRs regulating the aerobic degradation of
aromatics (BenM, CatM, NahR, TfdR, among others) (Tropel & van der Meer,
2004). This is not the case for DbdR, which is transcribed downstream and
independently of one of the operons under its control (Molina-Fuentes et al., 2015).
In fact, the current view of LTTRs describes a more diverse organization of the
genes than initially thought. In an increasing number of LTTR-controlled regulatory
networks the regulator is not divergently transcribed from its target promoter,
occasionally it can simultaneously control several target promoters, and in some
cases it also activates its own synthesis (Bender, 2010; Reen et al., 2013; Zhang et
al., 2015; Breddermann & Schnetz, 2017; Nguyen Le Minh et al., 2018). We have
shown that DbdR is capable of directly activating at least three promoters in the
pathway which drive transcription of the enzymes essential for the initial reaction
steps. The structure of the three promoters is conserved, with a clear LTTR box
(RBS) centered approximately at position -65 and bearing the consensus
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GNGNTN3;CN,AN,ATC (underlined bases make up the palindromic TNj;A LTTR
consensus). A putative ABS is found 11 bp downstream the RBS (9 bp downstream
in the case of Py15) and overlapping the -35 RNA polymerase binding site, bearing
the consensus AGATTNs;TN,CN,GGNG that shows no obvious palindromic
structure, as is the case for many ABS sites in LTTR controlled promoters (Porrla
et al., 2007; Maddocks & Oyston, 2008). The functional organization of these sites
is unknown, but its conservation in the three promoters is a clear indication of a
pivotal role in promoter activation. The sequence homology is especially
remarkable between Pgyn. and Porao, Which control transcription of the enzymes for
initial 3,5-DHB activation and the ensuing HHQ dearomatization, and for the
cleavage of the non-aromatic product HBQ, respectively (Fig. 4.3.1.). Despite the
strong conservation between them (60% and 94% identity in the RBS and ABS
sites, respectively, Fig. 4.3.2.D), their transcription pattern is different. Py, Shows
high basal DbdR-dependent expression levels, which are further increased in the
presence of the substrate (Fig. 4.3.4.A), whilst P is completely inactive in the
absence of substrate and becomes fully active when 3,5-DHB is present in the
medium (Fig. 4.3.4.C). Minute changes in the promoter sequence at positions
within the regulatory elements have been shown to drastically influence promoter
responsiveness to its LTTR by altering affinity of the regulator for its promoter
(Kovacikova & Skorupski, 2002; MacLean et al., 2008). Although highly similar,
the RBS and ABS sites of Py, and Py are not identical and the few base pair
differences between them may explain the lack of activation of Py, by DbdR in the
absence of an effector. For instance, Pqy,. Shows an A track within the RBS which
is absent in Py (Fig. 4.3.2.D). A survey of LTTR-dependent promoters for the
presence of A tracks in the binding sites shows that a not insignificant portion of
them presents A tracks within the ABS, and some of them show additional A or T
tracks in the RBS, which were suggested to help interaction of the regulator with
their binding site(s) (Porrda et al., 2013).

Using a genetic approach we have shown that the pathway substrate 3,5-DHB
must be metabolized to activate transcription from the three promoters. Our current
knowledge of the pathway does not allow us to discern whether the accumulated
intermediates in the btdL,qorA double mutant responsible for DbdR activation is
2,3,5-trihydroxybenzoate or HHQ. However, the conservation of the residues in the
binding cavities with those of TsaR, CatM and BenM, which respond to effectors
bearing an acidic side chain, suggests that the unstable intermediate 2,3,5-
trihydroxybenzoate could be the effector of DbdR. This would explain the absence
of interaction of DbdR with HHQ in ITC assays. Regardless of the specific effector
activating DbdR, this implies that in order for the pathway to become fully induced,
the enzymatic machinery for the initial transformation of 3,5-DHB must already be
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available in the cell before uptake of the substrate. Our results suggest that the
regulatory circuit is in fact designed to allow basal levels of 3,5-DHB hydroxylase
(dbhLS gene) to be permanently present in the cell to transform the incoming
substrate into an effector molecule. If the effector were actually HHQ, its fast
production after exposure to 3,5-DHB would also be guaranteed. The
transformation of the 2,3,5-trihydroxybenzoate produced by DbhLS into HHQ was
shown to depend in vitro on an unknown protein factor present in the cytoplasmic
fraction of Thauera aromatica AR-1 cell extracts (Gallus & Schink, 1998; Schink et
al., 2000). The gene putatively responsible for this activity has not yet been
identified, although orfl8, which shows homology to a molibdopterine
oxidoreductase, would be a good candidate (Molina-Fuentes et al., 2015). Thus,
both dbhLS and orfl18, shown to be significantly expressed even in the absence of
substrate (Fig. 4.3.4), would guarantee the transformation of 3,5-DHB into HHQ to
activate the expression of the third pathway enzyme HBQ dehydrogenase (bqdLMS)
from Pqir0, €Ssential for complete substrate degradation and anaerobic growth on
this carbon source. We have previously shown that Thauera aromatica AR-1
growth on 3,5-DHB was significantly impaired in a mutant in the TRAP transport
system encoded by dbtPQM, suggesting that this substrate needed to be transported
into the cell by a dedicated machinery (Molina-Fuentes et al., 2015). We have
located a promoter upstream from dbtP that showed high constitutive expression
levels (Pacheco-Sanchez, unpublished), which would, if present, guarantee
permanent substrate uptake into the cell (Fig. 4.3.1.B).

LTTR proteins are known to be highly insoluble and difficult to obtain as
concentrated protein solutions (Stec et al., 2004), essentially due the poor solubility
of their DNA binding domain (Ezezika et al., 2007). Our attempts to perform
EMSA analysis with purified DbdR proved unsuccessful because aggregates that
did not enter the gel were observed with the different promoter DNAs. The use of
DbdR enriched fractions obtained from DbdR over-producing E. coli extracts in our
EMSA analysis circumvented the solubility problem. Using this approach, specific
DbdR binding to the three promoter sequences was observed. Unfortunately, this
method did not allow estimation of promoter affinity since the actual DbdR
concentration in the different extracts was not known. Based on our gel filtration
data and on TsaR structure, the DbdR closest relative crystalized so far, we predict
that DbdR native configuration is a tetramer, probably resulting from the
association of two homodimers, which would be bound in an antiparallel
configuration through their linker helix (Monferrer et al., 2010; Momany & Neidle,
2012). In the EMSA of the three promoters, a single retardation band was always
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observed, suggesting that DbdR is actually binding these promoters directly as a
tetramer (Fig. 4.3.9.).

Unlike most LTTR, and especially unlike those transcribed divergently from
their activated gene, DbdR was shown to activate transcription from its own
promoter, and to increase transcription twofold in the presence of the substrate (Fig.
4.3.10.A and B). It is worth noting that dbdR is co-transcribed with gorA gene,
coding for a quinone oxidoreductase required for efficient HHQ processing during
3,5-DHB degradation (Molina-Fuentes et al., 2015). Interestingly, EMSA of Pgyr
promoter with DbdR extracts showed the consecutive formation of two protein-
DNA complexes, consistent with sequential binding of DbdR as dimers and further
oligomerization to tetramers. Although gel filtration assays of purified DbdR
protein indicated a tetrameric structure in solution, it is plausible that at the working
protein concentrations in the purified extracts used in the EMSA, DbdR dimmers
and tetramers would coexist. The nitrogen assimilation control protein Nac of
Klebsiella pneumoniae can activate transcription either as dimer or as tetramer,
depending on the target promoter (Bender, 2010). In solution, the protein is a
tetramer that dissociates into dimers when the protein concentration decreases to a
certain threshold (Rosario & Bender, 2005). Interestingly, the activity of this LTTR
is not controlled by an effector, but is rather dependent on its concentration is the
cell, which is regulated by NtrC. The Py, Sequence shows no homology with the
three promoters controlling the enzymatic genes, which probably results from the
unusual location of the promoter overlapping the 3’ end of the upstream transcribed
bqdS gene, and thus must adapt the sequence of the binding sites to the enzyme
coding sequence (Fig. 4.3.10.D). A putative RBS could be identified around
position -88, more than 20 bp further apart from the transcription start site than in
the typical LTTR-dependent promoters. Furthermore, no clear ABS could be
predicted in the sequence. It is conceivable that at Pgngr, the different positioning of
the binding sites would imply a different DbdR promoter activation mechanism
with a different protein rearrangement for activation, as described for other LTTR
targeting several promoters with different operator organization (Bender, 2010;
Momany & Neidle, 2012; Nguyen Le Minh et al., 2018). This can be seen as the
regulator conformation and activation mechanism not only controlled by the
presence/absence of its effector but also modulated by the specific operator
sequence present at each promoter.

Overall, the results presented in this study show that a single LTTR
coordinately controls expression of the entire 3,5-DHB anaerobic degradation
pathway in Thauera aromatica AR-1. The regulator was essential for transcription
of all the operons coding for the different enzymatic steps down to ring cleavage, as
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well as for transcription of its own gene. The regulatory network allowed basal
expression of the enzymatic machinery required for the metabolism of the substrate
to produce the effector molecule, which once synthesized induced synthesis of the
remaining pathway steps and initiated a positive feedback, increasing expression
from all the target promoters to allow maximum growth. This included a twofold
induction of its own promoter, which is not only important to maintain the regulator
levels, but also to synthesize the co-transcribed qorA gene, required to efficiently
remove HHQ, which above a certain threshold becomes toxic to the cell.
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5. Discusion general
Las rutas de degradacion anaerobia de resorcinol y 3,5-DHB analizadas en

esta tesis son hasta el momento las dos Unicas rutas que implican una via diferente
de degradacién anaerobia de compuesto hidroxilados por bacterias reductoras de
nitrato. El paso principal en ambas rutas es el ataque a los sustratos dihidroxilados
utilizando una estrategia oxidativa en ausencia de oxigeno, totalmente diferente de
la ruta clésica en organismos anaerobios que utilizan una estrategia reductiva para
el ataque del anillo aromético (Philipp & Schink, 1998, 2000). Dado el alto coste
energético que supone para la célula este tipo de rutas complejas, cabe esperar que
solo se expresen cuando el sustrato esta presente en el medio. Por lo tanto mantener
su expresion bajo control adquiere una gran importancia. La regulacion de un
proceso metabolico puede ejercerse a diferentes niveles de control: transcripcional,
traduccional y post-traduccional. En este trabajo nos hemos centrado en el estudio
de la regulacién a nivel transcripcional, que es el mecanismo mas comuin, o al
menos el mas estudiado por ser el primer nivel de regulacion de la expresion de las
rutas catabdlicas de compuestos aromaticos (Diaz and Prieto, 2000; Tropel and van
der Meer, 2004; Cases and de Lorenzo, 2005; Carmona et al., 2009).

Al inicio de este trabajo se conocian las bases bioquimicas de la degradacion
de resorcinol y 3,5-DHB en A. anaerobius y T. aromatica AR-1, respectivamente,
habiéndose identificado las agrupaciones de genes responsables de las mismas
(Darley et al., 2007; Molina-Fuentes et al., 2015). Comparando la expresion de la
rutas en ausencia y presencia de sustrato mediante RT-PCR pudimos definir las
organizacion de los genes en operones, estableciendo en ambos casos la existencia
de un total de 5 operones, a diferencia de la prediccion inicial en A. anaerobius de
la existencia de sdlo 3 operones (Darley et al., 2007). Pese a contener un gran
nimero de genes homologos, la organizacion de cada agrupacién génica en los dos
organismos es diferente. Curiosamente, todos los genes menos uno en T. aromatica
AR-1 se transcriben en la misma direccion (Fig. 4.3.1), mientras que en el caso de
A. anaerobius la distribucion es tal que varios operones se transcriben de forma
divergente (Fig. 4.1.1). Por otra parte, los genes de la ruta estan mejor organizados
en operones de acuerdo a su funcion en A. anaerobius, mientras que en T.
aromatica AR-1 los genes estan distribuidos de forma més desordenada, lo que
parece indicar que los distintos genes se han reclutado mas recientemente. Ademas
en la agrupacion genica de T. aromatica AR-1 existe un operon que codifica un
sistema de transporte de tipo TRAP (Tripartite ATP-indepent periplasmic
trensporter) compuesto por los genes dbtPQM (Fig 4.3.1). Mediante extension a
partir de cebador hemos detectado la presencia de un promotor corriente arriba de
dbtP que presenta una actividad constitutiva. Esto se confirma en ensayos de f-
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galactosidasa de dicho promotor fusionado al gen reportero lacZ, donde observamos
una actividad basal alta y dependiente de DbdR (Pacheco-Sanchez, sin publicar).
Esto garantizaria la presencia del sustrato en la célula siempre que las células se
expongan a él. En el caso de A. anaerobius sélo se ha identificado el gen para una
subunidad de un transportador de tipo ABC junto al gen de una transposasa en un
extremo de la agrupacion, que no es necesario para el crecimiento de la cepa en
resorcinol (Darley et al., 2007). Por tanto, la presencia de este sistema TRAP en T.
aromatica AR-1 podria ser una mejora adquirida por la cepa dada la presencia de
un grupo carboxilo en su sustrato, que probablemente requiera de un mecanismo de
transporte especifico. Finalmente, en ambas rutas se observan operones que son
inducibles por sustrato ademas de presentar ciertos niveles basales de expresion. En
ambas agrupaciones génicas se habian identificado posibles genes reguladores: en
el caso de A. anaerobius se encontraron los genes redR1 y redR2, con homologia
con reguladores transcripcionales de la familia de NtrC, también conocidos como
proteinas de unién a potenciadores bacterianos (bEBP); en T. aromatica AR-1 se
encontraron dos reguladores de la familia de reguladores LTTR, de los cuales sélo
uno, DbdR, era necesario para la expresion de la ruta (Molina-Fuentes, 2012). En
este trabajo hemos estudiado los mecanismos de regulacion de ambas rutas.

5.1 Azoarcus anaerobius: RedR1 y RedR2 controlan la expresion de los
promotores de la ruta de degradacién de resorcinol.

La organizacion transcripcional de los genes de degradacion de resorcinol
sugeria la presencia de promotores regulados positivamente en presencia del
sustrato de la ruta corriente arriba de al menos los genes rehL, bqdL, orfl4 y orf10.
Es frecuente que los genes de las rutas de degradacidén estén organizados en
diferentes unidades transcripcionales; por ejemplo en Rhodopseudomonas palustris
todos los genes de degradacién anaerobia de benzoato se encuentran organizados en
cinco operones (Egland et al., 1997; Breese et al., 1998), aunque en otros casos
forman una Unica unidad transcripcional, como en Azoarcus sp. CIB, donde los
genes de degradacion del benzoato se organizan en un solo operén inducible por
sustrato (Lépez Barragan et al., 2004; Rabus et al., 2005).

La estructura de los promotores de los principales pasos de la ruta
identificados en este trabajo est4 bien conservada y presenta los elementos tipicos
de promotores dependiente de 6>*. Hemos podido identificar los elementos de unién
de IHF y proponer posibles UASs (Fig. 4.1.3). Hemos demostrado que la actividad
de P14 Y de los otros promotores es dependiente de IHF y RpoN (¢>') (Table 4.2.2
y datos no mostrados). La activacion de estos promotores esta mediada por RedR1
y RedR2, que tienen en su dominio C-terminal el dominio de unién a ADN (HTH)
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donde se predicen las diferentes hélices de las estructuras tipicas del dominio de
unién a ADN de los reguladores bEBP (Vidangos et al., 2014). En RedR1 y RedR2
se definen claramente las hélices B, C y D de los motivos HTH, e identificamos tres
posibles residuos de arginina (Fig. 4.1.11) que podrian participar en la unién al
ADN en las UASs propuestas, que presentan un alto porcentaje de guaninas
(TCGCA-N3-TGCGA-N¢-TGCGA) (Vidangos et al., 2014). Datos preliminares
obtenidos en nuestro laboratorio de la actividad de la versidn activa del regulador
RedR1 (ARedR1) con los promotores de la ruta en E. coli sugieren que alguna de
las UASs tiene mayor importancia que otras (datos no mostrados). Esto es habitual
en los promotores regulados por bEBPs, aunque en algun caso, como el de NorR, la
unién del hexamero ensamblado en el ADN requiere de sus tres UASs (Tucker et
al., 2010; Bush et al., 2015). Ademas, ARedR1 solo fue activo sobre los promotores
I:)orf14 y qudL-

En los Gltimos afios, y especialmente gracias al analisis de un gran nimero de
estructuras de cristales de proteinas de la familia, se ha aclarado considerablemente
el mecanismo de activacion de las bEBPs hasta la activacion de la polimerasa
dependiente ¢>* unida al promotor (Bush & Dixon, 2012; Vidangos et al., 2013;
Bush et al., 2015). Para la mayoria de reguladores de la familia el proceso se puede
resumir asi: en ausencia de sefial, las proteinas se unen a dos de sus UASs como dos
dimeros. Una vez percibida la sefial, esta origina un cambio conformacional en las
proteinas que conduce al ensamblaje de tres dimeros en un hexamero. Este es un
requisito imprescindible para que la proteina sea capaz de actividad ATPasa. En la
mayoria de las EBPs, la oligomerizacion es ademés suficiente para la actividad
ATPasa y para la interaccion del regulador con ¢ unido a la RNA polimerasa,
dando lugar a la remodelacion del complejo cerrado a complejo abierto e inicio de
la transcripcion (Bush & Dixon, 2012). La actividad de la mayoria de bEBPs esta
reprimida por el dominio NTD, que impide que los dimeros de la proteina formen
hexameros espontdneamente, lo que se ha venido en llamar regulacién negativa,
como ocurre con NtrC1, DctD o XyIR (Fernandez et al., 1995; Park et al., 2002;
Lee et al., 2003). La oligomerizacion s6lo ocurre cuando las bEBPs son activadas,
bien por la union de un efector, por la fosforilacion del extremo NTD, o por
cualquier otro mecanismo a nivel del NTD, que produce el cambio conformacional
necesario para permitir el ensamblaje a hexamero (Batchelor et al., 2008). Estos
reguladores se vuelven constitutivamente activos, es decir capaces de ensamblarse
en hexameros y tener actividad ATPasa, cuando se deleciona su dominio NTD
(Pérez-Martin & de Lorenzo, 1996). El analisis de las formas truncadas carentes de
NTD de RedR1 y RedR2 puso de manifiesto que s6lo RedR1 estaba regulada
negativamente por su NTD (Tabla 4.2.1), ya que ARedR1 podia activar la
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transcripcion desde P14 (y también desde Ppgq, datos no mostrados) en E. coli sin
necesidad de efector. Por otra parte, los resultados tanto de ensayos de doble-
hibrido como de unién en columna demostraron que RedR2, pero no RedR1, era
capaz de interaccionar con la proteina BtdS, y que esta unién ocurria a través de su
extremo NTD (Fig. 4.2.5 y 4.2.6). BtdS es una proteina integral de membrana (Fig.
4.2.4) que guarda homologia con la proteina DoxD, que es la subunidad
transportadora de electrones de una tiosulfato:quinona oxidoreductasa implicada en
la oxidacion de azufre en arqueas (Purschke et al., 1997). Por tanto, proponemos
que esta proteina secuestra a RedR2 en ausencia de efector, lo que explicaria la
ausencia de actividad en células creciendo con glutarato como Unica fuente de
carbono (Fig. 4.1.8). En presencia de resorcinol, que se oxida a HHQ mediante la
actividad de RehLS, y posteriormente a HBQ por la actividad de BtdLS, la
reduccion de BtdS en este proceso libreraria a RedR2. Hemos determinado que esta
proteina, una vez liberada, es capaz de activar hasta ciertos niveles a P4 €n
ausencia de otra sefial salvo la presencia de sus UASs (Tabla 4.2.2), ademas de a los
otros dos promotores (datos no mostrados). Por tanto RedR2 se puede considerar
una bEBP con actividad constitutiva, que seria siempre activa si estd disponible.
Los datos de actividad sobre los distintos promotores en un mutante en redR1,
donde la actividad sélo dependeria de RedR2 ensamblada en homohexameros,
sugieren que las UASs de los distitntos promotores son diferentes en su eficiencia
para estabilizar el homo-hexdmero de RedR2 y promover la transcripcion (Fig.
4.1.3yFig. 4.1.8)

En el capitulo 4.1 establecimos que ambos reguladores son necesarios para
conseguir la maxima actividad de los tres promotores estudiados. Esto podria
explicarse bien por la suma de la activacion de los promotores alternativamente por
cada una de los reguladores, o bien por una activacion mediada por un complejo
proteico activo formado por ambos reguladores. Hay que especificar que la
expresion de los tres promotores en ausencia de uno de los reguladores presentaba
en todos los casos el mismo punto de inicio de la transcripcion (Molina-Fuentes,
2012). Sin embargo, ensayos de actividad de los promotores en su fondo carente de
RedR2 muestran que RedR1 por si sola (como proteina entera) no es capaz de
activar la transcripcion (Fig 4.1.8) La existencia de bEBPs que pueden formar
heterodimeros ha sido descrita anteriormente. Por ejemplo forman complejos
heterooligoméricos HrpR y HrpS de Pseudomonas syringe para la activacion de
factores de virulencia (Jovanovic et al., 2011), y los reguladores FleQ y FleT que
controlan la sintesis flagelar en Rhodobacter sphaeroides (Poggio et al., 2005).
Mediante ensayos de doble hibrido demostramos la existencia de interacciones
entre las proteinas RedR1 y RedR2, que se confirmaron mediante ensayos de union
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en columna (Fig. 4.2.2), y que se establecen a través del domino central
(Fig.4.1.10). Esto confirmaria la formacion de heterohexameros, que son
probablemente la forma de mayor actividad de estos reguladores (ver mas adelante).
Estos mismos ensayos demostraron que las dos proteinas en solucion no pueden
formar homodimeros (Fig. 4.1.10).

Esto contrasta con la capacidad de las dos formas activas, ARedR1 y RedR2
completa, de activar la transcripcion de Pq14 por si mismas (Tabla 4.2.1), lo que
implica que estas formas si son capaces de ensamblarse en homohex&meros pese a
no auto-interaccionar en ensayos de doble hibrido (Fig 4.1.10). Esto podria ser
debido a que la interaccion sea muy débil, no pudiendo ser detectada en ensayos de
doble hibrido, siendo mas fuerte (y por tanto detectable en estos ensayos) la
formacion del heteroxamero. Sin embargo, nuestros datos y la informacién
disponible sobre el modo de accion de las bEBPs apuntan mas a que probablemente
sea la union al ADN en sus UASs, que ocurre en los ensayos de transcripcion pero
no ocurre en los ensayos de doble hibrido, sea un factor esencial para la
estabilizacién de los homodimeros y su posterior ensamblaje en hexameros sobre el
ADN. Esto sugiere que es el extremo CTD quien impide la homodimerizacién en
solucion de las formas homo-activas de los dos reguladores y su ensamblaje a
hexamero. La unién del CTD a sus UASs provocaria el cambio conformacional
necesario pata estabilizar la union y facilitar la oligomerizacion.

En el huésped natural en condiciones silvestres ambos reguladores son
necesarios para conseguir niveles maximos de activacion de los promotores. Los
reguladores RedR1 y RedR2 estan codificado en diferentes operones: el gen redR1
se encuentra en el operon I, y su sintesis es dependiente de RedR2 a través del
promotor Pyqq; €l gen redR2 constituye el operon V y tiene expresion constitutiva,
lo que permite que RedR2 esté siempre presente en la célula (Fig. 4.1.2). Los datos
obtenidos en esta tesis nos permiten proponer un modelo de activacion de la ruta, en
el que existiria un efecto cascada mediado por RedR2, que regularia la expresién de
RedR1 en funcion de la necesidad de activacion de los promotores de la ruta en
presencia de sustrato (Fig 4.2.1). En ausencia de sustrato (en células creciendo en
glutarato), habria una produccion basal de RedR2 y de RehLS (primer paso de la
ruta) desde sus promotores constitutivos Pregro Y Prenio, ¥ de BtdLS (segundo paso
de la ruta y regulador negativo de RedR2). Aunque no tenemos evidencias
experimentales de expresion basal de estos genes, el hecho de que no haya actividad
de los promotores en ausencia de efector apunta a que debe de haber niveles
suficientes de BtdS para inactivar la proteina RedR2 producida constitutivamente.
En estas condiciones, la proteina RedR2 producida estaria secuestrada en la
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membrana por BtdS, manteniéndose por tanto inactiva (Fig 5.1A). En esta situacion
no se sintetizaria la proteina RedR1, ya que en un mutante en redR2 no hay
actividad de Pyqq. que controla la expresion de RedR1 (Fig. 4.1.8). Al llegar el
sustrato, seria transformado a HHQ por la actividad de RehLS, y posteriormente a
HBQ por actividad de BtdLS. Proponemos que la transferencia de electrones que
ocurre en BtdS como consecuencia de su actividad enzimética liberaria a RedR2,
guedando disponible para activar la transcripcién desde sus promotores diana. Esta
proteina por si sola es activa y capaz de formar homohexdmeros sobre sus
secuencias diana. En esta nueva situacion, se inducirian niveles intermedios de
todas los enzimas de la ruta (Fig.5.1B). Hemos visto que el efecto de una mutacién
en redR1, donde sélo estaria RedR2 activo, afecta en distinta medida a los tres
promotores, siendo mucho mas drastico en Pg4. ESto indicaria que podria haber
pequefias diferencias en el modo de reconocimiento de cada promotor especifico.
Seria necesario un analisis mas profundo de las UAS propuestas en cada promotor
dentro del sistema de Azoarcus sp. CIB con pR" y las versiones mutantes de los
reguladores, para determinar si las secuencias necesarias son diferentes cuando el
regulador estd formando un homohexamero que cuando los dos forman un
heterohéxamero. La induccién de los tres promotores de la ruta por RedR2 daria
lugar a la sintesis de RedR1 en el citoplasma. Nuestros resultados de doble hibrido
y unién a columna dejan claro que las dos proteinas completas en solucién
presentan mayor afinidad la una por la otra que consigo mismas, por lo que la
formacion de heterodimeros se veria favorecida (Fig. 5.1C). La presencia del
efector, probablemente por interaccion con RedR1, favoreceria el ensamblaje a
heterohexamero, que seria la forma activa mas eficiente de los reguladores. Este
seria un mecanismo de control de los elementos importantes de la ruta, de forma
que s6lo serian activados cuando son necesarios en abundancia a través de un
mecanismo en cascada.

Figura 5.1 (pagina siguiente): Modelo de regulaciéon en la degradacion de resorcinol en A.
anaerobius. Los principales genes de los operones implicados se representan en distintos colores:
operon | (negro) codifica al complejo resorcinol hidroxilasa; operon Il (gris) con los genes del
complejo HBQ deshidrogenasa y RedR1 (rojo); operon Il con los genes del complejo HHQ
deshidrogenasa (verde) y el regulador RedR2 (rojo). Las flechas negras discontinuas representan los
niveles basales de expresion y las flechas azules continuas los niveles inducibles representadas en dos
tipos de grosor segun el nivel de actividad. A) En ausencia de resorcinol los niveles basales de los dos
primeros pasos de la ruta estan presentes junto con RedR2, unido a BtdS por su extremo N-ternimal.
B) En presencia de resorcinol se produce su transformacion hasta HBQ, la liberacion de RedR2 para
formar homodimeros y posteriormente homohexameros sobre el ADN, que activan la expresion de los
promotores de la ruta en un nivel intermedio. C) Posteriormente la sintesis de RedR1 da lugar a la
formacion del heterohexdmeros que activan los promotores con su nivel maximo.
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Este modelo explicaria la mayoria de los resultados obtenidos en esta tesis.
Sin embargo, aun quedan varias controversias por esclarecer. La primera de ellas es
como dos proteinas con una identidad de secuencia tan alta presentan mecanismos
tan diferentes de regulaciéon. Dado que las diferencias entre las dos proteinas se
localizan en los extremos NTD y CTD, pensamos que ahi radican los determinantes
de los diferentes comportamientos de los dos reguladores. Uno de los elementos que
diferencia a ambos reguladores estd en su extremo N-terminal: los 8 primeros
residuos de RedR2 y 6 primeros de RedR1 preceden la secuencia idéntica entre
ambos (Fig.4.1.6). S6lo uno de esos residuos coincide entre las dos proteinas. En el
dominio C-terminal donde esta el dominio HTH, las diferencias se concentran en la
hélice C. Los resultados obtenidos con los ensayos de doble hibrido parecen indicar
gue la unién de RedR2 con BtdS se realiza por la cola N-terminal (Fig. 4.2.6),
siendo esta diferencia la que marca cudl de los reguladores esta secuestrado. Se
podria especular que RedR1 sea una nueva version evolucionada de RedR2, sin la
sefial de unidn a BtdS e inactivo por si solo, siendo esta una manera de asegurar el
efecto cascada mencionado anteriormente. Por otra parte, las diferencias en el
dominio HTH podrian explicar la diferencia en los mecanismos de activacion, ya
gue en las proteinas con control positivo es el dominio HTH el que favorece el
estado de dimero a la espera de la sefial para formar el homohexamero y ser activa
(De Carlo et al., 2006; Vidangos et al., 2013). En la hélice de union al ADN (hélice
D) los dos reguladores son muy parecidos, y las diferencias se concentran en la
hélice C (de posicionamiento), y en la cola C-terminal. No estd muy clara la
existencia de una hélice A en estas proteinas, que generalmente estabiliza la
formacion de dimeros, pero en cualquier caso seria idéntica en los dos
reguladores.Por otra parte, podemos especular sobre los motivos que impiden la
formacion de homodimeros basandonos en los mecanismos conocidos de
funcionamiento de las bEBPs. La formacion de dimeros ocurre de distinta manera y
con distintas consecuencias en los reguladores de control positivo y de control
negativo. En estos ultimos, la dimerizacion se produce a través del dominio NTD,
que adquiere asi una orientacion “cara a cara” que impide la formacion de
hexameros. Es necesaria la sefial activadora en el NTD para que este se reoriente y
permita la oligomerizacion (Volkman et al., 2001). En el caso de los reguladores de
control positivo, los NTD no interaccionan y las estructuras que estabilizan los
dimeros estan en el CTD, especialmente en la region que conecta el dominio central
con el HTH (Sallai & Tucker, 2005; Vidangos et al., 2014). En RedR1, parece claro
que el impedimento para la formacion de homodimeros estd en el NTD, ya que su
delecion produce una proteina activa (Tabla 4.2.1). Sin embargo la dimerizacién en
este caso requiere de la union del regulador truncado a sus UASs. En el caso de
RedR2, sugerimos que la dimerizacion si es posible, pero también requiere que la
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proteina esté unida a sus UASs. Esto implica por tanto una transmision de sefial
entre los dominios NTD y CTD al unirse al ADN. Las diferencias en estos dominios
entre las dos proteinas explicarian la diferencia de comportamiento entre ellas.

La tercera cuestion controvertida en el proceso es cuél es la sefial que activa a
las dos proteinas y como se produce. Desde un punto de vista global, hemos
demostrado que el sustrato tiene que ser metabolizado hasta HBQ para activar la
transcripcion. Sin embargo en nuestros ensayos de ITC no obtuvimos ninguna sefial
con los compuestos que pudimos ensayar (hay que recordar que algunos de los
intermediarios de la ruta no estan disponibles comercialmente), por lo que esto no
se pudo confirmar in vitro. Dado que el efector es un intermediario de la ruta, la
presencia inicial de las enzimas para los primeros pasos de la ruta es necesaria para
la transformacién del sustrato en efector. En las bEBPs, la sefial se percibe por el
dominio NTD. En nuestro caso hemos identificado dominios GAF y PAS en
tandem en el NTD, que son los candidatos para recibir la sefial del efector. Las dos
proteinas se pudieron modelar a partir del dominio NTD de DhaR (Shi et al., 2014),
gue no parece tener capacidad para el reconocimiento de efector debido a las
cadenas laterales hidrofébicas muy voluminosas de su dominio PAS que impiden
disponer de espacio para el ligando. En esta proteina la regulacion esta mediada por
interaccién con otras proteinas a través del dominio GAF. Este seria igualmente el
caso de RedR2, que no reconoce efector pero interacciona con BtdS. Como percibe
la sefial BtdS para liberar a RedR2 es ahora mismo una incégnita, pero debe de
estar relaciona con la transferencia de electrones en la proteina al oxidar la HHQ a
HBQ, o podria ser la propia benzoquinona la sefial. Otros reguladores de la familia,
como NifA, parecen regularse por un mecanismo redox mediado por la proteina
NifL, que unida a membrana reconocen la sefial ambiental a través de su dominio
PAS (Grabbe & Schmitz, 2003; Little et al., 2012). Otro ejemplo de regulacion
mediada por una proteina de membrana es PspF, que carece de dominio NTD y se
controla por interaccion con la proteina asociada a membrana PspA (Joly et al.,
2010). En cuanto a RedR1, sabemos que como proteina entera sélo es funcional
cuando forma heterodimeros con RedR2, y que estos se pueden formar en ausencia
de efector si nos atenemos a los resultados de doble hibrido y de union en columna
(Fig. 4.10 y 5.2). Sin embargo en un mutante btdS la actividad de P4 €n ausencia
de sustrato, que solo depende de RedR2, es igual a la actividad en presencia de
sustrato (indicando que RedR2 una vez liberada de BtdS no se activa por efector).
Mas aun, esta actividad es la mitad de la actividad en la cepa silvestre (con RedR1
y RedR2) en presencia de efector. Esto sugiere que el efector es probablemente
necesario para la oligomerizacion del heterodimero a heterohexdmero, o para su
unién al DNA, y su accién se ejerceria sobre RedR1. De nuevo no podemos
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determinar si el efector directo que actla sobre RedR1 es la HBQ o0 es un cambio en
el estado redox de la proteina la sefial. En este sentido hay que sefialar que los
dominios PAS se caracterizan a menudo por acomodar cofactores, generalmente de
tipo redox, y especialmente flavin-adenin-dinucleétido (FAD) (Upadhyay et al.,
2016). En nuestro modelado de las proteinas RedR, el programa utilizado (Phyre 2)
predecia por homologia con otras proteinas con dominio PAS la posible presencia
de bien un grupo hemo, y con menor probabilidad de un grupo FAD. Sin embargo,
como hemos discutido anteriormente, no parece que la cavidad del dominio PAS en
este caso permita el acomodo de un grupo prostético (Shi et al., 2014). Por otra
parte, el primer gen en el operdn controlado por P4 €s ORF14, una proteina
esencial para el crecimiento en resorcinol que presenta homologia con NADH-
flavin oxidorreductasas. El hecho de que presente niveles de expresion basal y que
se transcriba en el mismo operon que el complejo enzimatico BtdLS que interviene
en la transformacion de HHQ a HBQ podrian indicar un papel en la transmision de
sefial. Finalmente, un aspecto que no hemos afrontado en esta tesis es el mecanismo
por el cual RedR2 y BtdS vuelven a su estado inicial de RedR2 secuestrado en la
membrana una vez consumido el sustrato. Este mecanismo queda por esclarecer.

5.2 Thauera aromatica AR-1: identificacion de DbdR como regulador
transcripcional especifico.

En la agrupacion génica para la degradacion de 3,5-DHB en T. aromatica
AR-1 se identifico6 un operén que codifica un regulador transcripcional, que
llamamos DbdR. EI operdn incluia el gen qorA que codifica una enzima que
participa en el segundo paso de la ruta. Mediante andlisis de mutantes se identifico a
DbdR como el regulador de la ruta, y mediante analisis de RT-PCR se demostré que
controlaba la expresion de los principales promotores de la ruta (Molina-Fuentes et
al., 2015), lo que se confirmd posteriormente con fusiones transcripcionales (Fig.
6.4).

DbdR pertenece a la familia de reguladores LTTR (Maddocks & Oyston,
2008). Estos generalmente se transcriben de forma divergente al promotor que
controlan, siendo esto lo que sucede en muchos LTTRs que regulan la degradacion
aerobia de compuestos aromaticos (BenM, CatM, NahR, TfdR, etc.) (Tropel and
van der Meer, 2004). Aunque inicialmente se consideraba que solo actuaban sobre
un promotor diana, actualmente se sabe que presentan tipos muy diversos de
organizacion. DbdR se transcribe aguas abajo y de forma independiente de uno de
los operones a los que controla. Ademas tiene la capacidad de activar varios
promotores de la ruta de forma simultdnea, como se ha descrito para otros
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reguladores de la familia (Bender, 2010; Reen et al., 2013; Zhang et al., 2015;
Breddermann and Schnetz, 2017; Nguyen Le Minh et al., 2018). Se trata pues de un
regulador de la familia con ciertas diferencias respecto a las caracteristicas
comunes.

Mediante experimentos de extension a partir de cebador se determiné el
punto de inicio de la transcripcion de los principales promotores de la ruta (Pgon.,
Poris Y Poro). La estructura de estos tres promotores se conserva, con una
localizacion clara del sitio RBS (sitio de unidn regulatorio) centrada en una
posicién -65 pb con respecto al inicio dela transcripcion. Entre el RBS y el sitio de
inicio de la transcripcion, solapando parcialmente con el sitio de union de la ARN
polimerasa, se encuentra el sitio de unién de activacion (ABS) (Fig. 4.3.2.) definido
en la mayoria de los promotores dependientes de LTTR (Lerche et al., 2016),
aungue en este caso sin una secuencia palindrémica como se ha definido en muchos
de los sitios ABS en promotores dependiente de LTTR (Porrua 2007; Maddocks &
Oyston, 2008). Utilizando fusiones transcripcionales de Pgpn. Porfis Y Porr2o @l gen
lacZ se determind que su actividad era inducible por sustrato, como es comun en las
rutas de degradacion de compuestos aromaticos, aunque en este caso existian
niveles considerables de actividad basal en los promotores Py, Y Poris, que era
también dependiente de DbdR (Fig. 4.3.4.). A pesar de la similitud en la estructura
de los promotores, parecen existir mecanismos de activacion diferenciados para
cada uno de ellos: por ejemplo, P,o SOl0 presenta actividad en presencia de
sustrato y carece de actividad basal (Fig 4.3.4.C), mientras Py, , cOn una altisima
identidad con Pqen las secuencias reguladoras, especialmente en las cajas -10/-35
y sitio ABS, presenta actividad basal alta. Por tanto, como se ha observado en otros
promotores de la familia donde pequefios cambios afectan a la actividad promotora,
las pequefias diferencias en los elementos reguladores descritos podrian ser
relevantes para la activacion mediada por DdbR (Kovacikova and Skorupski, 2002;
MacLean et al., 2008).

5.2.1 Identificacion del efector de la ruta.

Los datos obtenidos mediante filtracion en gel de DbdR muestran que es un
tetramero en solucién, como sucede con gran parte de los reguladores de tipo LysR.
Se ha descrito que pueden existir en forma dimérica o incluso octamérica (Bender,
2010; Lerche et al., 2016; Sainsbury et al., 2009), aunque la mayoria de ellos s6lo
son activos como tetrameros unidos al ADN. Mediante ensayos de ITC para
identificar el efector de la ruta, no pudimos establecer unién con ninguno de los
candidatos disponibles, ya que en alguno de los candidatos probables, como el
2,3,5-THB y la HBQ, dos de los intermediarios de la ruta, no estdn disponibles
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comercialmente. Por lo tanto utilizamos una aproximacion genética, partiendo de
mutantes en los distintos pasos de la ruta para identificar el compuesto efector. Esto
nos permitiria establecer condiciones de acumulacion de los compuestos
intermedios en cada paso de la ruta. De esta forma, ensayando la actividad de los
diferentes promotores en los distintos fondos genéticos, pudimos determinar que es
necesario metabolizar el 3,5-DHB para la activacion de los promotores (Fig.4.3.5) y
que el efector era un intermediario de la ruta, probablemente el 2,3,5-THB o la
HHQ. Actualmente nos es imposible distinguir mediante una aproximacion genética
entre estos dos compuestos, ya que el gen responsable de la descarboxilacion del
2,3,5-THB a HHQ no ha sido identificado. Sin embargo, otras proteinas con
homologia con DbdR, como los reguladores TsaR, CatM y BenM presentan los
residuos Ser98 y Pro99 (segin la numeracién en TsaR) en su cavidad de
reconocimiento del efector (IBC), para los que se ha propuesto que son los
responsables de interaccionar con compuestos con cadena lateral &cida (como un
grupo carboxilo). Estos residuos estan conservados en DbdR, lo que apunta a que el
efector sea el 2,3,5-THB, ya que obviamente la HHQ carece de grupo carboxilo.
Con estos datos podemos concluir que los elementos que transforman el 3,5-DHB
hasta el compuesto intermedio efector deben estar presentes en la célula. Esto
justificaria la necesidad de niveles basales de expresion desde Py, €n caso de que
el efector fuera la HHQ. En el caso de que el 2,3,5-THB fuera el efector, seria
necesaria la accion de una proteina no identificada. El producto del gen orfl18 seria
un buen candidato ya que presenta similitud con la proteina molibdopterin-
oxidorreductasas de la familia MopB (Molina-Fuentes et al., 2015). Al igual que
DbhLS, el producto de orfl8 estaria presente en ausencia de sustrato, ya que Pos
también presenta niveles significativos de expresion basal (Fig. 6.4). Por el
contrario, el promotor Pq S6l0 es activo en presencia del inductor, para llevar a
cabo la transformacion HBQ, y su presencia para la generacién del efector no es
necesaria. Esta necesidad de disponer de los primeros elementos de la ruta en todo
momento justificaria también la necesidad de disponer de forma constitutiva del
sistema de transporte TRAP, que introduce el sustrato en la célula. La induccién de
la ruta en respuesta a la presencia de sustrato da lugar a la sintesis de los pasos
finales de la degradacion, aumentando ademas la presencia de los complejos
enzimaticos ya presentes. Esto, junto a una mayor expresion desde Pgr que
aumentaria la concentracion del regulador, generaria un efecto de amplificacion.
Una vez degradado el 3,5-DHB, el sistema volviera a los niveles basales,
preparados para una nueva entrada de sustrato.
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5.2.2 Union especifica de DbdR a todos sus promotores diana, regulacion
positiva.

A pesar de que cada vez son mas los reguladores de esta familia que se van
descubriendo y caracterizando, aln sigue sin estar bien resuelto su mecanismo de
activacién de la transcripcion, principalmente debido a la falta de estructuras
cristalizadas de proteinas completas unidas a su promotor o al efector. Esto es
debido a la alta insolubilidad de estos reguladores, que dificulta disponer de
suficientes concentraciones de las proteinas para su cristalizacion (Stec et al., 2004;
Monferrer et al., 2010). Para analizar la interaccion de DbdR con los promotores de
la ruta, realizamos ensayos de retardo en gel con un derivado de esta proteina con
una cola de 6-His. En estos ensayos se observo la formacion de agregados que no
pudieron entrar en el gel, lo que concuerda con la conocida baja solubilidad de estas
proteinas (Monferrer et al., 2010). Para evitar este problema, utilizamos extractos
crudos de células de E. coli donde se habia sobreproducido DbdR, tras pasarlos por
una columna de heparina para eliminar las proteinas con alta afinidad por el ADN.
Con esta aproximacion pudimos determinar la interaccion de DbdR con los tres
promotores principales de la ruta (Fig 4.3.9), aunque sin poder cuantificar la
afinidad por cada promotor por no disponer de la concentracién real de DbdR en los
extractos. En los ensayos con los tres promotores s6lo se aprecia una Unica banda de
retardo. De los datos de su estructura nativa en solucion, ademas de la similitud con
el regulador TsaR (utilizado para modelar la proteina), deducimos que DbdR se une
a los promotores directamente como un tetramero (Fig. 4.3.9).

El analisis de Pgy,gr NOs permitio definir una estructura totalmente diferente a
la de los promotores principales de la ruta, que ademas presentaba altos niveles de
expresion basal mediados por DbdR que se duplicaban en presencia de efector (Fig.
4.3.10 A y B). Por tanto DbdR regula positivamente su propia expresion, a
diferencia de los descrito para gran parte de los membros de la familia (Maddocks
& Oyston, 2008). También a través de ensayos de retardo en gel con los extractos
con DbdR sobreproducido se determind la interaccion de este regulador con su
propio promotor. En este caso, a diferencia de los otros tres promotores, aparecian
dos complejos proteina-ADN. Esto podria ser debido a una union inicial en forma
de dimero y posteriormente, por el aumento de la concentracion de DbdR, a la
formacion de un tetrdmero. Los ensayos de filtracion en gel en los que se determind
que el estado nativo de DbdR en solucion era un tetramero se llevaron a cabo con
altas concentraciones de una proteina purificada. Sin embargo en los ensayos de
retardo en gel partimos de extractos celulares donde la concentracion del regulador
es probablemente muy inferior, y donde podrian coexistir dimeros y tetrameros. Por
ejemplo, se ha descrito que el regulador Nac de Klebsiella pneumoniae puede
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activar en estado de dimero o tetrdmero, dependiendo del promotor al que active.
Nac también es un tetrdmero en solucion, que se disocia a dimero cuando la
concentracién de la proteina disminuye, y su mecanismo de activacion depende de
su concentracién en la célula y no de un efector (Bender, 2010). En cualquier caso,
el mecanismo de union de DbdR a su propio promotor y a los tres promotores
restantes es diferente, lo que probablemente refleja la gran diferencia en la
estructura de este promotor con respecto a los otros tres (Fig.4.3.2), y sugiere que
presentan un mecanismo de activacion diferente. Esto se ha descrito para
reguladores de LTTRs que activan varios promotores (Bender, 2010; Momany &
Neidle, 2012; Nguyen Le Minh et al.,, 2018), donde adquieren diferentes
conformaciones no solo en presencia y ausencia del efector sino moldeados por la
secuencia de ADN del promotor especifico que activan (Bender, 2010; Momany &
Neidle, 2012; Nguyen Le Minh et al., 2018).
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6. Conclusiones
El trabajo descrito en esta memoria ha dado lugar a las siguientes

conclusiones:

1. Los genes para la degradacion de resorcinol de A. anaerobius, inducible por
sustrato, estan organizados en 5 operones, tres de los cuales corresponden a los
tres primeros pasos de la ruta. Su expresion esta controlada por los reguladores
RedR1 y RedR2, pertenecientes a la familia de NtrC de proteinas de unién a
potenciadores bacterianos (bEBPs). Ambos reguladores son necesarios para la
maxima expresion de los promotores principales de la ruta.

2. Los tres promotores principales de la ruta presentan una estructura conservada
tipica de promotores dependiente de 6>, donde se predicen las secuencias de
unién de 6>, del factor IHF y de las proteinas reguladoras. Los tres promotores
tienen comportamientos algo diferentes entre si, lo que sugiere que cada uno
tiene su propio mecanismo especifico de regulacion.

3. Los reguladores RedR1 y RedR2 interaccionan a través del dominio central
AAA+ para forman un heterohexdmero, que es la configuracion 6ptima para
obtener la maxima expresion de los tres promotores principales de la ruta.

4. En ausencia de resorcinol RedR2, que tiene actividad constitutiva, se mantiene
secuestrado en la membrana mediante su union a la proteina integral de
membrana BtdS, lo que impide la expresion de los promotores principales de la
ruta. La interaccion se realiza a través del extremo N-terminal de RedR2.
RedR1 no es capaz de unirse a BtdS.

5. Para la activacion del regulador RedR2 y su liberacion de BtdS, el resorcinol
debe de ser metabolizado hasta HBQ. Para garantizar la produccion inicial de
HBQ necesaria para activar a las proteinas reguladoras, los genes implicados
en los dos primeros pasos de la ruta tienen niveles de expresion basal en
ausencia de sustrato.

6. La expresion del RedR1 est4 controlada por RedR2. Nuestro modelo propone
que una vez sintetizado desde el promotor Pyqq, RedR1 se activa en presencia
del efector HBQ por un cambio en la conformacion de su extremo NTD vy
forma heterohexameros con RedR2 en solucién. Esta seria la configuracién
activa para la maxima expresion de los promotores de la ruta. En solucidn esta
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union se ve probablemente favorecida sobre la formacion de homo-hexameros
de cualquiera de las dos proteinas.

7. DbdR pertenece a los reguladores transcripcionales de la familia de tipo LysR
y es el Unico regulador especifico de la ruta de degradacion de 3,5-
dihidroxibenzoato en T. aromatica AR-1. Se han identificado los principales
promotores de la ruta y en ellos se localizan los posibles sitios de union del
regulador, que presentan homologia con los de reguladores de la familia.

8. Ademas de activar a todos los promotores de la ruta, DbdR activa a su propio
promotor. Para la activacién de DbdR es necesaria la transformacion de 3,5-
dihixobenzoato hasta HHQ, aunque no podemos descartar que el efector no sea
el 2,3,5-trihidroxibenzoato.
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