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Introduccién

Abstract of the Thesis.

In this thesis we have studied differents aspetth@ denitrification process in the
Bradyrhizobium japonicungsymbiont. The first chapter of the Thesis is artasdate
revision of the respiratories systems in bactemielved in the energy obtaining under

aerobics, microaerobics and denitrifing conditions.

It is known that in theB. japonicumdenitrification pathway are involved differents
reductases which reduce sequencially nitrogen exidbtaining energy in very low
oxygen conditions where even the high affinity terah oxidases are not able to use
oxygen as final electron acceptor. In addiction ttmse reductases have been
demonstrated the presence of a small periplasntaciesome c in this system, this is
the cytochromesso. In order to investigate the role of this proteirthe denitrification
process we have studied in the second chaptemtitodvement of cytochromessg in
electron transfer to the Cu-containing nitrite retdse ofB. japonicum We also show
that cytochromesssp has an indirect effect on nap expression caugeal decrease in

cbbs-type cytochrome oxidase expression.

In the third chapter we have demostrated that mtdiying condition the expression
of the high affinite terminal oxidasebls is subjected to redox control. Under
denitrifying conditions, where thebb; oxidase is also fully expressed, inactivation of
the cycA gene, encoding the cytochronegsy reduced @ consumption rates and
expression of the heme-stained FixP and FixO compsnof thecbl; oxidase. In
order to establish the role of cytochromaey in electron transport to thebh; oxidase,

in this work, we have analyzed cytochromexidase activity, andbhs; expression in
the cycAmutant incubated under low oxygen conditions withatrate, where only the
cbhb; pathway is induced, and with nitrate, wetd; and denitrification pathways are
induced. Only when cells were incubated under dénitg conditions, levels of
cytochromec oxidase activity, as well as, expression ofixd@”-"lacZ translational
fusion, were highly reduced in tlogcAmutant. Similarlycbh; oxidase was expressed
very weakly in anapC mutant lacking the membrane-boutitype cytochrome which
transfers electrons to the NapAB structural subohthe periplasmic nitrate reductase.
The presence of a highly reduced carbon substrateywothiazol, a specific inhibitor

of the cytochromdc; complex, inhibited3-galactosidase activity in the wild type cells
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incubated anaerobically with nitrate. These ressuiggest that a change in the flow of
electrons through the denitrification network maffeet the cellular redox state,
leading to alterations inbh; expression. We propose a redox-dependent regulafio

thecbh; cytochrome oxidase under denitrifying conditions.

In the fourth chapter, we show that the NifA regoig protein is implicated in the
activity of the Nap and NirK denitrifying proteias revealed by the defect in the nitrate
reduction and nitrite consumption. The expressiod MV'-dependent activities of
napg andnirK genes respectively were measured in then#Q andfixK, mutants
under denitrification conditions. In the presen€aitrate and anaerobic conditions, the
maximal expression ofiapE and nirK were not observed in th&fA mutant strain
compared with the parental strain, a drastic iritibi was detected in cells @K,
mutant strain compared with the parental aifd mutants strains. With this study we
propose a dual oxygen control over th&pE andnirK denitrification genes, a first
essential microaerobic activation mediated by thelJffixK, two-components
regulatory-system and an accessory anaerobic #ofivaediated by the NifA protein,
necessary for the maximal induction of these diication genes, but not for the basal
denitrification genes expression. Therefore, wagagsy a novel involvement of the
nitrogen fixation NifA regulatory protein, as anhamcer of denitrificatiomapE and

nirK genes.

In the fifth chapter, we demostrate tBe japonicum napE, nirK and nork vitro

experiments by FixK Our findings that theapEandnirK promoters are direct targets
of the FixKe-mediated activation but not timerE promoter. In addition we showed that
the napE gene is transcribed from to differentsrmiers, P1 and P2, in vitro and in
vivo. P1 and P2 pomoters are situated to 66.5 arkllZp respectively from the simetry

axis of the Fixk binding site.
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CAPITULO 1.

INTRODUCCION GENERAL Y
OBJETIVOS.



Introduccién

1.1. LA RESPIRACION BACTERIANA.

La funcién primordial de la respiracion es la obtén de la energia a través de la
fosforilacion oxidativa, proceso que consiste etrdasferencia de electrones) @esde
sustratos carbonados reducidos hasta aceptoresmdatrsde e Debido a la diferencia
de potencial redox entre el donador y aceptor,nergta libre liberada durante este
proceso de transferencia electronica es usadocpaaia un gradiente electroquimico de
protones a través de la membrana o fuerza protdrizx{i@dp) que puede ser utilizada
por la célula para multitud de procesos celulagesnas significativo es la sintesis de
ATP a través de laiF; ATP-sintasasa asociada a la membrana, aunque é&ambi

destacan el movimiento flagelar o la adquisiciésaletos.

Ademas de mantener un balanceéB4 6ptimo, la respiracion posee otras funciones no
menos importantes, como son la eliminacion del sxde equivalentes de reduccion o
la disminucion de la concentracion libre de €n objeto de proteger a enzimas

sensibles al mismo sin producir radicales libregigales.

A diferencia del sistema respiratorio mitocondeaktariético, que consta de una unica
oxidasa terminal, todas las especies bacteriamabie@s se caracterizan por presentar
cadenas respiratorias ramificadas con mdultipleslasds terminales que presentan
distinta afinidad por el aceptor terminal deekeO,. Esta particularidad permite a las

bacterias adaptarse a medios con tensiones denogigeuy variables (Fig. 1.1).
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Figura 1.1 Flexibilidad respiratoria en mitocondrias de mi@nwis. ubiquinone; (a) y
en E. coli (b). MQ, menaquinona; UQ, ubiquinona; @Mdemethylmenoquinona.
UQH2, ubiquinol; Cyt, cytochrome. (Adaptado de Riatson D.J. 2000).

Las cadenas respiratorias bacterianas comienzan la&oreduccion de sustratos
carbonados (succinato, lactato, malato, butiratocaga) o cofactores reducidos
(NADH) mediante la accion de deshidrogenadas efpesi Los e liberados son
transferidos hasta las quinonas localizadas en lkmbrana citoplasmatica,
reduciéndolas hasta quinoles. A partir de esteogplog € pueden ser conducidos a dos
tipos de oxidasa terminales: citocromoxidasa o quinol oxidasas, que son los lugares
de reduccion de Ohasta agua (D), o bien a reductasas alternativas que emplean
sustratos distintos al {como aceptores terminales de @mo son el nitrato, nitrito,
oxido nitrico, oxido nitroso, DMSO, sulfato, suffjt fumarato, etc. (fig 1.2). Las
citocromosc oxidasas son mas eficaces desde el punto deevistgético, pues generan
una mayor proporcion de ' que las quinol oxidasas. Las cadenas respiratorias
bacterianas se componen de elementos transporsatioiede distinta naturaleza, entre

ellos flavoproteinas, proteinas de hierro y azufugnonas y citocromos.
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Figura 1.2. Cadenas respiratorias de bacterias. A la izquiselaepresentan los
substratos que pueden ser oxidados para la obtenedenergia. A la derecha los
aceptores de electrones usados por las distinastesas (Adaptado de Meyeral.,
1997).

1.1.1. Citocromo c oxidasa de tipobhs.

Los miembros de la superfamilia de oxidasas de hgmobre (HCOs) terminan las
cadenas respiratorias de los organismos eucayiqiescariotas (Garcia-Horsma al.,
1994; Grayet al.,1994). Estas enzimas catalizan la reduccion dgjemd molecular a
H.,O, acoplando el potencial redox a la translocaaiénprotones a través de la
membrana (Malatestet al., 1995; Schultz and Chan, 2001). La superfamilia HE®s
bastante diversa en cuanto a los donadores deoglestque utilizan, composicion de
subunidades y tipos de grupos hemo que contiengastigaciones en las que se ha
estudiado las relaciones evolutivas entre estagasas han permitido clasificarlas en
tres distintas familias (Pereiet al.,2001). Las oxidasas de tipo A (oxidasa de &ps),

las cuales son estructural y funcionalmente cescan#as oxidasas mitocrondriales.
Oxidasas de tipo B, agrupadas como citocromos saglsm;. Y finalmente, oxidasas
de tipo C, donde se incluyen las citocromoxidasascbby; tipificadas por la proteina

FixN de Bradyrhizobium japonicun{Preisiget al., 1993). Se ha propuesto que las

10
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oxidasas de tipacbb; son las mas antiguas filogenéticamente. Debidoue sy
secuencia presenta similitudes con las 6xido piteductasas se ha propuesto que estas
oxidasas respiratorias provienen de enzimas ingdic&n el proceso de desnitrificacion
(Vanderooset al.,1994). En contraste con esta teoria, se ha sugestds enzimas no
son mas antiguas sino que han evolucionado indegrdachente en proteobacterias

influidas por las condiciones ambientales (Pertia.,2001).

La expresion de los distintos tipos de oxidasasremmente nombradas permiten a las
bacterias adaptarse a diferentes concentracionesigeno en el medio (Anraku 1988;
Delgadoet al.,1998). La oxidasabl; has sido identificada como una oxidasa de hemo
y cobre que cataliza la reduccidén de oxigeno a gguasenta una afinidad por oxigeno
muy elevada (Pitcheet al., 2002). Consecuencia de ello es capaz de mantaner |
respiracion bajo condiciones de oxigeno muy lim@ar(microdxicas) como ocurre en
los ndédulos simbidticos de los rhizobios en legusas, donde la concentracion de
oxigeno estimada no es mayor de 30 nM (Layeellal., 1990). Por ello no es
sorprendente que el oxigeno sea el principal irdwiel operorccoNOQPque codifica

la oxidasacbhs.

La oxidasacbb; estd formada de tres a cuatro subunidades, lan&l#ul | esta
codificada por el gencoNy es un citocrom® transmembrana con un centro binuclear
hemo-CuB de alto spin y un hemo de bajo spin. bassidades Il y 11l son codificadas
por ccoOy ccoP, respectivamente, y son citocromosnclados a la membrana que
transfieren electrones desde el citocrom@ la subunidad I. Como es sabido en
Rhodobacter sphaeroidgsBradyrhizobium japonicurta expresion de los genesoN
ccoOandccoPes esencial para la actividad y asambaje de lasadthhs;. En contraste,

la subunidad CcoQ, la cual constituye la subunitéddno es requerida para el
asamblaje ni para la actividad de la oxidasa edicames limitantes de oxigeno (Oh y
Kaplan 1999; Zuffereet al., 1996). CcoNOQPha sido extensivamente estudiada en
Rhodobacter sphaeroidedonde se ha demostrado que no solo esta implieadel
mantenimiento de la respiracion microaerébica (@atorsmanet al.,1994) sino que
también puede actuar como sensor redox del complejobiquinonas y activar el
sistema de dos componentes RegBA el cual regulzepos bioldgicos tanto
generadores como dependientes de energia (Oh grdnK2002, Kimet al., 2007).

Especificamente, fotosintesis, fijacion de Carbdij@cion de nitrégeno, oxidacion de

11
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hidrogeno, desnitrificacion, respiracion aerobicangrébica, transporte de electrones y
aerotaxis son procesos controlados por el requEgBR (Elsenet al.,2004). Ademas
en concentraciones elevadas de oxigeno la inagiivate la subunidad ccoQ lleva a
cabo un control postranscripcional sobldy disminuyendo la abundancia y actividad

de la oxidasa.

La oxidasacbly estd ampliamente distribuida en proteobacterias e presencia no
esta restringida a ese grupo. Los genes que canaligt complejacbb; fueron aislados
inicialmente de especies de rhizobios y denomin&gi©QP por su requerimiento en
la fijacion simbidtica de nitrégeno (Batat al., 1989; Mandoret al., 1994; Preisiget

al., 1993). Desde entonces, han sido identificado gengsogos en otras bacterias
gram negativas y han sido llamada®NOQPen organismos no fijadores de nitrogeno
(Myllykallio and Liebl 2000). Mediante el uso debfawvare blastP, Batut y Cosseau
(2004) llevaron a cabo la busqueda de proteinadoges a FixN deSinorhizobium
meliloti encontrando la presencia de los gecasO, ccoQy ccoP corriente abajo del
gen candidataccoN (fixN), lo que corrobora la conocida agrupacion de leeeg
ccoNOQPcomo un operon. Sin embargo, el gaoQ no siempre estuvo presente en
dicho operén. Se detecté la presencia de 47 sedasettoNOQPen 39 genomas
distintos pertenecientes todos a la subrama degiatterias, tanto diazotrofos como
no. Fuera de la rama de protebacterias, se ha tlahmda presencia del operén
ccoNOQPencytophaga hutchinsoniuna bacteria aerébica gram negativa del grupo de
los CFB (Cytophaga, Flexibacter, Bacteroides). @#&eteria perteneciente a este grupo
en la que se ha detectado la oxidasa delciypfue enRhodothermus mariny®ereira

et al., 2000). La ausencia de los geneNOQP en las bacterias gram positiva
Firmicutes sugieren que la presencia de la oxidabaen este linaje de bacterias es

muy rara 0 ausente.

1.1.2. Regulacién de la citocromo oxidasacbb;.

La regulacion de la expression del opecnoNOQP que codifica la citocroma
oxidasacbly ha sido investigada en muchas bacterias. De faepatitiva se ha
encontrado que el oxigeno constituye un elemerawecen la regulacion de dichos
genes. La proteina reguladora Fnr capaz de sexiggno oxigeno regula la expresion

del operon ccoNOQP en Rhoddecter sphaeroides Paracoccus denitrificans

12
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Pseudomonas aeruginosBAO1, Rhizobium leguminosarunbv. viciae UMP791,
Rhodobacter capsulatuglT1131 (Colomboeet al., 2000; Mouncey and Kaplan 1998;
Ottenet al., 2001; Ray and Williams 1997; Swem and Bauer 2088Je regulador
transcripcional fue primeramente identificadoEstherichia colien la cual controla la
induccién de genes en respuesta a bajas concemkacde oxigeno. La proteina Fnr
incluye un cluster [4Fe—4S] capaz de sensar oxigangu extremo amino terminal. En
bajas concentraciones de oxigeno, la forma dimédeala proteina activa la
transcripcion de genes mediante su unidon a unaseicuespecifica de DNA, la caja
Fnr. En algunas especies de rhizobios, el op&xhOQP no esta regulado por la
proteina Fnr, sino por un paralogo denominado Fiogle también reconoce las cajas
Fnr (Batutet al.,1989; Fischer 1996), sin embargo no presenta nictuster [4Fe—4S]

por lo que no puede sensar oxigeno directamentsiendo su actividad regulada por
dicho elemento (Souperet al., 1995). En tal caso, es el sistema regulador de dos
componentes FixLJ, el encargado de sensar el axigen condiciones microaerébicas
activar la transcripcion del gefixK. gen que regulado por el sistema regulador de dos

componentes (ver capitulo 1.3.1).

Hasta ahora han sido descritas cuatro estrategiaante las cuales los genes que
codifican la oxidasa terminalbl; son regulados en respuesta a oxigeno (Cosseau y
Batut, 2004) (Fig. 1.3). En la primera estratetgacrita, Fnr es la sensora y reguladora
directa de los genes que codifican la oxidasa teatobh. Esta estrategia de regulacion

se encuentra en bacterias que no presentan emamgdos genelixLJ-fixK, habiendo

sido demostrada eRhodobacter sphaeroideBaracoccus denitrificandPseudomonas
aeruginosa Rhizobium leguminosarunbv. viciae (UPM791), y Rhodobacter
capsulatus Esta estrategia podria ampliarse a 22 bactedi@sianales, siendo dicho

mecanismo probablemente el mas extendido.

En la segunda estrategia, es el sistema FixLJ/Elxkplicadado en la regulacién por
oxigeno de la expresion del oper@acoNOQP Este tipo de regulacion ha sido
demostrado en las especies de rhizoldsasorhizobium melilofi Bradyrhizobium
japonicumandAzorhizobium caulinodan@-ischeret al., 1996), las cuales carecen del
gen gue codifica para la proteina Fnr. Se piensaegta estrategia tambien interviene
en a-Proteobacterias que no son rhizobios cdbamlobacter crescentusJna tercera

estrategia de regulacion se encuentra en bactguaspresentan las proteinas Fnr y

13
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FixLJ/FixXK como son las bacterias simbidticas fijeas de nitrégendrhizobium
leguminosarum(VF39) y Rhizobium etliCFN42 (Lopezet al., 2001; Schluteet al.,
1997), aunque tambien hay evidencias de que dick®nsg| se encuentra en
Mesorhizobium lotly en especies no fijadoras de nitrégeno céthodopseudomonas
palustresy Novosphingobium aromativorangJna cuarta estrategia se encuentra en
bacterias patdgenas de humanos cblelicobacter pyloriandCampylobacter jejune-
Proteobacteria), las cuales carecen de los gangdixLJ-fixK. Ha sido propuesto que
la expresion de la oxidashah; en dichos organismo puede ser constitutiva resel
disponibilidad de oxigeno en esa bacteria, las esualrecen en un ambiente

microaerobico en sus hospedadores (Satiti., 2000).

(Frd)—o,
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Regulador desconocido

(X

ma CCONO(@P l ccoNO(Q)P \ o CCONO(QP ccoNO(QP
- T -0
fnr fnr fnr
i Requlacic i Regulacién
Regulacién _Regulacion Regulacién Tipo FNR y FixLJ-FixK, Independiente
Tipo FNR Tipo FixLJ-FixK . .
p De FNR y FixLJ-FixK

Figura 1.3. Estrategias de regulacion por oxigeno de la ekpretel operérccoNOQR
Han sido identificadas cuatro estrategias de regilaque implican a las proteinas
reguladoras Fnr, y FixLJ-FixK, y a un reguladoratemcido. (Adaptado de Cosseau y
Batut, 2004).

En algunas bacterias, se ha demostrado que lardoecién de oxigeno en el medio no
es la unica sefal implicada en la regulacion dexidasa terminatbbs, sino que otras
sefales intracelulares pueden influir en la expredie dicha oxidasa. Se han descrito
proteinas reguladoras capaces de responder am® @smnbios intracelulares, por
ejemplo las proteinas CcoQ dehodobacter sphaeroide2.4.2 implicada en la
expresion de genes de la fotosintesis (Eedsad., 2000), las proteinas Aer y Tsr Be
coli implicadas en aerotaxis (Rebbapragadaal., 1997), ArcB del sistema de dos
componentes ArcB/ArcA que controla la respiraciéndlica erk. coli (Luchi et al.,

1993). Aer y ArcB contienen dominios PAS que samseees citoplasmaticos capaces
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de sensar cambios intracelulares de oxigeno, paterdox, luz, pequefos ligandos y

el nivel energético celular en general.

Otras proteinas de respuesta a potencial redolasqgrertenecientes a la familia de los
sistemas reguladores de dos componentes. Esasnpsotee denominan RegSR en
Bradyrhizobium japonicum y Rhodopseudomonas pa&uftegBA enRhodobacter
capsulatus, Rhodovulum sulfidophilum Roseobacterdenitrificans PrrBA en
Rhodobacter sphaeroideActSR enSinorhizobium meliloti y A. tumefaciepdRoxSR
enPseudomonas aeruginosanimerich et al., 2000a, Baek al, 2008, Comolliet al,
2002; Reyet al, 2006).Estos reguladores, activan la expresion de difeseregulones
implicados en procesos que utilizan equivalentesedeccion como son fijacion de
nitrogeno, y fijacion de CQy reprimen la expresion de genes implicados engsos
que generan equivalentes de reduccion como esseldm la oxidacion de hidrogeno
(Elsenet al, 2004). Se ha descubierto recientemente, quedeipa RegB deR.
capsulatus(Swemet al, 2005; Swenet al, 2006) y ArcB deE. coli (Malpica et al.,
2006) son capaces de sensar el estado de oxideeréduel pool de ubiquinonas el

cual afecta la actividad kinasa de la proteina.

En Paracoccus denitrificanse ha demostrado, que sefiales intracelularesauearssa
de cambios en la redistribucion de electrones sncémlenas respiratorias afectan la
expresion de la oxidasibb; (Ottenet al, 1999; Otteret al., 2001). EnRhodobacter
capsulatusse ha demostrado que el sistema de regulacidogdeainponentes RegBA y
el activador fotosintético HvrA regulan la expresifel operorccoNOQPen respuesta
a variaciones de poteincial redox en el complejouldiguinonas (Swem and Bauer,
2002). EnRhodobacter sphaeroidels presencia de cinco sitios de inicio de la
transcripcion upstream dscoN sugieren la implicacion de mdultiples mecanismos de
regulacion de la oxidasa terminebl (Roh and Kaplan 2002). ERseudomonas
aeruginosa RoxR activa la expresion de la terminal oxidasaensible a cianida
(Comolli and Donohue, 2002).
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1.2. CADENAS RESPIRATORIAS EN LOS RHIZOBIOS.

Las principales responsables de la fijacion sindaote nitrégeno son las bacterias
conocidas genéricamente como rhizobios. Dichasebast constituyen un grupo
heterogéneo de microorganismos distribuidos enéh2m@psRhizobium, Allorhizobium,
Ensifer @ntes Sinorhizobium), Mesorhizobium, Bradyrhizobium, rRzwbium
Blastobacter, Methylobacterium, Devosia, BurkholaeiRalstoniay Ochrobactrum.
Los rhizobios, miembros del ord&hizobiales de la subdivisiom de Proteobacterias
son bacterias del suelo gram negativas con la whmhale establecer una relacion

simbidtica fijadora de nitrdgeno con raices de heigwsas.

Los rhizobios son microorganismos aerobicos quizari el oxigeno como aceptor
final de la cadena de transporte respiratoria pargeneracion de ATP. Tras la
oxidacion de un compuesto organico los electroibesddos son aceptados por el pool
de ubiquinonas mediante varias deshidrogenasasst@eforma se inicia el transporte
de electrones a través de distintos componentela amdena respiratoria hasta la

reduccion del oxigeno molecular hast@®Hpor una oxidasa terminal.

Mientras que la concentracion de oxigeno en aguaasta de aire es cercana a AM)

en nodulos la tension de oxigeno es extremadanhbajae encontrandose entre 3 y 22
nM (Witty y Minchin, 1990; Hunt y Layzell, 1993). db esas limitantes
concentraciones de oxigeno el endosimbionte rizdbpende del ATP respiratorio para
su metabolismo asi como para el mantenimiento atbso proceso de la fijacion de
nitrogeno molecular (N. Al menos 16 moléculas de ATP son requeridas patacir
una molécula de N Las condiciones microaerobicas son esenciales r
funcionamiento de la nitrogenasa, la cual es in@blemente inactivada por oxigeno.
El efecto combinado de células de la planta esliraias en actuar como barrera ante
la difusion de oxigeno y concentraciones elevadaseghemoglobina en el nodulo,
permiten crear un microambiente con tensiones gdascde oxigeno muy bajas (Layzell
et al., 1993). En estas condiciones la bacteria indu@xpaesion de una citocronm
oxidasa de elevada afinidad que garantiza la 6ptiitiaacion del oxigeno presentes en

el bacteroide a concentraciones inferiores a 30 nM.
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En contraste con las sencillas cadenas respirat@iesente en la mayoria de las
mitocondrias eucariotas, los rizobios presentaremasl respiratorias ramificadas que
terminan en oxidasas con distintas afinidad paoxéfjeno. Mediante la expresién de
estas oxidasas las células son capaces adaptarsbi@ntes con concentraciones de

oxigeno variables (Fig. 1.4.).

!
[ [Fesibe,

cite,,

| |

Flavoprotein cit bbs CoxWXYZCoxMNOP cit aa,

\ l 1 1 / citchb, citd
N
0, 0,+
AEROBIOSIS
MICROAEROBIOSIS y
CONDICIONES
SIMBIOTICAS

Figura. 1.4. Cadenas respiratorias expresadas bajo condicioaesbicas,

microaerobicas y simbidticas en Rhizobios (Adap@el®elgadet al.,1998)

1.2.1. Cadenas respiratorias eBradyrhizobium japonicum.

La cadena respiratoria ramificada Blejaponicumes una de las mejor caracterizadas a
nivel genético y bioquimico dentro del grupo de t@obios (Fig. 1.5). La cadena
respiratoria deB. japonicumde forma similar a la presente en otros organisegs
caracteriza por estar constituida por distintos mamentes individuales encargados de
transportar los electrones de forma consecutivdedeasa NADH deshidrogenasa, al
complejo de ubiquinonas, compldpgl, citocromo c y finalmente hasta una oxidasa
terminal. Este transporte es llevado a cabo gradiastado redox creciente de dichos
componentes que oscila entre aproximadamente -40@ fos +900 mV que presenta

la oxidasa que termina la cadena respiratoria.
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La conduccidon de electrones a través de este amptigo de cofactores redox
localizados en la membrana interna generara uniegadelectroquimico entre dicha
membrana y el espacion peripldsmico que perméirgintesis de ATP como molécula
energética. Para que este proceso se lleve a sateresario la reduccion de un aceptor
de electrones de elevado potencial redox, esté@dgeno. Esta reaccion enzimética,
gue termina el proceso de respiracion, es catalipad una citocromo ¢ oxidasa. Bn
japonicum se han descrito 4 oxidasas terminales. En condisioaerdbicas, 2
citocromosc oxidasas alternativas llevan a cabo la reducceérOgda HO, la mas
abundante es la oxidasa de tgm codificada por los geneoxBAYy la segunda es la
oxidasa codificada por el oper6axMNOR En aerobiosis existe una tercera oxidasa, la
qguinol oxidasa de tipdbs; codificada por los genesoxWXYZ Bajo condiciones
limitantes de oxigeno (microaerobiosis) se explasdtocromoc oxidasa de tipabhs,
codificada por los gendsxNOQP, con elevada afinidad por,@Hennecke 1998), esta
oxidasa es menos eficiente en la transduccion degienque la oxidasa aerdbiaa3,

sin embargo permite a la célula mantener su masabolante bajas concentraciones de
oxigeno. Una cuarta oxidasa terminal codificada gdlogencoxXy que codifica una
proteina de 666 aminoacidos fue clonada por elagydgRobert J. Maier (surpeét al.,
1994), esta oxidasa presenta una gran homologitacubunidad | del citocronmde

E. coli

Cabe destacar la existencia de una ruta respma@erobica alternativa que no
contienen proteinas con grupos hemo, tal como dsecdede la habilidad de una
mutante deB. japonicumdefectuosas en la formacién de ALA sintasa (y tamto

carente de grupos hemo) para crecer en aerobkosstdciet al.,1991).
B. japonicum es considerada una bacteria de amplia distribugiacias a esta

flexibilidad respiratoria a nivel de las oxidasastinales lo cual le permite adaptarse a

tensiones de oxigeno variables en el medio.
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ﬁc;:; ﬁfcl:/zifv O, Microaerobiosis
+ ., e aa, o
2[H ] _Q o Ffebsﬂ"g'); ! yeM coxBA 2
\—' ¢ e 7o 0, Aerobiosis
coxMNOP
, bbb, 0,
coxWXYZ

Figura 1.5. Representacion esquematica de las cadenas respsgioesentes eB.
japonicum Adaptado de Delgadet al.,1998)

1.2.1.1. Caracterizacion bioquimica de la oxidaszbhs.

Bradyrhizbium japonicunes una bacteria del suelo con la capacidad dblesta una
relacion simbidtica con raices de plantas de sadiamte la generacion de nodulos
fijadores de nitrégeno. Mientras que la concendracle oxigeno en agua saturada en
aire es de aproximadamente 250 uM, en nédulostemeadamente baja, de 3 a 22 nM
(Witty y Minchin 1990; Hunt and Layzell, 1993). Lasendiciones microaerdbicas en el
nodulo son esenciales para el funcionamiento denileogenasa, sin embargo,
paradojicamente en este microambiente limitantedxigeno se requiere una gran
cantidad de ATP para mantener el costoso procesa fijacion de nitrégeno. En los
bacteroides d8. japonicumel problema es solventado con la induccién enmissnos
de la oxidasabb; de elevada afinidad por oxigeno, concretamenteuocar,, para el
oxigeno de 7 nM, este citocromo garantiza la Optitiiezacion del oxigeno dentro del
bacteroide (Priesigt d., 1993; Priesiget al, 1996).

Un supercomplejo citocromo oxidasa constituido por siete a ocho subunidadesny
un peso molecular de 358-425 kDa fue purificadardgnbranas bacteroidales Be
japonicum (Keefe y Maier 1993). ElI complejo purificado erapaz de oxidar un
citocromoc exdgeno y contiene proteinas con grupos hdmys las cuales formaron
complejos con CO. Dos de los componentes del cgmpbn sido identificados como
citocromos b y c; (Thony-Meyer et al.,, 1991). Ademas, el complejo funciona

eficientemente a concentraciones de oxigeno inesia 1 mM.
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La oxidasacbb; codificada por el operéfixNOQP fue purificada desde células Be
japonicum crecidas anerébicamente con nitrato como acepta fle electrones
(Preisig et al, 1996a). Dicha oxidasa presentdvideii TMPD oxidasa ademas de
actividad citocromoc oxidasa. Extractos de la oxidasa purificada fuesionlizados
detectdndose grupos hemo B, pero no Hemo A, ydaieipas FixO y FixP fueron
visualizadas como proteinas que contienen grupao® hgpo C meditante geles de

poliacrilamida.

Andlisis del espectro de la oxidadab; purificada revel6 la ausencia de cirocomos tipo
c y confirmé la presencia de citocrmos de tipoy ¢ (Fig 1.6). La secuencia de
aminoacidos N-terminal de los tres constutuyeneesdyor peso molecular (42, 31 y
29 kDa) de la oxidasa&blb; purificada son idénticos a las secuencias N-taimnin
predecidas para los productos de los gémes fixO y fixP. Sin embargo el producto
del genfixQ no fue detectado en geles de poliacrilamida-SD8s({§lget al., 1993,
1996a; Thony-Meyeet al.,1995).

cbb,

Figura 1.6. Modelo topolégico de la oxidashh; deB. japonicum

La afinidad por el oxigeno de la oxidadalb; purificada y de membranas aisladas de
células crecidas anardbicamente de la cepa padmBaljaponicumy de las mutantes
fixXNOQP y coxA fueron medidas espectofotometricamente (Pre®sigl., 1996;
Appleby y Berguersen, 1980; d"'Melkt al., 1994). La mutante coxA presentd una
cinética monofasica, con una Km de 7nM, que comedp a la oxidasabhs;. En la
mutantefixNOQP, la Km por el oxigeno fue de 56 nM, la cual coomgle a la oxidasa
terminal cbhs. En la cepa parental se obsevaron cinéticas téf@iston Km para el

oxigeno de 19 y 4 nM, lo que sugirio la existende&a al menos dos oxidasas con
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distintas afinidades por el oxigeno en células Be japonicum crecidas

anaerdébicamente.

Estos resultados indican que la oxidadsy codificada por el operorixNOQP
mantiene la respiracion microaerdbica en bactemehdosimbioticos ( Presisyg al.,
1993, 1996a; Thony-Meyet al., 1995, Zuffereyet al.,1996a) en la ruta:

2[H] — Q — Fe-Sbc; — cbhy —02

El estudio de la fijacion simbidtica de nitrogeramtividades TMPD y citocrome
oxidasa, espectroscopia diferencial, haem stairjinggestern blots de cepas con
mutaciones no polares @rN, fixO, fixQ y fixP mostraron que para el ensamblaje de la
oxidasa terminatbhs, FixN y FixO son los elementos primeramente reigosrpara
formar el complejo. FixP es incorporado al complesteriormente. FixQ no es
esencial para dicho ensamblaje (Zuffeegwl., 1996a; Thony-Meyeet al., 1995) y no
parece tener un papel esencial porque una mutanteirta deleccion en el gémxQ

presenta un fenotipo FiXZuffereyet al.,1996a).

Durante la caracterizacion genética de la subunid#&ikN) de la citocromo oxidasa
cbhs, se detectaron 12 histidinas altamente consesaissle ellas fueron asignados a
los grupos hemos o cobre (Preisggeal., 1993), las otras seis son especificas de FixN y

su funcién no es muy conocida.

El reemplazamiento por mutagenesis dirigida deidddma 43 por alanina resulté en
una cepa mutante en la cual las tres proteinasHpl, FixO y FixP presentaron
similares concentraciones a las detectadas enpa parental. Por el contrario, la
proteina FixN no fue detectada en las mutantesdouknhistidina 131 fue reemplazada
por alanina, y las proteinas FixO y FixP fueronildednte detectadas. Estos resultados
indican que el reemplazo de la histidina 131 causalefecto en el ensamblaje o la
estabilidad de la oxidasa y sugiere que la His 4iBd como ligando para el grupo
hemo B (Zuffereyet al., 1996b). H280, H330 e H331 son los ligandos de QuB
finalmente, H418 es el ligando del grupo hemo Baltie spin. H316 parece participar
en la translocacion de"'HH410 podria ser ligando de un metal comagMgMn,*. Por

ultimo H457 parece estar relacionado con el ensgmbl estabilidad del complejo. Las
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3 histidinas restantes (H227, H246 e H333) no sgportantes para ninguna funcion
(Zufferey et al., 1998). La identificacion de los seis residuos dstidina y su
localizacion en la cara peripladsmica de la membgranitieron establecer un modelo
topologico de la subunidad FixN de la citocromaxidasa de hemo-cobbb;, es una
proteina de aproximadamente 61 kDa asociada a mabra@a. Presenta ldhélices
hidrofobicas, 12 de ellas transmembranales, corediuos de histidina conservados
(Zuffereyet al.1996b, 1998)(Fig. 1.7). Esta organizacion es simailgue encontramos
en la subunidad | de las oxidasas de hemo-cobr&gkt al., 1995; Tsukiharat al.,
1996).

Figura 1.7. Modelo topolégico de la proteina FixN de la cithoo oxidasabhb; de B.
japonicum Los circulos negros representan las histidinasewadas en todas las
oxidasas de hemo y cobre. Los circulos grises gporelen a las histidinas especificas
de las proteinas FixN/CcoN. La numeracion de lagdmas corresponde a la secuencia
aminoacidica. Los rectangulos simbolizan los segosehidrofébicos. C= extremo
carboxilo, N= extremo amino. (Adaptado a partiZdéfereyet al.,1998).

La oxidasa de tipa@bh; carece de subunidades Il y Il tipicas, siendditsligas por
citocromos de tipa: FixO y FixP. Estos citocromos llevan asociad@umpo hemo C y
fixP dos. La incorporacion de dichos grupos henes@n requisito imprescindible para
el ensamblaje de la oxidasa (Zzuffemgyal., 1997). El ensamblaje comienza con la
asociacion de las subunidades FixN y FixO en la bnama y posteriormente se
incorpora la subunidad FixP (zufferegt al., 1996a). FixO y FixP proteinas
transmembranales de 27 y 31 kDa respectivamemntB. €3 la subunidad que media el
transporte de entre el compolejbc y el ndcleo estructural de la oxidasa formado por
las subunidades FixN-FixO. El papel de la protei@® kDa FixQ no se conoce, siendo
prescindible para la actividad de la oxidasa (Ryeisal.,1994, Zuffereyet al.,1996a).

22



Introduccién

1.2.1.2. Regulacion de la oxidaszbhs.

En B. japonicumel operonfixNOQP esta regulado por la proteina FptKue forma
parte de la cascada regulatoria FixLJfue responde a condiciones limitantes de
oxigeno (ver capitulo 1.3.1). Concretamente, setln a cabo estudios de expresion de
la oxidasa terminatbb; de B. japonicummediante la construccion de fusiones al gen
informadorlacZ Para ello, el getacZ se fusiond con el sexto codon del gie®. Tras
analisis de la expresion génica en la cepa pargrdalmutantes alteradas en los genes
fixL, fixJ, y fixK,, se observo una clara induccién de la expresiddide oxidasa en
condiciones microaerébicas, asi como la dependatecidicha induccion del sistema
regulador FixLJ/K (Preisiget al., 1993 and 1996). La esencialidad de Fiy}ara la
activacion del oper6fixNOQPse ha demostrado recientemente mediante expdasen
de transcripcidin vitro usando la proteina Fixtpurificada (Mesat al.,2005).

1.3. CASCADAS REGULATORIAS EN RESPUESTA A OXIGENO EN B.

japonicum.

1.3.1. Sistema regulador FixLJ-Fixk

Como ya hemos comentado anteriormdBtgaponicumposee un eficaz sistema de
regulacion que responde a condiciones limitantesxdgeno, el sistema FixLJ-FixK
Los genedixLJ y fixK se identificaron e%s. meliloticomo elementos necesarios para la
activacion transcripcional de los operofigdOQP y fixGHIS (Batutet al., 1989). El
operonfixLJ codifica 2 proteinas de 55 y 22 kDa, respectivameque pertenecen a la
familia de sistemas regulatorios de dos componeqgtes permiten a la bacteria
responder a las condiciones ambientales. La peotékl es una proteina sensora unida
a la membrana con un dominio central capaz de@ngracias a un grupo hemo y un
dominio C-terminal que porta un residuo de histdipara la fosforilacion de la
proteina. La proteina FixJ es un activador trapsimrnal con 2 dominios funcionales: el
dominio N-terminal, con un residuo de acido aspartnecesario para la fosforilacién
de la proteina y un dominio C-terminal, que muestoanologia con activadores

transcripcionales (Fischer 1994).
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Entre los genes activados por FixJ se encudintfa La proteina FixK se incluye en la
clase | de la familia de proteinas reguladorasFmp/representada por la proteina Fnr
de E. coli (“Fumarate and nitrate reductase regulation) y qgeupa a proteinas
relacionadas con la regulacion por d& diversos procesos celulares (Fischer 1994). En
condiciones limitantes de oxigeno, la hemoprot€irh se autofosforila y transfiere su
grupo fosfato al regulador transcripcional FixJsfedlado FixJ activa la transcripcién
defixK.

La existencia de Fnr se describiokercoli para explicar la existencia de cepas mutantes
incapaces de usar fumarato, nitrato o nitrito caueptores de electrones durante el
crecimiento en microaerobiosis. Precisamente, mhitd Fnr fumarateand nitrate
reduction) hace referencia a la deficiencia deckygas mutantes en la reduccion
microaerobica del fumarato y del nitrato (Lambde@uest, 1976). Fnr es una proteina
citoplasmatica que presenta homologia estructurédngional con la proteina Crp
(Cyclic-AMP receptorprotein) deE. coli (Shaw et al. 1983), también llamada Cap
(Cataboliteactivator protein). Fnr deE. coli esta implicada en la expresion de mas de
cuarenta genes y operones que requieren limitat@doxigeno para su expresion, entre
otros, los genes que codifican la alcohol deshiginaga, la aconitasa, el transporte del
dicarboxilato, las citocromo y d oxidasas, la dimetil sulfoxido reductasa, la fua@r
reductasa, las nitrato y nitrito reductasas, |asibiesis del cofactor de molibdeno, la

hidrogenasa, etc. (ver revision de Guest et al6;1R8rner et al. 2003).

Crp y Fnr pertenecen a un grupo de proteinas atlgnenombre, por ser los miembros
que primero se identificaron y caracterizaron. s@ientran representados en los reinos
Bacteriay Eukaria aunque es la clagsede lasProteobacteriala que mas miembros
contiene y donde su bioquimica y genética se hamdiaslo con mayor detalle (ver
revisiones de Korner et al. 2003; van Spannind.€2005). Son proteinas de 230-250
aminoacidos que se caracterizan por presentar exteamo C-terminal un motivo de
union a ADN (helix-turn-helix, HTH, HN(A/C)-N3-G-Ns-(I/V)-Ns (Brennan vy
Matthews, 1989), un dominio centrathélice implicado en la dimerizacion de la
proteina, y un extremo N-terminal compuesto porsubh@0 residuos, de composicion
variable, donde radica la versatilidad de estosulagigres para responder a los
diferentes estimulos ambientales a los que lashastpueden enfrentarse. En Fnr, el

extremo N-terminal incluye tres cisteinas agrupaglada secuencia Cys;»Cys-Xs-
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Cys que, junto otra cisteina en la region centahstituyen un dominio de unién de

grupos [Fe-S].

Fnr se une de forma especifica a las denominag@s da anaerobiosis cuya secuencia
consenso es 5-TTGAT-NATCAA-3’ (Spiro y Guest, 1990; Guest et al. 1996, las
gue el motivo TTGA interacciona con los aminoacidals-209 y Ser-212 de cada
monomero de la proteina (Vollack et al. 1999). tajsis de anaerobiosis de la mayoria
de los promotores regulados positivamente por Btanecentradas en posicion -41,5
respecto al sitio de inicio de la transcripciom@ue existen notables excepciones (para

revision ver Kdrner et al. 2003; van Spannig e2@05).

Mientras que en aerobiosis Fnr es monomérica eivaad.azazzera et al. 1996; Green
y Baldwin, 1997), en condiciones microaerdbicagpiateina es un dimero capaz de
unirse a ADN. Cada dimero contiene dos grupos E&J- que se unen al motivo de
cisteinas en condiciones andxicas, por lo querglnto de tales cisteinas es clave para
la actividad como regulador transcripcional de Bpiro y Guest, 1990; Guest et al.
1996). En presencia de oxigeno, la agrupacién #8Je-se oxida, separandose en dos
mondmeros inactivos (Unden y Schiravski, 1997)taatafio molecular de la proteina
inactiva es de unos 30 kDa (Trageser et al. 1990).

Que los genes de la desnitrificacion estan cortoslgoor limitacion de oxigeno se
confirmé cuando se llevaron a cabo experimentogudi®n entre el getacZ y las
regiones promotoras de los gen&s (Arai et al. 1991)nirQ (Arai et al. 1994) ynosR
deP. aeruginosgCuypers et al. 1995). Después de esos experisientestablecié con
claridad que el primer factor estrictamente nedegsra que se expresen los genes de
la desnitrificacion es la ausencia de oxigeno (esisiones de Zumft, 1997; van
Spanning et al. 2005).

Respecto al mecanismo de activacion de la trarcsénple los genes que regulan los
activadores transcripcionales de la familia Crp/Ehmejor conocido es el de Crp e
coli. La activacion de los promotores regulados por @gpiere tres componentes: la
proteina Cap, la ARN polimerasa (ARNP) y el ADNrépana revision ver Busby y
Ebright, 1999; Lawson et al. 2004).
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La proteina Cap esta formada por dos monomero$ &4 cada uno. EI dominio N-
terminal que abarca los residuos 1 a 139 es ebnsaple de la interaccion con el AMP-
ciclico. ElI dominio C-terminal, que se extiendela residuos 140 a 209, contiene un
motivo HTH, ITRQEICQIVGCSRETVGRILK, que reconocedacuencia palindrémica
5-AATGTGATCTA-GATCACATTT-3' (Ebright et al. 1989)La proteina Cap se ha
purificado y su estructura determinada medianstatagrafia (McKay y Steitz, 1981).

La holoenzima ARNP tiene una masa molecular dekd) y esta compuesta por las
subunidadesi;BB’ o (Chamberlin, 1976). La subunidadiene un tamafio molecular de
37 kDa y esta formada, a su vez, por dos domirioll-terminal,aNTD, responsable
de su dimerizacion y de la interaccion con la ARNPgl C-terminal,aCTD,
responsable de la interaccién con el ADN, asi coom otras moléculas que puedan
actuar como activadores, represores o0 terminaddeesla transcripcion. Ambas
subunidades estdn unidas por un puente de unosni®acidos que posee cierta
flexibilidad, lo que le permite establecer difeentcontactos, segun el modelo de
activacion, o el tipo de complejo de la transcipciBlatter et al. 1994; Busby y
Ebright, 1994). La subunidggl de 151 kDa, es responsable de la actividad detalit
(Miller et al. 1997) y la subunidad, 70 kDa, es la responsable del reconocimiento de
los elementos -35 y -10 de los promotores (Buskiybyight, 1994). Existen otros
factores 0 de distinta masa molecular, que pueden reconote&s csecuencias
especificas en los promotores, aunque el mecangamactivacion de la ARNP es
similar. EnE. coli se han identificado seis factoresalternativos. El factoo™ (54
kDa), codificado por el gerpoN, esta implicado en la expresion de gran variedad d
genes, incluyendo los relacionados con la fijacnasimilacion del nitrégeno
(Magasanik, 1982). Los factored? (32 kDa) yo®* (24 kDa), estan codificados por los
genespoH y rpoE, respectivamente, e intervienen en respuestaogjuehtérmicol{eat
shock gengs(Erickson et al. 1987; Erickson y Gross, 1989)fdgtor sigmac>® (38
kDa), el producto del genpoS es un elemento clave en la respuesta al estréaatdua
transicion de la fase de crecimiento exponenciaktdcionario (Hengge-Aronis, 1993).
El factoro?® (28 kDa) esta codificado por el gggoSy controla la transcripcién de los
genes implicados en la formacion del flagelo y aimiptaxis (Arnosti y Chamberlin,
1989). Por ultimo, Fecl, una proteina implicadaeénransporte de citrato férrico, se

considera también un factorcon funciones extracitoplasmaticas (Angerer €t295).
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Los promotores activados por Cap, en funcion denwuaccion con esta proteina, se
han clasificado en tres grupos, de manera que gadatiene un mecanismo de
activacion diferente (Busby y Ebright, 1994; Lawsdrmal. 2004).

Los promotores de la clase | s6lo requieren unzoutd de Cap para la activacion de la
transcripcion, y se unen en una posicion generabmamprendida entre la -93 y la -62
respecto al sitio de inicio de la transcripcion. [Rnactivacion interviene una region
comprendida entre los residuos 156 a 164, llamegiam activadora 1 (ARActivating
Region 1). Esta region interacciona con la llamaadgon determinante 287 ded&TD

de la ARNP (Savery et al. 1998), zona en la guedtacion de algunos residuos afecta
la interaccion con la Cap. Las regiones determesaf61 y 265 daCTD son también
esenciales para la activacion, ya que interviemela énteraccion con el ADN (Gaal et
al. 1996; Murakami et al. 1996; Ross y Gourse, 200&ra que la transcripcion ocurra
en los promotores de la clase |, la proteina Cdye @éstar en contacto directo con la
subunidadaCTD de la ARNP, lo que facilitaria la union @&CTD con el ADN
adyacente comprendido entre Cap y la ARNP. La aoteédén entre Cap y ARNP
incrementa la afinidad de la ARNP por el promolorgue favorece la iniciacién de la
transcripcion (Malan et al. 1984; Kolb et al. 19Bi&yduk et al. 1993).

Los promotores incluidos en la clase Il requieremapsu activacion por Cap que,
ademas de AR1, la proteina posea otra region ddiigaAR2, comprendida entre los
aminoacidos His-19, His-21, Glu-21 y Lys-101 deestremo N-terminal (Niu et al.
1996). Para la interacciéon con Cap, la ARNP reguiademas de los determinantes 265
y 287 deaCTD (Savery et al. 1998), un determinante adicidiosamado por los
residuos 162 a 165 deNTD (Niu et al. 1996). En el mecanismo de activacio
propuesto, el sitio de unidon de Cap a los promstdela clase Il se solaparia con el
elemento -35 del promotor y la transcripcion seiamia a partir de la interaccion de
AR1 conaCTD y de AR2 comiNTD. Mientras que la unién entre Cap yd&€TD,
como ya se ha indicado, incrementa la afinidacad®RNP por el promotor (Niu et al.
1996; Rhodius et al. 1997), la interaccion entr ARINTD facilita la formacién del
complejo cerrado al complejo abierto necesario mara se inicie la transcripcion.

Ademas de estas dos interacciones, la que ocutne elnGlu-58 de una tercera region
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activadora (AR3) de Cap y la subunidad de la ARNP es esencial para la activacion
(Williams et al. 1991; Niu et al. 1996) ya que d@idhteraccion parece implicada en la

formacion del complejo abierto (Busby y EbrightoT®

Para la activacion de los promotores de claseslihexesaria la intervencion de dos o
mas moléculas de Cap. Aunque estos promotoresntidistintas arquitecturas, con
diferentes distancias entre los sitios de unioiCdp con la ARNP, la organizacion es
relativamente simple, puesto que son combinacidadas clases | y Il. De este modo,
un dimero de Cap unido al ADN en la posicion -1693puede activar la transcripcion
actuando simultaneamente con otro dimero unida @osicion -62 (Joung et al. 1993;
Law et al. 1999; Langdom y Hochschild, 1999). Etogsasos, cada dimero de Cap
funciona independientemente como en el caso d&ase ¢, contactando su AR1 con
cada copia de laCTD. Del mismo modo, un dimero de Cap centrad@asmobsiciones
-103, -93 0 -83 puede activar la transcripcion aotlo simultaneamente con un dimero
centrado en la posicion -42 (Busby et al. 1994y&aba et al. 1998). De esta manera,
un dimero activaria siguiendo el mecanismo de lasnptores de clase |, esto es
conectando su AR1 con und&TD, y el otro dimero actuaria mediante un mecamism
de clase IlI, contactando su AR1, AR2 y, segun sb,cau AR3 con laCTD, aNTD y

o', respectivamente.

Entre las mas de las 1.200 proteinas con un mate/aunion a ADN similar al
localizado en N-terminal de Cap/Fnr, se han infieatio 369 que, ademas, poseen en
su C-terminal un motivo HTH de unidn a ADN. Por seisciones filogenéticas, se han
clasificado en 14 grupos, cada uno de ellos reptade, respectivamente, por las
proteinas ArcR, CooA, Cprk, Crp, Dnr, FixK, Flp,rfFRnrN, MalR, NnrR, NtcA, PrfA

y YeiL, que responden a un amplio espectro de esfitdnto exdgenas como
intracelulares (Korner et al. 2003). Entre ellagderads de Fnr, otras proteinas
implicadas en regulacién de la desnitrificacion gow de P. aeruginosa(Ye et al.
1995) y FnrP dé. denitrificans(Van Spanning et al. 1997), que controlan la esipre
del operénnar y fueron los primeros reguladores tipo Fnr dessrien bacterias
desnitrificantes. La expresion del gemA, que codifica la Cu-NirK nitrito reductasa de
Neisseria gonorrhoeaetambién depende de un regulador de la familia/Fomp
(Lissenden et al. 2000).
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Todos los reguladores transcripcionales de respuest limitacion de oxigeno de la
familia Crp/Fnr se agrupan en el mismo clado, le qudica la identidad tanto en la
secuencia aminoacidica como en las distintas earsiitas estructurales de los

diversos ortélogos (Kérner et al. 2003).

La proteina FixK se descubrid eB. japonicum(Fisher 1994; Nellen-Anthamatten et
al. 1998), donde controla la expresion de una skerigenes y operones implicados tanto
en el metabolismo microaerobico, comdNOQP/fixGHIS hemA rpoNy, hup, etc. (ver
Nellen-Anthamatten et al. 1998), como en la desicacion (ver capitulo 3.4). FixK

se incluye en el clado FixK de la familia Fnr/Crama que se caracteriza por carecer
tanto del motivo de cisteinas del extremo N-tering@mno de la cisteina del dominio
central de la proteina. Por tanto, la activida@stes factores no esta sometida a control
redox como ocurre en Fnr/Crp. Entre las proteirm®sta rama cabe destacar, entre
otras, a FixK deS. meliloti (Batut et al. 1989) y dé. caulinodans(Kaminski y
Elmerich, 1991).

Puesto que los reguladores de tipo FixK carecenm@éeanismo sensor de la
concentracién de oxigeno, su actividad ocurre ep@@cion con el sistema regulador
de dos componentes denominado FixLJ. FixL se d®&cyor primera vez en
Sinorhizobiummeliloti en donde controla la expresion de genes relacienadn la
fijacion simbidtica de dinitrogendix y nif) y con la desnitrificacioVirts et al. 1988;
David et al. 1988; Anthamatten y Hennecke, 199dgténas homdlogas a FixL se han
descrito también enCaulobacter crescentus(Crosson et al. 2005) y en

Rhodopseudomonas palustfiBispensa et al. 1992).

FixL contiene en su extremo N-terminal el dominiaSP(del inglésPer-ARNT-Sim
Este nombre es un acronimo formado por las ingidéelas proteinas que contienen las
secuencias caracteristicas de este dominios: keipagperiod clockde Drosophila
(PER), el translocador nuclear del receptor adkdtarbonado presente en vertebrados
(ARNT) y la proteinasingle-mindedde Drosophila (SIM) (ver revisién de Taylor y
Zhulin, 1999). En el dominio PAS, no obstante, maliza, de forma invariable, una
histidina ligada a un grupo hemo con gran afinidadel oxigeno (Gilles-Gonzalez et

al. 1994; Bertolucci et al. 1996). En aerobiosigégeno se une al grupo hemo y FixL
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es inactiva (Tuckerman et al. 2002; Dunham et@32. La variabilidad en los residuos
aminoacidicos del domio PAS confiere a FixL unangrarsatilidad ya que, ademas de
oxigeno, puede unirse a monoxido de carbono y axitiliwo (para revision ver Gilles-

Gonzalez y Gonzalez, 2005).

En ausencia de oxigeno, FixL se autofosforila padtividad quinasa de su extremo C-
terminal (Gong et al. 1998). La proteina FixL fogéma activa, a su vez, a la proteina
FixJ mediante la transferencia de un grupo foséatmn aspartato (Tuckerman et al.

2001; 2002). FixJ es un regulador de respuestaapactivar las regiones promotoras
de los genes que regula. En conjunto, FixL y Figdstituyen un sistema sensor-

regulador de dos componentes implicado en la aifiuade genes que se expresan en
condiciones limitantes de oxigeno (Gilles-Gonzalégzonzalez, 1993; Anthamatten et

al. 1992).

Las proteinas FixLJ/FixK forman, en conjunto un sistema regulador global en

respuesta a la limitaciéon de oxigeno.

En la region promotora de todos los genes contoslgubr Fixk existe una secuencia
tipificada por la secuencia consenso 5'- TTGAFBICAA- 3, donde se uniria la
proteina. Esta secuencia se denomina caja FixK ljoesdloga a la secuencia que
reconoce Fnr (Tabla 1.1). Todos los promotores laggps por Fixk tienen la
arquitectura correspondiente a los promotores aedl, con el sitio de unién centrado
en la posiciéon -41,5. El gdremN puede ser una excepcién a esto, ya que posesain Si
de unién de FixKadicional en la posicion -78,5, lo que sugiere gueda tratarse de

un promotor de clase lll.

Tabla 1.1. CajasFnr/FixK en B. japonicum Se incluyen las secuencias correspondientes y su

posicion respecto al sitio de inicio de la trarsddn.

Gen Secuencia Posicion respecto al sitio de Referencia

inicio de la transcripcion

nnrk TTGCGctatCGCAA Desconocido Mesa et al. 2003
napkE TTGATccagATCAA -66,5 Delgado et al. 2003
nirk TTGTTgcagCGCAA Desconocido Velasco et al. 2001
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norC TTGCGccctGACAA -45,5 Mesa et al. 2002

noskR TTGATccagCGCAA Desconocido Velasco et al. 2004
Secuencia TTGAT-N,-ATCAA -41.,5 Spiro y Guest, 1990
consenso

Fnr
Secuencia TTGAT-N,-GTCAA -40,5 Fischer, 1994
consenso

FixK

1.3.2. Sistema regulador RegSR-NIfA

Ademas del control mediado por la cascada regudaldiat_J/FixK,, enBradyrhizobium
japonicumse ha descrito otro sistema en respuesta a bajasrtraciones de oxigeno,
es el sistema RegSR/NIfA. Esta cascada reguladoictevada a concentraciones de
oxigeno mucho mas limitantes (<2%) que la casagideda por la proteina FixL y esta
implicada principalmente en la induccién de mucbheses requeridos para el proceso
de fijacion de nitrégeno en nédulos de soja (Evetial., 1998) los cuales son activados

en Ultima instancia por la proteina NifA en coop&ma con el factor sigma™.

El sistema regulador de dos componentes RegSRsigiea@lo como un nuevo elemento
en la cascada regulatoria de la proteina reguladiffa(Evelin et al., 1998). RegR es
el regulador de respuesta del sistema de dos canmmRegSR. El Unico elemento
conocido sobre el que actia RegR es sobre el ofigFomifA el cual codifica para el

factor de transcripcion sensor de potencial rediéX.N

La proteina reguladora NifA dBradyrhizobium japonicuntodifica una proteina de
582 aminoacidos y tiene un peso molecular de 63884 proteina mas grande de las
proteinas NifA identificadas: proteinas NifA d&meliloti (Buikema, W. Jet al., 1985,
Weber, G., H.et al.1985), R.leguminosarum(Gronger, P.et al., 1987) andK.
pneumoniagBuikema, W. Jet al.1985) tienen 541, 519 y 24 aminoacidos, y un peso
molecular de 59864, 56131 y 58631, respectivameNi®A es una proteina
citoplasmatica clasificada como proteina potencagl(EBPSs) (Morett, Eet al., 1993,
Studholme, D. Jet al., 2003), perteneciente a la superfamilia AAA+ de A3&s que
transforman energia en una funcibn mecanica paliaautsus substratos. Es una

proteina modular constituida que se caracterizappesentar un dominio N-terminal
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(ND) de 194 aminoacidos, un dominio central (CDPd8 aminoacidos implicado en la
unién con el factor sigma 54 de la polimerasa ydaminio C-terminal de 78
aminoacidos en cuyo extremo presenta un motivoni@ua ADN (helix-turn-helix),
estos dos ultimos dominios se encuentran unidosipaominio llamado IDL de 36 a
38 aminoacidos en el cual se encuentra una seeugoaien cisteina (Cys-X11-Cys-
X19-Cys-X4-Cys) encargada unir covalentemente ionetilicos como R& mediante
los cuales la proteina es capaz de sensar vargcamoxigeno en el medio y potencial
redox (Fig. 1.8).

Unknow Interaction with RNA polymerase DNA-binding

H2N~‘ [1DL]] COOH

Figura. 1.8. Dominios estructurales de la proteina NifARnjaponicum(Adaptado de

la revision de Hans-Martin Fischer 1994).

La proteina NifA fue descrita por primera vez, conmoactivador transcripcional de los
genesnif, enK. pneumoniagy el respectivo genif fue el primero en ser clonado y
secuenciado ( Buchanan-Wollaston, &t. al., 1981, Buikema, W. Jet al., 1987,
Drummond, M., Pet al.,1986). Posteriormente, este gen fue usado conaaguara la
identificacién de otros genesf en un gran nimero de bacterias diazotrofas. Hasta
fecha las secuencias de ADN correspondientes ahifjan sido encontradas al menos
en 15 especiesK pneumoniae, Kiebsiella oxytocéKim, Y. M., et al.1986),
Azotobacter vinelandi{Bennett, L. T.et al.1988), Azotobacter chroococcun{Evans,
D. et al.1987, Evans, Det al.,1988),Azospirillum brasilenséLiang, Y. Y.et al.1991),
Azospirillum lipoferum(Shigematsu, Tet al.,1992),HerbaspirillumseropedicagSoto,
M. J.et al.1993),R. leguminosarumbv. viciae 3855 and PRE (GrongerelPal.1987,
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Roelvink, P. W.et al.,1989),R. leguminosarumbv. trifolii (lismaa, S.et al.1989),R.
leguminosarunbv. phaseoli (Merrick, Met al.1985), R. meliloti (Buikema, W. Jet
al.,1985, Weber, G., Ht al.1985),A. caulinodangNees, D. W. 1998, Ratet, P. 1989),
Bradyrhizobium japonicum(Thony, B.et al.,1987), yRhodobacter capsulatydartin-
Verstraete, I. 1992).

La proteina NifA de Bradyrhizobium japonicumregula genes y operones
principalmente implicados en el proceso de fijacitennitrogeno. Mutaciones en los
genesnif de Bradyrhizobium japonicundieron lugar a cepas incapaces de fijar
nitrdgeno en simbiosis con leguminosas (fenotipo)Fly, de forma similar, no se
detectd actividad nitrogenasa en vida libre (fepwtif). Pero el control mediado por
NifA no solo incluye a genes directamente reladilmsacon la fijacion de nitrégeno,
sino también genes que intervienen en otros precesmo el contro de chaperoninas.
Ademas, NifA esta también implicado en otros prosas directamente relacionados
con la fijacién de nitrbgeno como genes que caglifichaperoninas como los groESL
(Arigoni, F. et al.,1991) o genes de la desnitrificacion (resultadogutdicados) (Fig.
1.9).

(ro =) o) =

® ®
i A FixR nifA
. -
— ik, l

rpoN ®

f) J© 1 l

RpoN

©

It} fD KENX
nirs
HifBfrxA
nifiH
o) FrxBCX
fixA

Figura 1.9. Representacion esquematica de las dos cascapdad@as que controlan
los genes requeridos para estilo de vida microgaygbanaerobico y para fijacion de

nitrogeno erBradyrhizobium japonicun{Adaptado de Fischet al.,2003).
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En la expresion de NifA estan implicados dos prarest solapadogixRp, y fixRp,
gue son dependientes de NifA y RpoN, y RegSR réisperente. La secuencia
consenso déixRp, se encuentra en la posicién -12/ -24 del inicidad&anscripcién,
dicho promotor es transcrito en condiciones anaeaidly es totalmente dependiente del
factor sigmac™* de la polimerasa. La expresién de dicho operépogsnciada por la
unién de la proteina NifA en un sitio de activaciilantero (UAS) que se encuentra en
la posicién -100 corriente arriba del inicio ddrnscripcidon, cuya secuencia consenso
es TGT-N10-ACA (Alvarez-Morales, Aet al.,1996, Buck, Met al.,1987, Buck, Met

al., 1986, Morett, Eet al., 1988, Morett, Eet al., 1991). A pesar de ser una secuencia
altamente conservada, la expresiéon de muchos gemé®lados por este promotor no
se encuentran afectados por la mutacion de dichaeseia, o que sugiere una
compleja regulacién del promotdixRp, en la que posiblemente intervengan otras
proteinas y secuencias reguladoras distintas adé&sritas. Reconstitucion de
condiciones aerdbicas da lugar a la inhibicionadprbteina NifA y a la separacion del
factor sigmas>* de su promotor, inhibiéndose la transcripciéngemotorfixRp,. Se

ha demostrado que el promofoRp: es transcrito de forma constitutiva a bajos nvele
en condiciones aerdbicas, para su transcripciamessgla unidon del factor sigma 96 en
la posicion -10/-35 y la interacion de la protemeguladora RegR en un sitio de
activador delantero (UAS) situado en la posicid® aguas arriba del sitio de inicio de
la transcripcion, (Fischer H.-Met al.,1994, Thony B.et al.,1987) (Fig. 1.10).
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Figura 1.10. Regulacion de los promotores solapafioRp, y fixRp.. P y P> son los
sitios de inicio de la transcripcion deytt,. (Adaptado de Hennecke Et al., 1998).

La sefial que es detectada por el sistema RegSeésesrbcida. Por el contrario, como
hemos mencionado anteriormente NifA es capaz deasaxigeno o potencial redox
directamente por la presencia de un cofactor neetdlrischer, H. Met al., 1989,
Fischer, H. M., et. Al 1987, Kullik, ket al.,1989), sin embargo el sistema RegSR no ha
sido identificado como sistema sensor de oxigeicbpdpapel si ha sido demostrado en
sistemas homologos en otros microorganismos comsistemas RegBA and PrrBA de
Rhoddacter capsulatusy Rhoddacter sphaeroidesrespectivamente. (Oh, ét al.,
2000, Swem, L. Ret al., 2001), debido a ello se especula queBeadyrhizobium
japonicumdicho sistema de dos componentes podria tenefunt@n similar a la

observada en otros organismos.

1.4. DESNITRIFICACION

La desnitrificacion es un proceso clave en el dmtmeoquimico del nitrégeno (N) en
la biosfera, ya que es el mecanismo mediante dlsmiaevuelve a la atmésfera el
dinitrégeno atmosférico fijado @\ (Figura 1.11). La desnitrificacion es la prindipa
reaccion para eliminar el exceso de nitratos quasecuencia del abuso en la

utilizaciéon de fertilizantes nitrogenados en la cpich agricola, contaminan los
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ecosistemas terrestres y acuaticos. El 6xido aitgicel 6xido nitroso, productos

intermediarios de la desnitrificacién, tienen ta@émbiun enorme impacto sobre la
contaminacion atmosférica, ya que son gases dlileesen a la atmaosfera e intervienen
en la formacion de la lluvia acida, en el calentnto global de la atmdsfera, y en la
destruccion de la capa de ozono de la misma. Elooritrico es, por otra parte, una
importante molécula sefial que participa en mecarssie defensa frente a patbgenos

en eucariotas.

NO; (v)
A
Nar/Nap/Nas{Euk-NR l ; Nitrite Oxidase

NO,~ (lll)
CuNiR/Cyt cd; f \\
\
\

Hydroxylamin}
Oxidase NirB/ccNir
\

NO (1)
Nor

, \
N0 NH,OH (1) 1y 9h, '
voﬂo o,
N
N2 (D) ........................................... > N!-|4+ (_|||)

A Nitrogsnase GS and GOGAT pathways

¥
Atmosfera Organic Nitrogen

Figura 1.11.Ciclo biogeoquimico del Nitrogeno (adaptado de Gieret al.,2006)
La desnitrificacion es una forma alternativa depiresion por la que, en condiciones
limitantes de oxigeno, los microorganismos puedsar @l nitrato, y sus 6xidos de

nitrogeno derivados (NOXx), como aceptores de epet en una cadena de transporte

hasta la formacion de dinitrdgeno molecular, deeetmicon la reaccion:
NO3_—> NOZ_ — NO —>N20 — N2

La reduccion de los NOx esta acoplada a la prodocde ATP, lo que permite a la

célula crecer en ausencia de oxigeno.
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La capacidad de desnitrificar estd muy extendide®iprocariotas y abarca a bacterias
que pertenecen taxonOmicamente a variasdases de Proteobacterias, y a las
Arqueobacterias (Zumft, 1997). Aunque la desndaifion es una caracteristica propia
de las bacterias anaerobias facultativas, y seidemasque solo ocurre en ausencia de
oxigeno, se han descrito algunas especies del @@agacoccus(antesThiobecillus)
capaces de desnitrificar en condiciones aerébtmithameet al.,1997). Igualmente,
se ha demostrado la existencia de genes implicawlda desnitrificacion en bacterias
nitrificantes (DiSpiritoet al., 1985; Cebron y Garnier, 2005). Ademas, algunogbsn
como los del génerBusariumtienen también capacidad de desnitrificar (Kobagas
al., 1995; Takaya 2002).

La reduccion del nitrato (N a dinitrogeno (B lleva consigo la formacién de nitrito
(NOy), 6xido nitrico (NO) y 6xido nitroso (}D) reaccion que se lleva a cabo de forma
secuencial por la actuacién de las enzimas niteatoctasa (Nap/Nar), nitrito reductasa
(CuNir/cqaNir), oxido nitrico reductasa (gNor/cNor) y oxidatroso reductasa (Nos),
codificadas por los genegp/nar, nik/nirS, cnor/gnor y nosrespectivamente. Aunque
la reduccién de nitrato inicia la desnitrificaci@e, considera que la reduccién de;N&D
NO es, en sentido estricto, la reaccién clave aqfmel el proceso ya que la reduccién
de nitrato también puede ocurrir en microorganismosdesnitrificantes. De hecho,
Escherichia coli una de las bacterias donde mas se ha estudiadisidbogia,
bioguimica y genética de la respiracion del nitrate, sin embargo, incapaz de
desnitrificar.

Mientras que la desnitrificacion consiste en laupeibn de nitrato/nitrito a N se han
descrito bacterias que sélo llevan a cabo una tlifisaicion parcial, incompleta, ya que
no poseen, 0 no expresan, el equipo enzimaticosagoepara llevar a cabo la
desnitrificacion. El ejemplo mas extendido es eladgiellas que carecen de 6xido
nitroso reductasa com@hromdeacterium violaceum Pseudomonas aerofaciens
diversas especies de la familRhizobiaceaeWollinella succinogeneposee oOxido
nitrico y 6xido nitroso reductasasGampyldacter fetussélo contiene éxido nitroso
reductasa (Zumft, 1993). ERhizobium lotise han descrito cepas que varian en el
contenido de los genes de la desnitrificacion, @mera que algunas solo contienen

genesnir, otras s6lo genesor y, unas terceras, sélo gemess (Monzaet al.,2006). En
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general, se considera que un microorganismo e®naadero desnitrificante si es capaz
de crecer microaerébicamente con nitrato o nitritmo Unica fuente de nitrdgeno y de

energia (Fig. 12)

The respiratory network of Paracoccits denitrificans during denitrification
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Figura 1.12.Representacion esquematica del proceso de diésadidbn enParacoccus
denitrificans (adaptado de van Spanniagal, 2005). Flechas discontinuas, transporte
de oOxidos de nitrégeno; Flechas continuas, tratspie electrones. SDH, succinato
deshidrogenasa; NDH, NADH deshidrogenasa; Q, qanbg;, complejobc;; Csso,
citocromoc; paz, pseudoazurina; NAR, nitrato reductasa de bn@na; NAP, nitrato
reductasa periplasmica; NIR, nitrito reductasaipe ¢d;; NOR, NO reductasa de tipo

bc; NOS, 6xido nitroso reductasa.

1.4.1. Nitrato reductasas

La reduccién del nitrato en bacterias se llevalzoazon tres fines diferentes: como
fuente de nitrégeno para su crecimiento (asimilg¢ifpara la obtencion de energia
cuando el nitrato actia como aceptor final de elaes (respiracion), y para la
disipacion del exceso de poder reductor y optimigarcrecimiento en ciertas
condiciones metabdlicas (desasimilacién). En est@s procesos intervienen,
respectivamente, tres tipos de nitrato reductaséeyedtes: la nitrato reductasa
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citoplasmica asimilatoria (Nas), la nitrato redgetaespiratoria de membrana (Nar) y la

nitrato reductasa periplasmica (Nap).

La reduccion asimilatoria del nitrato da lugar titw, el cual se reduce posteriormente
a amonio, que, via glutamina sintetasa/glutamatiasa daria lugar a la formacion de
aminoacidos y proteinas. Existen dos tipos detoitreductasas asimilatorias: las que
dependen de NADH vy las que dependen de ferredaxftevodoxina. El primer grupo
esta constituido por proteinas formadas por dosrsdades de 95 y 45 kDa que estan
codificadas por los genemsAy nasG respectivamente, y que se han identificado en
bacterias tales com®. subtilis (Ogawa et al., 1993), Klebsiella pneumoniaey
Rhoddacter capsulatus(Stewart, 1994; Moreno-Viviaret al., 1999). Dentro del
segundo grupo se encuentran las nitrato reductiesasotdacter vinelandii(Ramoset

al., 1993) ySynechococcusp. (Luqueet al., 1992), entre otras. Estas enzimas estan
formadas por una Unica subunidad de 75 a 85 k@acepcion de la dé. vinelandii
gue es un polipétido de 105 kDa (Ramebal.,1993).

La nitrato reductasa respiratoria de membrana sstuaiado ampliamente &n coliy

esta formada por tres subunidadesf3 y y. La subunidadx corresponde a NarG, de
140 kDa, que contiene un cofactor de molibdeno yaesubunidad catalitica. La
subunidad3 corresponde a la proteina NarH, de 60 kDa, qusaseia en el citoplasma
junto a NarG, y ambas se unen a la subunylathrl, por el dominio transmembrana de
esta, localizada en su region C-terminal (Blastal., 2001). Las proteinas Nar estan
codificadas por el operonarGHJI (Bonnefoy y DeMoss 1994; Darwin y Stewart,
1996; Philippot y Hojberg, 1999). Los genewG, narH y narl codifican las distintas
subunidades, y el genarJ codifica una chaperona implicada en el proceso de
maduracion de la enzima. El openvarGHJI esta conservado en distintas especies, de
este modo que aparecen organizaciones génicaarEminrnParacoccus denitrificans
(Berks et al., 1995), Pseudomonas fluorescefBhilippotet al., 1997), Pseudomonas
stutzeri(Hartig et al., 1999) y Baillus subtillis (Hoffman et al., 1995) entre otrost.

coli posee también el operoarZYWYV que codifica una nitrato reductasa, enzima con

funcién similar a la del producto del opemarGHJI (Blascoet al.,1990).
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Mientras que la nitrato reductasa respiratoria @enbrana se expresa unicamente en
condiciones limitantes de oxigeno, la nitrato redsa periplasmica (Nap) puede ser
activa en presencia de oxigeno. Las enzimas Nalpaseestudiado eRaracoccus
denitrificans (Searset al., 1995),Paracoccus pantotrophu@ell et al., 1993),E. coli
(Groveet al., 1996),Rhoddoacter sphaeroidegRichardson et el. 1990)Bseudomonas
putida (Carter et al., 1995), entre otros microorganismos. Las enzimap Ben
heterodimeros formados por una subunidad catatigc@0 kDa (NapA) y un citocromo
c con dos grupos hemo y tamafio molecular de 15 N2pH), codificadas por los
genesnapAy napB respectivamente. Ademas de las subunidades estles, se ha
identificado la proteina NapC, que es otro citoaancon cuatro grupos hemo, unido a
la membrana, y de 25 kDa, codificado por el gapC La proteina NapC es la
encargada de transferir electrones a la subunidg® NCartroret al.,2002). Los genes
napA napBy napC se encuentran agrupados con otra serie de geresogiifican
proteinas adicionales necesarias para la sintesisiwidad enzimatica, operones cuya
organizacion difiere entre diferentes taxones. Wmer tipo corresponde al operon
napFDAGHBGC presente eMagnetospirillum magnetotacticu(aokaet al.,2003), de

la subdivisiénu de las proteobacterias y Encoli, y Haemophilus influenza@Vanget

al., 1999; Stewart y Bledsoe, 2005), entre otros, deutadivisiony. Un segundo tipo
corresponde al operampEFDABGC descrito en miembros de la subdivisi@ncomo
Rhoddacter sphaeroidesAgrobacterium tumefacieng Sinorhizobium melilotiy en la
subdivisiony, comoPseudomonas aeruginogaPseudomonas&-179. Un tercer tipo
corresponde al operarapFGDABGC como el que se ha descrito enylggoteobaterias
Vibrio choleraey Yersinia pestigvVan Spanningt al., 2005). La transcripcion de los
genesnap depende de la concentracion de oxigeno y de &epc& de nitrato o nitrito
en el medio. EnE. coli la maxima expresion de Nap ocurre principalmesre
condiciones de bajo oxigeno, y presencia de leepratFnr y NarP (Darwiet al.,
1998). EnP. pantotrophusla enzima Nap se expresa en aerobiosis @edll., 1990;
Searset al., 1997). Se han postulado una serie de hipotesisaadel papel fisiologico
de esta enzima. Se ha demostrado que la enzinieigegn la desnitrificacion aerdbica
y en los procesos de control del balance redoadgtular, disipando el exceso de poder
reductor que se genera en ciertas condiciones dOietafy como el crecimiento
fototréfico, o el metabolismo de fuentes de carbamgy reducidas (Siddiquet al.,
1993; Sear®t al., 2000; Moreno-Viviaret al., 1999). Ademas de esta funcion, se ha

descrito que la enzima puede desempefar una fusicidlar a la de Nar, acoplando la
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reduccion del nitrato a la produccion de ATP, |l qicurre erPseudomonass-179
(posiblemente una especie Rbaizobiun (Bedzyket al., 1999) y enBradyrhizobium
japonicum(Delgadoet al.,2003). Revisiones sobre la fisiologia, bioquimjiagenética
de las enzimas Nap se han publicado por Van Spgetial., (2005), Gonzaleet al.,
(2006); Jepsost al.,(2006).

1.4.2. Nitrito reductasas

En bacterias desnitrificantes se han caracterizidotipos de nitrito reductasas, una
enzima homodimérica con grupos hemo ¢ y hemo diS(Nipo cdl) y una enzima
homotromérica con atomos de cobre (NirK, tipo chbrAmbas son proteina
periplasmicas, reciben electrones desde un citazromy/o de una pseudoazurina
(Koutny et al., 1999; Moir and Ferguson, 1994), y catalizan la cethn
monoeletronica de nitrito a Oxido nitrico. Ningurde las dos enzimas son
electrogénicas, ya que adquieren los electronestpies necesarios para la reduccion
del nitrito del periplasma donde se localizan. kagimas parecen ser mutuamente
excluyentes en la naturaleza, ya que se ha derdosttacoexistencia a nivel de género,
pero no a nivel de especie. Los dos tipos de enmimparecen tener ninguna relacion

estructural ni evolutiva.

Las nitrito reductasas de cobre han sido aisladasspecies de diversos géneros
bacterianos coméchromdpacter cycloclastegFendersoret al.1991; Inatomi, 1999),
A. faecalis S-GKukimoto et al.1994), Alcaligenes xylosoxidanfAbraham Zeldaet
al.,1993),Rhoddacter sphaeroide$.sp. denitrificans(Olesenet al.1998; Sawada and
Satoh, 1980)Pseudomonas aureofacie(@umft et al.1987), Nitrosomonas europeae
(DiSpirito et al.1985) the Gram-positive bacterium diddus halodenitrificans
(Denariazet al.1991), the actinomycet8treptomyces thiolutey$Shounet al.1998),
and the Archeaeddalobacterium denitrificangCoyneet al.,1989).

Dichas nitrito reductasas estan codificadas poanioco gen, al que se denominiaK.
Este gen se ha clonado y secuenciadeaiygenes xylosoxidan®rudencicet al.1999;
Suzuki et al.1999), Achromdeacter cycloclastes(Chen et al.1996), Rhoddacter
sphaeroides(Tosques Vvanet al.1997), Pseudomonas aureofacier{&lockner et
al.,1993), PseudomonasG-179 (Ye et al.1992), Rhizobium sullae(Toffanin et
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al.,1996), Sinorhizobium meliloti(Barnett et al.2001), Bradyrhizobium japonicum
(Velasco et al.2001) y el gen correspondiente @K en el gonococad\eisseria
gonorrhoeaeel genaniA (Hoehn and Clark, 1992; Melliest al.1997). En algunas
especies, junto al ganrK se encuentra el genrV, de funcién desconocida (Bedzgk
al., 1999; Jain y Shapleigh, 2001). El garK suele localizarse aislado en el genoma,
sin formar parte de ningun operon, y sin que enplaximidades se hallen genes
relacionados con la desnitrificacion (Zumft, 1993 embargo el gen nirK se suele
encontrar precedido por secuencias de DNA queesmmocidas por las proteinas FNR-
like (Householdeet al.,1999; Mellieset al.1997; Tosques Vvaet al.1997).

Las nitrito reductasas de cobre son complejos haméticos de 108 kDa (3 x 36 kDa)

gue contienen tres centros de cobre azul-verdgdd,tlos cuales estan implicados en
la transferencia de electrones desde un donaditoalctivo de la enzima y tres centros
de cobre tipo Il, que forman el sitio activo. Esig@lmente asumido que el centro de
cobre de tipo | de la nitrito reductasa de cobrtbeeelectrones de una cupredoxina,
psudoazurina o de una azurina. El flujo de eleesdmcia la nitrito reductasa de cobre

ocurre via complejo citocromaux;.

En contraste con la sencilla organizacionnii, los genes que codifican las nitrito
reductasas tipod; forman parte de operones complejos en los que@esptran genes
implicados tanto en la sintesis como en el procesdm de los grupos hemo que
formaran el centro activo de la enzima. El nimerorganizacion de los genesr
difiere segun las distintas especies. Los mejaaescterizados son los e aeruginosa
(nirSMCFDLGHJEN (Arai et al., 1994), P. denitrificans(nirXISECFDLGHJN (De
Boer et al., 1994) yP. stutzeri(nirSTBMCFDLGHY nirJEN) (Palmedocet al., 1995).
Revisiones sobre las enzimas nitrito reductasa edgerd a Stachet al., (2000),
Cutruzzola, (1999); Van Spanniegal.,(2005).

Las nitrito reductasas tipo cdl han sido aisladasndchas bacterias desnitrificantes
como Alcaligenes faecalilwasaki and Matsubara, 1971Azospirillum brasilense
(Danneberget al.1986), Paracoccus halodenitrificangMancinelli et al.1986), M.
magnetotacticunfYamazakiet al.1995), P. denitrificans(Timkovich et al.1982), P.
pantotrophug(Moir et al.1993), Ps. aeruginosgWalshet al.1979; Wood, 1978)Ps.

stutzeri (Weeg-Aerssenset al.1991), Pseudomonas nauticdBessonet al.1995),
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Ralstonia eutropha(Sannet al.1994),Erythrobacter sp. Och 114 (Dogt al.1989) and
Thiobecillus denitrificans(LeGall et al.1979). Todas ellas son miembros de alfa, beta o
gamma proteobacterias. A parte de la reduccionitiiéora 6xido nitrico las nitrito
reductasas de tipo cd1 son capaces de reducimuxayg por ello son designadas como

citocromo oxidasas (Walgdt al.,1979).

Dichas enzimas son homodimeros (120 kDa en su fdimérica), y cada mondémero
presenta un dominio de union a un grupo hemo aryl@emo d1 que actua como centro

activo de la enzima.

1.4.3. Oxido nitrico reductasas

El 6xido nitrico (NO) es una molécula citotoxicar o que debe reducirse rapidamente
para mantener su concentracién en un nivel nanopmalgperjudicial para la célula. No
obstanteP. denitrificans entre otros microorganismos, puede crecer eroagcobiosis
con NO como unica fuente de energia ya que la cadlucde NO a BO por la enzima
oxido nitrico reductasa esta acoplada a la trasidceade protones y correspondiente
sintesis de ATP. Se han identificado dos tipos deéd bacterias desnitrificantes: unas
gue reciben electrones de un citocrotnenzimas cNor, y otras que reciben electrones

de una quinona, enzimas de tipo gNor.

Las enzimas qNor se encuentran en diversos gruprsendmicos, incluyendo
proteobacterias, como es el casdRédstonia bacterias gram positivas, como en varias
especies de Rdlus, y en arqueobacterias tales comgrobaculum aerophilumy
Sulpholobus solfataricus.a mas estudiada ha sido laR&@stonia eutrophalLa enzima
consiste en una subunidad, NorB, de 75 kDa, quepcamde dos regiones
transmembrana y un dominio periplasmico (Craetral.,1997).R. eutrophgosee dos
copias del gen que codifica la enzima, una denaainarB;, a la que también se
designa comaorB, y otranorB,, conocida igualmente commorZ Asociados a los
genesnorB se encuentran el gemrA, que presenta homologia con el dgerN de P.
stutzeri de funcion desconocida, y el g@orR cuyo producto, la proteina NorR,
pertenece a la familia NtrC de factores transovipaies, y estd implicada en la

regulacion de los genesrB (Pholmanret al.,2000).
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Las enzimas cNor se han purificado y caracterizad®. stutzeri(Heiset al.,1989),P.
denitrificans(Carr y Ferguson, 1990)R. sphaeroide@Mitchell et al.,1998). En todos
los casos es una enzima unida a membrana, compegsias subunidades, una de 17
kDa con un citocromgo, y una de 53 kDa, que contiene dos citocrobgsin atomo de
hierro no hémico, llamadas NorC y NorB, respectieata. Los electrones pasan del
citocromo ¢ al citocromob vy, finalmente, al sitio activo, donde se reducess d
moléculas de 6xido nitrico al mismo tiempo (Henslrék al., 1998). Debido a la
toxicidad del NO, su concentracion en el interielutar se mantiene en niveles muy
bajos, entre 1 y 100 nM (Goretsét al., 1990). La enzima Nor tiene una elevada
afinidad por su sustrato, y se inhibe por conceirnes elevadas de NO, posiblemente
por unién del NO a la enzima en estado oxidadcs(Biy De Vries, 1997).

Los genes responsables de la sintesis de las enzMaa estan agrupados en operones,
cuya organizacion presenta ciertas diferencia® dosr organismos desnitrificantes. La
organizacién caracteristica la encontramoslidrosomonas europaeaR. sphaeroides
que presentan el operarorCBQD (Bartnikaset al., 1997). Los genegorC y norB
codifican las subunidades NorC y NorB respectivaméfraiet al., 1995; De Boeet

al., 1996). El gemorQ codifica una proteina citoplasmatica que contiemenotivo de
unién a ATP, ynorD codifica una proteina de funcién desconocida. Asrirateinas
se requieren para la activacion de la enzima Noai(ét al., 1994; De Boert al.,
1996). Algunos desnitrificantes, cona denitrificans presentan en su organizacion
génica, ademas, los genasrE y norF, cuyos productos estan implicados en la
maduracion o la estabilidad de la enzima Nor (DerBbal.,1996).

A pesar de que las 6xido nitrico reductasa sorepras de membrana que intervienen
en el transporte de electrones, son incapacessledar protones y crear un gradiente
electroquimco necesario para la sintesis de ATR @el.1992; Carr and Ferguson,
1990; Hendrikset al.,2000; Shapleigh and Payne, 1985). Ademas, el itialitico de
cNor se encuentra en la cara periplasmica, eneenda cara citoplasmica como en las
hemo oxidasas de cobre, las cuales si son genagderun gradiente electroquimico.
Los electrones y protones requeridos para la réglucde NO son tomados del
periplasma, lo cual convierte a la enzima en notegénica. Ademas, los residuos
aminoacidicos que forman los canales D- y K- querwenen en la conduccion de

protones desde el citoplasma al centro dinucleda goteina, no estan presente. Sin
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embargo, en las proteinas Nor se ha demostradoetenria de residuos de acido
glutamico en la regidn periplasmica y en héliceamgmembrana de la proteina que no
estan presentes en las oxidasas. Se esta invektidgmrposible implicacién de estos
residuos en el movimiento de protones medianteotendcion de un canal E que

conectaria el sitio activo de la enzima con elglasma.

Para revisiones sobre las enzimas Nor se puedalltaima Hendrikset al., (2000),
Zumft (2005), y Van Spannirgf al., (2005).

1.4.4. Oxido nitroso reductasas

El dltimo paso de la desnitrificacion es la redanade NO a N, reaccion que cataliza
la enzima o6xido nitroso reductasa (Nos). La enzima ha caracterizado
bioguimicamente erP. stutzeri(Coyle et al., 1985), P. pantotrophus(Berks et al.,
1993) yP. denitrificans(Snyder y Hollocher, 1987). En todos los casosnianea, de
localizacion periplasmica, es un homodimero compupsr dos subunidades de 65

kDa, que contiene cobre en su centro activo.

Los genes que codifican la enzima Nos estan orgdogzen operones cuyo exponente
tipico es el operonosRZDFYLXdeP. stutzeri(Braun y Zumft, 1992)P. denitrificans
(Holloway et al.,1996) yS. meliloti(Chanet al.,1997). NosZ es la subunidad catalitica
y los productos de los genessRy nosXpresentan cierta identidad con las proteinas
Nirl y NirX de P. denitrificans respectivamente (Saundeatal., 1999, 2000). NosX
parece implicada en el procesamiento de iones gobi@sR o esta en la activacion de
la transcripcion del promotor de los gemess de P. stutzeri(Cuyperset al., 1992;
Wunsch y Zumft, 2005). El cobre es poco solublecendiciones de limitacion de
oxigeno, por lo que requiere proteinas que seaaceapde captarlo en el interior
celular, procesarlo hasta su estado activo y ensalmia la proteina. Estas funciones
corresponden a los productos de los gas®FYL(Honisch y Zumft, 2003). Para una
revision ver Zumft (2005); Van Spanniegal.,(2005).
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1.4.5. Otros componentes del tranporte de electros@sociado a la desnitrificacion.

Ademas de las proteinas que intervienen en reducss@uencial de nitrato hasta
nitrogeno molecular se han descrito otros comp@senie menor peso molecular
indispensables para el funcionamiento de dicheemiat respiratorio. Estos son los
citocromos de tipa, estos citocromos son una extendida clase deipast@senciales
para la vida de todos los organismos. En bactdganitrificantes estas proteinas estan
usualmente localizadas en el periplasma. La ex@rade los citocromos en las células
bacterianas aportan una mayor flexibilidad para ptaae a los cambios
medioambientales, esto se debe a que dichos aiosrcson intermediarios en el
transporte de electrones que permiten conectaeposaespiratorios como la oxidacion
de compuestos carbonados en condiciones aerobidasrgduccion anaerobica de
nitrato, este mecanismo es posible mediante la&itn de electrones de las proteinas
de membrana que intervienen en la respiracion lehstapacio periplasmico donde se
encuentran las reductasas desnitrificantes, piaiimlo de esta forma la obtencién de

energia ante la aparicion de condiciones adversas.

Los citocromost que intervienen en el proceso de desnitrificasidm metaloproteinas
transportadoras de electrones que contienen um greqmoC como grupo prostético, la
biosintesis de hem@ requiere la formacion de enlaces covalentes ticgige sus 2
grupos vinilo laterales y 2 residuos de cisteinaseovados en la apoproteina del
citocromo, dichos enlaces covalentes posibilitaa fuerte union del grupo henta la
proteina evitando la disociacion del grupo hemauydsBusion a través de la pared
celular (Woodet al., 1983). Los diferentes tipos de citocromos se enetistinguir
espectroscopicamente, puesto que la forma redodieiaosa del grupo hemo origina 3
picos caracteristicos de absorcidn en la regiGgbleislel espectras, g y v, el Gltimo de
los cuales sirve de referencia para distinguiras, los citocromos del tipo, presentan

un maximo de absorcién entre 550 y 557 nm (THdayer 1997).

La nomenclatura de los citocromos se basa en @oghemo que portan, el cual se
indica con la letra minuscula y en cursiva. En adocde las oxidasas terminales, el

grupo hemo que adopta la conformacion de alto spisuele distinguir con el subindice
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3 por analogia con la oxidasa mitocrondiaj. Algunos autores sefialan la confusion
generada por este sistema y recomiendan el emelednabolo prima’) para denotar el

hemo pentacoordinado que reacciona con el oxidemald y Chance 1995).

En condiciones desnitrificanteBradyrhizobium japonicunes una bacteria capaz de
respirar el nitrato presente en el medio, en dipfareso ademas de las reductasas
encargadas de la reduccion secuencial de nitratoasgescrito la expresion de tres
citocromosc solubles de localizacion periplasmicgsg, Css2 Y Csss. La caracterizacion
en profundidad del citocromassg ha demostrado su implicacion como transportador
electrénico intermediario entre el complejo de membabc, y la nitrito reductasa
periplasmica NirK (Buenet al., 2007). El uso de mutantes alteradas en eloyeA
cuyo producto es el citocronmgsg revelaron la vital importancia de dicho citocroero

la reduccion de nitrito en la célula. Brseudomonas aeruginosis citocromosss;
(NirM) y NirC son donadores fisiol6gicos de elecites a la nitrito reductasa cd1NIR
(Vijgenboom et al., 1997; Hasegawat al., 2001), mutantes en dichos citocromos
presentan un defecto en la actividad NIR in vitrim /sivo. EnR. capsulatuse han
identificado los citocromosc; y c,, codificados por los genesycA y cycY
respectivamente. Estos citocromos fueron desarioglmente como transportadores
de electrones intermediarios del proceso fotosowét respiratorio (Jenney & Daldal
1993; Daldalet al.,2001; Myllykallio et al., 1999). Ademas, la ausencia de actividad
nitrito reductasa (NiR) y la incapacidad para comstel nitrito del medio observados
en dobles mutantes defectuosas en los geyesy cycYsugiridé que sus productos fy

c,) son efectivos donadores de electrones a lamitetiuctasa NirkK del proceso de

desnitrificacion (Larattet al.,2006).

De forma similar erParacoccus denitrificanse ha identificado el citocromgsgcomo
un eficiente donador de electrones a la nitritrduotasa cdNIR, sin embargo la
actividad NiR de células d@. denitrificanssolo se vio atenuada tras la construccion de
una doble mutante deficiente en las proteitigsy pseudoazurina, de esta forma se
domostré la implicacibn de una proteina alternatafa citocromo cssp como
intermediaria en el transporte de electrones egltreomplejo de membranac; a la
nitrito reductasa gaNIR (Pearsonet al., 2003). Las pseudoazurinas son proteinas

periplasmicas de bajo peso molécular que contienesolo atomo de cobre (Petraats
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al., 1987). Estudios bioquimicos han sugerido que laggsazurinas son un donadores
directos a la nitrito reductasa (Kukimatb al., 1996; Williamset al., 1995; Koutnyet

al., 1999). En algunas bacterias cof@loloroflexus auriatiacugDriesscheet al., 1999),
Pseudomonas aeruginogilorris et al., 1983),Alcaligenes faecaligKukimoto et al.,
1996) y Rhoddvacter sphaeroideqJain et al., 2001) tambien se ha demostrado la
implicacion de pseudoazurinas y de proteinas hogasloa azurinas como
transportadoras de electrones. Por lo tanto hagdsuejemplos de organismos que son
capaces de usar una proteina de cobre tipo | eleyam citocromo de tipo en la
transferencia electronica en los sistemas respmatoampliandose de esta forma el
namero de componentes que intervienen en la comeg® las distintas redes

respiratorias en las bacterias.

1.5. DESNITRIFICACION EN EL ORDEN Rhizobiales.

Las bacterias del orddé®hizobialesconocidas con el nombre genérico de rizobios, son
bacterias del suelo, Gram-negativas, que se agr@parios géneroRhizobium
Allorhizobium Ensifer (antes Sinorhizobiuny Mesorhizobium Blastdacter,
Azorhizobium Devosia Methyldacterium Ochradbactrumy Bradyrhizobium(Ramirez
Baena, 2006). Todos ellos se caracterizan por paca#ad para infectar las células
corticales de las raices de las leguminosas y formadulos, estructuras tipicas de la
asociacion simbidtica planta-bacteria, donde sealla cabo el proceso de fijacion
biolégica del N, esto es, la reduccion deb  amonio. En el interior de los nédulos las
bacterias se transforman en bacteroides, que socélalas que sintetizan la enzima
nitrogenasa, responsable de la catalisis deANpartir del amonio formado se originan
los productos organicos nitrogenados esenciales panutricion, funcionamiento y
desarrollo de las plantas. La capacidad, por taleestas bacterias para reducireN
simbiosis es un proceso de enorme significaciéfcalgr, ya que las plantas implicadas,
las leguminosas, tienen una gran repercusion ewtiicion humana y animal como

fuente de proteinas, obtencién de aceite, fibtas, e
Aunque en 1938 Rajagopalan observé la capacidémsdezobios para desnitrificar, fue

Evans, en 1954, el primero en demostrar la preaatecun sistema activo de reduccién

de nitrato enB. japonicum Mas tarde, Kennedgt al., (1975) detectaron actividad
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nitrato reductasa tanto en el citosol como en lasnbranas dd3. japonicum Sin
embargo, la capacidad de desnitrificar no esta extigndida entre los rizobios, ya que
s6loB. japonicumy A. caulinodanson los Unicos capaces de crecer cuando se cultiva
en condiciones limitantes de oxigeno y presencianittato como aceptor final de
electrones. Se ha sugerido que la capacidad detrifiesm pudiera constituir una
ventaja competitiva para la permanencia y distidouen el suelo y para la capacidad
de colonizacion de aquellas bacterias que la posean

Entre los rizobios, se han caracterizado genes cpdifican enzimas de la
desnitrificacion erR. sullae(antesR. hedysali (Toffaninet al.,1996),R. etli(Buenoet
al., 2005), S. meliloti (Holloway et al., 1996; Galibertet al., 2001) yB. japonicum
(Bedmaret al.,2005). No se han identificado ninguno de los geleds desnitrificacion
enM. loti strain MAFF 303090 (http://www.kazusa.or.jp/rhiask).

R. sullaeinduce la formacién de nédulos en simbiosis Eedysarum coronariutrLa
cepa HCNT1 d&. sullaecontiene una Cu-Nir codificada por el garK. La expresion
de este gen sdlo requiere condiciones limitantesexdigeno, y es independiente de la
presencia de un éxido de nitrégeno (Casetllal., 1986). La reduccion de nitrito en esta
bacteria produce una disminucién en el crecimieiefoido a la acumulacién de NO, lo
que sugiere qu®. sullaeHCNT1 no contiene ninguna enzima Nor (Casellaal.,
1986). No se detectaron sefales de hibridacionl &D8l total de la cepa HCNT1
cuando se utilizaron los genesr como sonda de hibridacién, lo que confirma que la
cepa carece de dichos genes (Toffatial., 1996). Mutantes en el genirK mantienen

la capacidad de nodular y de fijar nitrdgeno erbsasis. Se ha sugerido que la enzima
NirK estaria implicada en la transicion de la baatea una forma viable, aunque no
cultivable, en condiciones limitantes de oxigenoffanin et al., 2000), lo que le
permitiria sobrevivir en condiciones de estrés €Qast al.,2006).

R. etliforma simbiosis fijadoras de nitrégeno dehaseolus vulgarisEl analisis de la
secuencia del genoma &e etli CFN42 revela la existencia de los genesCBQDy

nirK, que codifican enzimas de tipo cNor y Cu-Nir, mEgtivamente
(http://www.kazusa.or.jp/rhizobase). Esta cepacade los genasgapy nos por lo que

es incapaz de crecer en microaerobiosis con nib@tw Unico aceptor de electrones, y
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carece de actividad nitrato reductasa (Buenal., 2005). Sin embargdz. etli CFN42
crece con nitrito como aceptor final de electronesina mutante en el gamrK es
incapaz de crecer en presencia de nitrito. Puagtdaymutante expresa una actividad
Nir reducida y un consumo de nitrito disminuido,heepropuesto que la enzima NirK
pudiera estar implicada en la respiracion y endtxdficacion del nitrito erR. etli
(Buenoet al.,2005).

En el genoma d8. meliloti1l021, concretamente en el plasmido simbiotico pSyse
han localizado genes que presentan homologia sogeleesiap, nir, nor y nosde otras
bacterias desnitrificantes (http://www.kazusa.éhizobase). No obstant&. meliloti
1021 no crece en microaerobiosis con nitrato otamittomo aceptores finales de
electrones. Mutantes en los genesforman simbiosis efectivas cdedicagosativa

lo que demostro, por primera vez, que la desmiadion no es esencial para la fijacion

del nitrégeno ers. melilotil021 (Hollowayet al.,1996).

1.6. DESNITRIFICACION EN Bradyrhizobium japonicum.

B. japonicumes el Unico rizobio donde, hasta la fecha, seaisado y caracterizado los
genes de la desnitrificaciGmpEDABC(Delgadoet al., 2003), nirK (Velascoet al.,
2001),norCBQD (Mesaet al.,2002) ynosRZDFYLXVelascoet al.,2004), implicados
en la sintesis de las enzimas nitrato reductasiplgm@mnica (Nap), nitrito reductasa
(Nir), 6xido nitrico reductasa (Nor) y 6xido nitmseductasa (Nos), respectivamente
(ver revision de Bedmaet al., 2005) (Fig. 1.13). También se ha identificado eh g
nnrR cuyo producto, la proteina NnrR, regula la exjgmresie los genesir y nor en

respuesta al nitrato o a un oxido de nitrégenovddo de €l (Mesat al.,2003).
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Figure 1.13. Localizacion de las proteinas implicadas en el ggoc de la

desnitrificacion erB. japonicum.

1.6.1. Nitrato reductasa periplasmica.

En una serie de experimentos de secuenciacioranldazfragmentos de ADN capaces
de codificar péptidos de localizacion periplasmisa, identific6 una region del
cromosoma d®. japonicumcuya secuencia presentaba homologia con la dgeluess
nap de otros microorganismos. Asi, se identificaradenesiapE napD, napA napB

y napC que codifican proteinas de 6.6, 11.8, 94.5, 628.9 kDa, respectivamente
(Figura 1.14). De acuerdo con el analisis de lasesgcias de aminoacidos deducidas de
la secuencia de nucledtidos, NapA es la subunidtalitica, que contiene un cofactor
de molibdopterina y guanina y un centro [4Fe-4S3pBl es un citocromo con dos
grupos hema que recibe electrones de NapC, un citocromo debrema con cuatro
grupos hema. NapE es una proteina transmembrana de funci@odesida, y NapD
es una proteina soluble que podria participar emdduracion del complejo NapAB
(Delgadoet al.,2003).

La mutacion ennapA dio lugar a una cepa que carece de la proteina NapA

consecuentemente, la cepa no expresa actividadonreductasa y es incapaz de crecer

51



Introduccién

microaerobicamente con nitrato. Por tanto, la eaaznitrato reductasa periplasmica es
la responsable del crecimiento d& japonicum en condiciones desnitrificantes
(Delgadoet al.,2003).

araC  napEnapD napA napB8 napC edriv

X . = B B

hemN bu7087 biFOs8 pirk — bir0S0
1 kb
QN o S —

norE norC norB norQ norD

Ol e m—

bir3213

nosRk nosZ nosD  posF  nosYnosXnosL

- =

Figura 1.14. Organizacion de los genasap, nir, nor y nos enB. japonicum Junto a
los nombres de los genes identificados, se incliyertdédigos de identificacion de la

Rhizobase.

1.6.2. Nitrito reductasa

En B. japonicumse ha identificado el gamrK (Figura 1.14) que codifica una proteina
de 34,4 kDa cuya identidad con otras nitrito reds&s$ de tipo Cu oscila entre el 78 %
de Alcaligenes faecaliy el 68 % deR. sphaeroidesLa secuencia en el extremo N-
terminal posee el motivo (S/T) RRXFLK caracteristicde metaloproteinas
periplasmicas que se exportan mediante el sisteahaJha cepa deficiente enrK es
incapaz de crecer en microaerobiosis con nitraeoe de actividad nitrito reductasa y

acumula nitrito en el medio (Velasebal.,2001).

1.6.3. Oxido nitrico reductasa

Los genesnor de B. japonicumse identificaron mediante hibridacion con los gene
norCB deP. denitrificans La posterior secuenciacion del ADN correspon@ienostro
que se organizan en los gemesCBQD (Figura 1.14), que codifican proteinas de 17,
40.5, 28.8 y 70 kDa, respectivamente. La secugmaiaaria de NorC y NorB tienen
entre el 49 y el 85 % de identidad con las secasrae las enzimas Nor &e stutzer;
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P. aeruginosaP. denitrificans R. sphaeroidesPseudomonasp. G-179 yA. faecalis
NorC es un citocromo asociado a membrana, capaz de unirse a la pritenBaque, a
su vez, es homologa a la subunidad | (FixN) dexidasa terminatbh; de distintas
bacterias. Los productos de los gemesQ y norD tienen funciones desconocidas,
aungue se han implicado en el ensamblaje y madurate la enzima (Meset al.,
2002). La inactivacion de uno de los genesC o norB dio lugar a cepas mutantes
incapaces de crecer en microaerobiosis con nit@two fuente de energia. El analisis
de grupos hema mediante deteccion de su actividad peroxidasénggca revelo la
ausencia de una proteina de 17 kDa en las memliadasepa mutanteorC (Mesaet
al., 2002).

1.6.4. Oxido nitroso reductasa

Los genesnos de B. japonicumse identificaron mediante hibridaciéon de su ADN
gendmico con el genosZdeP. stutzeri El aislamiento y secuenciacion de la region de
ADN que mostraba hibridacion con la sonda pernestablecer la existencia de siete
marcos abiertos de lectura, que se identificaranoctos genesiosRZDFYLXFigura
1.14). Los genesosR nosZ nosD nosF, nosY nosLy nosXcodifican proteinas de 85,
72, 49, 33, 28, 19 y 38.5 kDa, respectivamentesé@iencia primaria de NosZ tiene
entre un 50% y un 77 % de identidad con las secaemMbosZ de otros organismos
desnitrificantes, entre elloB. stutzeri R. eutropha P. denitrificans S. melilotj A.
cycloclastesy P. fluorescensNosZ contiene dos centros de cobre, @.Cu;, de los
que el Ultimo actla como centro catalitico. Lastgiras NosDFY constituyen un
transportador de tipo BC que cataliza el transporte de Cu al interior egluNosL se

ha identificado como una chaperona. NosX poseai@xisemo N-terminal un motivo
de argininas que sugiere que NosX puede plegarsel eitoplasma y adquirir sus
cofactores antes de su transporte al periplasmajekinosR codifica una proteina
reguladora con seis regiones transmembrana en extyemo C-terminal se localizan
dos agrupaciones de cisteinas, similares a lalydeas ferredoxinas bacterianas que se
unen a centros de tipo [4Fe-4S] (Velastal.,2004).

Las cepas dB. japonicummutadas en los genassRy nosZcrecen de manera similar
a la cepa parental cuando se cultivan en condisidesnitrificantes. Es posible que el

ATP necesario para el crecimiento de las célulasbéenga durante el proceso de
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reduccion del nitrato. Sin embargo, la enzima Oxidoso reductasa no fue activa en
las cepas mutadas, ya que se acumuld 6xido nitteando las células se cultivaron
microaerdbicamente con nitrato (Velastal.,2004).

La secuenciacion del genoma Blejaponicum(http://www.kazusa.or.jp/rhizobase/) ha
permitido confirmar los datos previos obtenidosredbs genes de la desnitrificacion, y
comprobar la ausencia de secuencias homodlogas aela®s genesar. En B.
japonicum por tanto, la Nap es la Unica enzima respongla respiracion del nitrato

y la que inicia la desnitrificacion en esta baetébelgadcet al.,2003).

1.6.5. Regulacién de la desnitrificacion eB. japonicum

Como en muchos otros desnitrificantes, la expred®ios genes de la desnitrificacion
ocurre en condiciones limitantes de oxigeno y pra@aede nitrato, o un Oxido de
nitrégeno derivado de él (ver revision de Bedretal., 2005). Ademas, los genes
napEDABCrequieren, molibdeno para su expresion (Boneaal.,2005).

16.5.1. Regulacién por microaerobiosis

Las cepas dB. japonicumcon mutaciones en los gerfed,, fixJ y fixK, son incapaces

de crecer anerébicamente con nitrato, por lo queug&id que, de alguna manera, el
sistema FixLJ/FixK estaria implicado en la regulacion de la expresi@®ralgunos de
los genes, o de todo el proceso, de la desnitifica(Anthamatten y Hennecke, 1991;
Nellen-Anthamatteret al., 1998; Meseaet al., 2002). Posteriormente, la utilizacién de
fusiones transcripcionales entre las regiones prora® de cada uno de los genas

nor y nosy el gen informadotacZ ha demostrado que la expresiébn microaerdbica de
tales genes depende del sistema regulador FixlK>HiXelascoet al., 2001, 2004;
Mesaet al.,2002; Delgadet al.,2003; Bedmaet al.,2005) (ver capitulo 1.3.1):

En la region promotora de todos los genes de laittifisacion de B. japonicum

regulados por FixlKse han localizado secuencias homadlogas a la dajdaFixK (5'-
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TTGAT-N4-GTCAA- 3'), a las que podria unirse para activar ladcapcion (Tabla
1.1).

1.6.5.2. Regulacién por 6xidos de nitrégeno

En B. japonicunse ha identificado el gamrR, de 710 pares de bases cuyo producto, la
proteina NnrR de 236 aminoacidos, comparte del 4f¥8 % de identidad con otros
reguladores transcripcionales de la familia Fnr/@Apsaet al.2003). NnrR carece de
los motivo de cisteinas y presenta en su dominier@inal el motivo HXXSR de unién

a ADN, por lo que se incluye en el grupo NnrR deatailia Fnr/Crp. Una cepa mutante
en nnrkR es incapaz de crecer en microaerobiosis con mitamo aceptor final de
electrones, y carece de actividad nitrato y nitgductasa (Meset al.2003).

La expresion denrResta controlada por Fixy en su region promotora se encuentra
una secuencia de tipo FixK (Tabla 1.1). Mientras tu activacion microaerdbica de
una fusiéon traduccional entmnrR y lacZ requiere las proteinas FixLJ y FixKla
induccién de los genesr y nor mediada por 6xidos de nitrdgeno requiere NnrR éMes
et al.2003). Se ha propuesto, por tanto, que NnrR cagstitin sistema adicional de
control de la desnitrificacion, de manera que,Benjaponicum el proceso estaria
controlado por una cascada de regulacion formadeelpsistema FixLJ-FixK (Fig.
1.15) (Meseaet al.2003).
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Figura 1.15. Sistema FixLJ/Fixk/INnrR deB. japonicum(Adaptado de Mesat al.,
2003). NOx: oxidos de nitrégeno.

1.7. OBJETIVOS

Durante el trabajo de investigacion realizado eDegartamento de Microbiologia del
Suelo y Sistemas Simbidticos de la Estacion Expertai del Zaidin, CSIC, sobre
metabolismo anaerobio del nitrato &nadyrhizobium japonicunse han aislado y
caracterizado los geneapEDABCGC nirK, norCBQDYy nosRZDFYLXcuyos productos
se han identificado como las enzimas nitrato rexhacperiplasmica, nitrito reductasa,
oxido nitrico reductasa y 6xido nitroso reductasapectivamente. Estas enzimas llevan
a cabo, de modo secuencial, la reduccién del aimadinitrogeno molecular, proceso
conocido como desnitrificacion. Sin embargo, secaegcia la implicacion de otras
proteinas que pudieran intervenir como intermeakaen el transporte electronico
asociado al proceso de desnitrificacion. Desde ,1981conocia la existencia &
japonicumde tres citocromos solubles de bajo peso molectdgs Csso, Y Csss l0S
cuales son codificados por los gem®gA cycB and cycC, respectivamente, sin
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embargo su funcion era desconocida. En el casoetondel citocromasssg se habia
sugerido que pudiera estar implicado en la respimade nitrato, pero se desconocia su
papel en dicho proceso.

Los estudios de regulacion de la desnitrificaciémaddos a cabo €. japonicumhan
demostrado que la expresion en microaerobiosis odegenesnapEDABGC nirK,
norCBQD y nosRZDEFLXY estd controlada por el sistema regulador de dos
componentes FixLJ y el activador transcripcionatKki El papel de la proteina
reguladora FixK en el control de los genes de la desnitrificacgérhabia demostrado
en estudios de expresion géninavivo, mediante el uso de fusiones transcripcionales.
Sin embargo, el control directo de esta proteifaesta activacion de estos genes no se
habia demostrado. Eh japonicumademas de la cascada regulatoria Fixt,JéE ha
descrito otra cascada de respuesta a oxigenastaha RegRS/NifA. Sin embargo, al
inicio de este trabajo de investigacion se desdantz posible implicacion de esta
cascada en la expresion de los genes de la désadidn en respuesta a condiciones

limitantes de oxigeno.

De acuerdo con lo expuesto, se han planteadodagestes objetivos:

1.- Implicacion del citocromosgy deB. japonicumen el proceso de desnitrificacion.

2.- Implicacion de la proteina reguladora NifA Bejaponicumen la expresion de los
genes de la desnitrificacion.

3.- Activacién de la transcripcioim vitro de los genes de la desnitrificacion mediada

por la proteina FixK

57



Introduccién

58



Introduccién

1.8. BIBLIOGRAFIA.

Abraham Zelda, H.L., Lowe David, J., and Smith BarfE. 1993. Purification and
characterization of the dissimilatory nitrite rethse fom Alcaligenes xylosoxidans
subspxylosoxidangN.C.I1.M.B. 11015): Evidence for the presence oftbtype 1 and
type 2 copper centreBiochem 295: 587-593.

Alvarez-Morales, A., M. Betancourt-Alvarez, K. Kahi and H. Hennecke. 1986.
Activation of theBradyrhizobium japonicunmifH and nifDK operons is dependent on

promoter-upstream DNA sequences. Nucleic Acids B&g207-4227.

Anthamatten, D., Sherb, B. y Hennecke, H. 1992.r@&ttarization of dixLJ-regulated
Bradyrhizobium japonicungene sharing similiarity with th&scherichia coli fnrand
Rhizobium melilotifixK genes. J. Bacteriol. 174:2111-2120.

Batut, J., Daveran-Mingot, M.L, David, M., Jacolds, Garnerone, A.M. Y Kahn, D.
1989.fixk, a gene homologous with fnr and crp fr@&@scherichia coli regulates nitrogen
fixation genes both positively and negatively Rhizobium meliloti The EMBO J.
8:1279-1289.

Bauer, E., T. Kaspar, H. M. Fischer, and H. Henered®98. Expression oftHxR-nifA
operon inBradyrhizobium japonicundepends on a new responseregulator, RegR. J.
Bacteriol. 180:3853-3863.

Bennett, L. T., F. C. Cannon, and D. Dean. 198&Il&aiide sequence and mutagenesis
of thenifA gene from Azotobacter vinelandii. Mol. Microbi@:315-321.

Besson, S., Carneiro, C., Moura, J.J.G., Mouranid, Fauque, G. (1995) A cytochrome

cd(1)-type nitrite reductase isolated from the mardsmitrifier Pseudomonas nautica
617: Purification and characterizatiddnaerobel: 219-226.

59



Introduccién

Bott, M. Ritz, D. y Hennecke, H. 1991. TH&radyrhizobium japonicuntycM gene
encodes a membrane-anchored homolog of mitochdndytachromec. J. Bacteriol.
173:6766-6772.

Bott, M., Bolliger, M. y Hennecke, H. 1990. genetinalysis of the cytochromeaas
branch of théBradyrhizobium japonicumespiratory chain. Mol. Microbial. 4:2147-2157.

Bott, M., Preisig, O. y Hennecke, H. 1992. Genes dosecond terminal oxidase in
Bradyrhizobium japonicumArch. Microbiol. 158:335-343.

Bott, M., Thony-Meyer, L., Loferer, H., Rossbach, ®ully, R.E., Keister, D., Appleby,
C.A. y Hennecke, H. 199®radyrhyzobium japonicuroytochromescssg is required for
nitrate respiration but not for symbiotic nitrogexation. J. Bacteriol. 177:2214-2217.

Buchanan-Wollaston, V., M. C. Cannon, J. L. Beyrmmj F. C. Cannon. 1981. Role of
thenifA gene product in the regulationmif expression ifKlebsiella pneumoniaéNature
(London) 294: 776-778.

Buck, M., S. Miller, M. Drummond, and R. Dixon. 1®8Jpstream activator sequences

are present in the promoters of nitrogen fixatienas. Nature (London) 320:374-378.

Buck, M., W. Cannon, and J. Woodcock. 1987. Mutetloanalysis of upstream
sequences required for transcriptional activatidnthe Klebsiella pneumoniae nifH
promoter. Nucleic Acids Res. 15:9945-9956.

Buck, M., W. Cannon, and J. Woodcock. 1987. Trdapsonal activation of the
Klebsiella pneumonia@aitrogenase promoter may involve DNA loop formatidviol.
Microbiol. 1:243-249.

Buikema, W. J., J. A. Klingensmith, S. L. Gibboremd F. M. Ausubel. 1987.
Conservation of structure and locationRifizobium melilotand Klebsiella pneumoniae
nifB genes. J. Bacteriol. 169:1120-1126.

Buikema, W. J., W. W. Szeto, P. V. Lemley, W. Hn@rJohnson, and F. M. Ausubel.

1985. Nitrogen fixation specific regulatory gene$ Klebsiella pneumoniaeand

60



Introduccién

Rhizobium melilotshare homology with the general nitrogen regujaganentrC of K
pneumoniaeNucleic Acids Res. 13:4539-4555.

Chauhan, S., and M. R. O'Brian. 1997. Transcrilaegulation of aminolevulinic acid
dehydratase synthesis by oxygen Bmadyrhizobium japonicumand evidence for
developmental control of tHeemBgene. J. Bacteriol. 179:3706—-3710.

Chen, J.-Y., Chang, W.-C., Chang, T., Chang, W.L@, M.-Y., Payne, W., J., and
Legall, J. (1996) Cloning, characterization, andregsion of the nitric oxide-generating
nitrite reductase and of the blue copper proteinegeof Achromdoacter cycloclastes
Biochem Biophys Res Comn2D: 423-428.

Comolli, J. C., and Donohue, T. J. 200Rseudomonas aerugino®oxR, a response
regulador related tBhodobacter sphaeroid€srA, activates expression of the cyanide-
insensitive terminal oxidase. Mol. Microbiol. 4355-768.

Cosseau C., Batut J. 2004. Genomics ofcteENOQRencodedcbh; oxidase complex
in bacteria Arch Microbiol. 181: 89-96.

Coyne, M.S., Arunakumari, A., Averill, B.A., and€dje, J.A. (1989) Immunological
identification and distribution of dissimilatory ém cd; and nonhaem copper nitrite
reductases in denitrifying bacterigpp Env Microbiob5: 2924-2931.

Daldal, F., Mandaci, S., Winerstein, C., MyllykalliH., Duyck, K. & Zannoni, D.
2001. Mobile cytochrome,@nd membrane-anchored cytochromeue both efficient
electron donors to thebl; and aa; type cytochrome c oxidases during respiratory
growth of Rhodobacter sphaeroides. J Bacteriol 2833—-2024.

Danneberg, G., Zimmer, W., and Bothe, H. (1986) e&$p of nitrogen fixation and
denitrification byAzospirillum Plant Soil90: 193-202.

Delgado, M.J., Bedmar, E.J. y Downie, J.A. 1998n&3einvolved in the formation and
assembly of rhizobial cytochromes and their role symbiotic nitrogen fixation.

Advances in Microbial Physiology 40:193-223.

61



Introduccién

Denariaz, G., Payne, W.J., and LeGall, J. (199F ddnitrifying nitrite reductase of
Bacillus halodenitrificansBiochim Biophys Acta056: 225-232.

Doi, M.Y., Shioi, Y., Morita, K., and Takamiya, K1989) Two types of cytochrome
cdy in the aerobic photosynthetic bacteridgnythrobacter sp. Och 114 European
Journal of Biochemistr{84: 521-527.

Drummond, M., P. Whitty, and J. Wootton. 1986. Sawe and domain relationships of
ntrC and nifA from Kiebsiella pneumoniaehomologies to other regulatory proteins.
EMBO J. 5:441-447.

Durmowicz, M. C., and R. J. Maier. 1998. TiweK, gene is involved in regulation of
symbiotic hydrogenase expressiorBiradyrhizobium japonicumJ. Bacteriol. 180:3253—
3256.

Enderson, F.F., Kumar, S., Adman, E.T., Liu, MRFayne, W.J., and Legall, J. (1991)
Amino acid sequence of nitrite reductase - A coppeatein from Achromdoecter
cycloclastesBiochemistry30: 7180-7185.

Evans, D. 1987. The molecular genetics of nitrofaation in Azotdacter chroococcum

Ph.D. thesis. University of Sussex, Brighton, Endla

Evans, D., R. Jones, P. Woodley, and R. Robson8.1B8rther analysis of nitrogen
fixation (nif) genes inAzotdacter chroococcum identification and expression in
Klebsiella pneumoniaef nifS, niflV, nifMand nifB genes and localization offEiN-,
nifU-, nifA- andfixABClike genes. J. Gen. Microbiol. 134:931-942.

Evelin Bauer, Thomas Kaspar, Hans-Martin Fisched Bauke Hennecke Journal of

Bacteriology. 1998, p. 3853—-3863, Expression offitkiR-nifA operon inBradyrhizobium

japonicumdepends on a new response regulator, RegR.

62



Introduccién

Fischer, H. M., and H. Hennecke. 1987. Direct respoofBradyrhizobium japonicum
nifA-mediatednif gene regulation to cellular oxygen status. Mol.nG&enet. 209:621—
626.

Fischer, H. M., L. Velasco, M. J. Delgado, E. JdBar, S. Scha'ren, D. Zingg, M.
Gottfert, and H. Hennecke. 2001. One of twanNgenes irBradyrhizobium japonicum
is functional during anaerobic growth and in synsisoJ. Bacteriol. 183:1300-1311.

Fischer, H. M., S. Fritsche, B. Herzog, and H. Hake. 1989. Critical spacing between
two essential cysteine residues in the interdomaker of the Bradyrhizobium
japonicumNIifA protein. FEBS Lett. 255:167-171.

Fischer, H.M. 1994. Genetic regulation of nitrodgetion in rhizobia.Microbiol. Rev.
58:352-386.

Garcia-Horsman, J.A., Barquera, B., Rumbley, J., May Gennis, R. B. 1994. The
superfamily of heme-copper respiratory oxidaseBadteriology. 176:5587-5600.

Glockner, A.B., Jungst, A., and Zumft, W.G. (19@3)pper-containing nitrite reductase
from Pseudomonas aureofaciems functional in a cytochromed,-free background
(nirS) of Pseudomonas stutzeArch Microbiol 160: 18-26.

Gronger, P., S. S. Manian, H. Reilander, M. O'Cdinnég. B. Priefer, and A. Piihler.
1987. Organisation and partial sequence of a DNA@iore of the Rhizobium
leguminosarunsymbiotic plasmid pRL6JI containing the gefigdBC, nifA, nifBand a

novel open reading frame. Nucleic Acids Res. 1%31-

Hennecke, H. 1998. Rhizobial respiration to supggrhbiotic nitrogen fixation for the
21 Century. C. Elmerictet al.(eds.), Kluwer Academic Publishers, Netherlands, pp
429-434.

Hoehn, G.T.and Clark, V.L. (1992) Isolation and leotide sequence of the gene
(aniA) encoding the major anaerobically induced outemiyrane protein oNeisseria

gonorrhoeaelnfect Immur60: 4695-703.

63



Introduccién

Householder, T.C., Belli, W.A., Lissenden, S., Cde&\., and Clark, V.L. (1999) cis-
and trans-acting elements involved in regulatiomm®, the gene encoding the major
anaerobically induced outer membrane proteilN@isseria gonorrhoeael Bacteriol
181: 541-51.

Hunt, S. y layell, D. B. 1993. Gas exhange of Igunwelules and the regulation of
nitrogenase activity. Annu. Rev. plant Physiol.ielslol. Biol. 44:483-511.

Iwasaki, H.and Matsubara, T. (1971) Cytochrooge; (551) and cytochromed of
Alcaligenes faecalis] Biochent9: 847-857.

lwata S., Ostermeier, C., Ludwig, B. y Michel, H95. Structure at 2.8 A resolution of

cytochromec oxidase fronParacoccus denitrificandNature 376: 660-669.

Jain R.. y Shapleigh P. 200Characterization ohirV and a gene encoding a novel
pseudoazurin ilRhoddeacter sphaeroideg.4.3. Microbiology 147: 2505-2515.

Jenney, F. E. & Daldal, F. (1993). A novel membrasgociated c-type cytochrome, cyt
cY can mediate the photosynthetic growth of Rhodtédracapsulatus and Rhodobacter
sphaeroides. EMBO J 12, 1283-1292.

Keefe, R. G. y Maier, R. J. 1993. purification artthracterization of an Lutilizing
cytochromee oxidase complex fronBradyrhizobium japonicunbacteroid membranes.
Biochim. Biophys. Acta 1183:91-104.

Kim, Y. M., K. J. Ahn, T. Beppu, and T. Uozomi. ¥8Nucleotide sequence of the
nifLA operon ofKiebsiella oxytocdNG13 and characterisation of the gene products. Mo
Gen. Genet. 205:253-259.

Koutny, M.and Kucera, I. 1999. Kinetic analysissoibstrate inhibition in nitric oxide
reductase oParacoccus denitrifican8iochem Biophys Res Comni262: 562-4.

64



Introduccién

Kukimoto, M., Nishiyama, M., Murphy, M.E.P., Turle$., Adman, E.T., Horinouchi,
S., and Beppu, T. 1994. X-Ray structure and siteetkd mutagenesis of a nitrite
reductase fromcaligenes faecali$-6. Roles of two copper atoms in nitrite reduttio
Biochemistry33: 5246-5252.

Kukimoto, M., Nishiyama, M., Tanokura, M., Adman, E & Horinouchi, S. 1996.
Studies on protein-protein interaction between eoontaining nitrite reductase and
pseudoazurin from Alcaligenes faecalis S-6. J Bioém 271, 13680-13683.

Kullik, 1., H. Hennecke, and H. M. Fischer. 198hhibition of Bradyrhizobium
japonicum nifAdependenhif gene activation by oxygen occurs at the NifA protevel
and is irreversible. Arch. Microbiol. 151:191-197.

Kullik, I., S. Fritsche, H. Knobel, J. Sanjuan, Hennecke, and H. M. Fischer. 1991.
Bradyrhizobium japonicurhas two differentially regulated, functional homgdoof the
054 generpoN). J. Bacteriol. 173:1125-1138.

LeGall, J., Payne, W.J., Morgan, V., and DerVadanD. 1979. On the Purification of
Nitrite Reductase fronThiobecillus denitrificansand its Reaction with Nitrite Under
Reducing Condition8Biochem Biophys Res Comn®if1 355-362.

Liang, Y. Y., P. A. Kaminski, and C. Elmerich. 199Mentification of anifA-like
regulatory gene oAzospirillum brasilens&Sp7 expressed under conditions of nitrogen

fixation and in the presence of air and ammonial. Miacrobiol. 5:2735-2744.
Mancinelli, R.L., Cronin, S., and Hochstein, L.B86. The purification and properties
of a cd-type nitrite reductase frorRaracoccus halodenitrificang\rch Microbiol 145:

202-208.

Mandon, K., Kaminski, P.A. y Elmerich, C. 1994. &tional analysis of théixNOQP
region ofAzorhizobium caulinodang. Bacteriol. 174:2560-2568.

65



Introduccién

Mellies, J., Jose, J., and Meyer, T.F. (1997) NesseriagonorrhoeaegeneaniA
encodes an inducible nitrite reductagel Gen GeneR56: 525-532.

Mesa, S., E. J. Bedmar, A. Chanfon, H. Henneckel B M. Fischer. 2003.
Bradyrhizobium japonicunNnrR, a denitrification regulator, expands the HEixEixK;
regulatory cascade. J. Bacteriol. 185:3978-3982.

Moir, J.W.B., Baratta, D., Richardson, D.J., andgkeon, S.J. 1993. The purification
of acd-1-type nitrite reductase from, and the absenca @pper-type nitrite reductase
from, the aerobic denitrifiefhiosphaera pantotrophalhe role of pseudoazurin as an
electron donorEur J of Biochen212: 377-385.

Moir, J.W.B.and Ferguson, S.J. 1994. Propertiea Baracoccus denitrificansnutant
deleted in cytochromessy indicate that a copper protein can substitute tfos
cytochrome in electron transport to nitrite, nitokide and nitrous oxidéJicrobiology-
UK 140: 389-397.

Morett, E., and L. Segovia. 1993. The sigma 54 dyadt enhancer-binding protein
family: mechanism of action and phylogenetic relaship of their functional domains. J.
Bacteriol. 175:6067-6074.

Morett, E., and M. Buck. 1988. NifA-dependent ivwiprotection demonstrates that the
upstream activator sequencenaif promoters is a protein binding site. Proc. Nattad.
Sci. USA 85:9401-9405.

Morett, E., H. M. Fischer, and H. Hennecke. 198tluence of oxygen on DNA binding,
positive control, and stability of tHéradyrhizobium japonicunNifA regulatory protein.
J. Bacteriol. 173:3478-3487.

Mouncey, N.J. y Kaplan, S. 1998. Oxygen regulatanthe ccoN gene encoding a

component of thebl; oxidase in Rhodobacter sphaeroides 2.4.1.: Innodre of the
FnrL protein. J. Bacteriol. 180:2228-2231.

66



Introduccién

Myllykallio, H., Zannoni, D. & Daldal, F. 1999. Theembraneattached electron carrier
cytochrome cy from Rhodobacter sphaeroides is fomat in respiratory but not in
photosynthetic electron transfer. Proc Natl AcadlsS A 96:4348—-4353.

Nees, D. W., P. A. Stein, andR A. Ludwig. 1988. Hmorhizobium caulinodans nifA
gene: identification of upstream-activating seq@snancluding a new element, the
“anaerobox.” Nucleic Acids Res. 16:9839-9853.

Nellen-Anthamatten, D., P. Rossi, O. Preisig, HliKKuM. Babst, H. M. Fischer, and H.
Hennecke. 1998Bradyrhizobium japonicunirixK,, a crucial distributor in the FixLJ-
dependent regulatory cascade for control of gendsacible by low oxygen levels. J.
Bacteriol. 180:5251-5.

Norris G.E., Anderson B.F., Baker E.N. 1983. Suetof azurin from Alcaligenes
denitrificans at 2.5 A resolution. J Mol Biol.; 1681-21.

O’Brian, M.R. y Maier, R.J. 1987. Isolation of atashrome aa gene from
Bradyrhizobium japonicunProc. Natl. Acad. USA 84:3219-3223.Gabel, C. yevieR.J.
1990. Nucleotide sequence of tbexA gene encoding subunit | of cytochroraa; of

Bradyrhizobium jaopnicumNucleic Acids Res. 18:6143.

Oh, J. I, and S. Kaplan. 2000. Redox signalingbglization of gene expression. EMBO
J. 19:4237-4247.

Olesen, K., Veselov, A., Zhao, Y., Wang, Y., Danngr, Scholes, C., P., and
Shapleigh, J., P. (1998) Spectroscopic, kinetid, @lectrochemical characterization of
heterologously expressed wild-type and mutant fowhscopper-containing nitrite

reductase fronrRhoddacter sphaeroide.4.3.Biochemistry37: 6086-6094.

Page, K. M., and M. L. Guerinot. 1995. Oxygen cohtof the Bradyrhizobium
japonicum hemAene. J. Bacteriol. 177:3979-3984.

67



Introduccién

Petratos, K., Banner, D. W., Beppu, T., Wilson,X.& Tsernoglou, D. (1987). The
crystal structure of pseudoazurin frofhcaligenes faecali$-6 determined at 2-9 Al
resolution FEBS Let218:209-214.

Poole, R. K. y Chance, B. 1995. oxidases names3'tor not to ‘3'? Microbiology
141:752-753.

Preisig, O., Anthamatten, D. y Hennecke, H. 1998né&3 for a microaerobically induced
oxidase complex inBradyrhizobium japonicumare essential for a nitrogen-fixing
endosymbiosis. Proc. Natl. acad. Sce. USA 90:3F1%83

Preisig, O., Zufferey, R., Thony-Meyer, L., Appleb®.A. y Hennecke, H. 1996a. A
high-affinity cbhbs-type cytochrome oxidase terminates the symbiqsesific respiratory
chain ofBradyrhizobium japonicuml. Bacteriol. 178:1532-1538.

Preisig, O., Zufferey, R., Thony-Meyer, y Henneckk, 1996b. TheBradyrhizobium
japonicumfixGHIS genes are required for the formation of the hijimity cbhs-type
oxidase. Arch. Microbiol. 165:297-305.

Prudencio, M., Eady, R., R., and Sawers, G. (199@) blue copper-containing nitrite
reductase fromh\lcaligenes xylosoxidan€loning of thenirK gene and characterization
of the recombinant enzymé&Bacteriol 181: 2323-2329.

Rey, F. E., Oda, Y. and Harwood, C. S. 2006. Reguaof uptake hydrogenase and
effects of hydrogen utilization on gene expressioiRhodopseudomonas palustris
Bacteriol. 188: 6143-6152.

Roelvink, P. W., J. G. J. Hontelez, A. van Kammand R. C. van den Bos. 1989.
Nucleotide sequence of the regulatonyA gene ofRhizobium leguminosarurRRE:
transcriptional control sites and expressiorEgtherichia coli Mol. Microbiol. 3:1441-
1447.

68



Introduccién

Sann, R., Kostka, S., and Friedrich, B. 1994. foclgtome cd(1)-type nitrite reductase
mediates the first step of denitrification in Alicggnes eutrophugirch Microbiol 161:
453-459.

Sawada, E.and Satoh, T. (1980) Periplasmic locatfadissimilatory nitrate and nitrite
reductases in a denitrifying phototrophic bacteril®hodopseudomonas sphaeroides
forma spdenitrificans Plant Cell PhysioR1: 205-210.

Shoun, H., Kano, M., Baba, I., Takaya, N., and MatdV. (1998) Denitrification of
actinomycetes and purification of dissimilatory ring reductase and azurin from
Streptomyces thioluteu$Bacteriol 180: 4413-4415.

Studholme, D. J., and R. Dixon. 2003. Domain aediitres of c54-dependent
transcriptional activators. J. Bacteriol. 185:175767.

Surpin M.A., Lubben, M. y Maier, R.J. 1996. tBeadyrhizobium japonicurcoxWXYZ
gene cluster encodesbs-type ubiquinol oxidase. Gene 183:201-206.

Surpin M.A., Moshiri, F., Murphy, A.M. y Maier, R.1994. Genetic evidence for a

fourth terminal oxidase iBradyrhizobium japonicunGene 143:73-77.

Suzuki, E., Horikoshi, N., and Kohzuma, T. (1999)oring, sequencing, and
transcriptional studies of the gene encoding coppataining nitrite reductase from
Alcaligenes xylosoxidarfl$CIMB 11015.Biochem Biophys Res Comni2bb: 427-31.

Swem, L. R., S. Elsen, T. H. Bird, D. L. Swem, H.K&ch, H. Myllykallio, F. Daldal,
and C. E. Bauer. 2001. The RegB/RegA two-compomegulatory system controls
synthesis of photosynthesis and respiratory elediansfer components Rhoddoacter
capsulatusJ. Mol. Biol. 309:121-138.

Thony, B., H. M. Fischer, D. Anthamatten, T. Bruglerand H. Hennecke. 1987. The
symbiotic nitrogen fixation regulatory operdixRnifA) of Bradyrhizobium japonicurrs
expressed aerobically and is subject to a noviéA-independent type of activation.
Nucleic Acids Res. 15:8479-8499.

69



Introduccién

Thony-Meyer, L., 1997. Biogenesis of respiratoryocyiromes in bacteria. Microbial.
Mol. Biol. Rev. 61:337-376.

Thony-Meyer, L., Beck, C., Preisig, O. y Henneckk, 1994a. TheccoNOQP gene
cluster codes for ab-type cytochrome oxidase that functions in aerabgpiration of
Rhodobacter capsulatos. Mol. Microbiol. 14:705-716.

Thony-Meyer, L., James, P. y Hennecke, H. 1991mFome gene to two proteins: the
biosynthesis of cytochromds andc; in Bradyrhizobium japonicumProc. Natl. acad.
Sci. USA 88:5001-5005.

Thony-Meyer, L., Ritz, D. y Hennecke, H. 1994b. @ytromec biogenesis in bacteria: a
possible pathway begins to emerge. Mol. Microki@l.1-9.

Thony-Meyer, L., Stax, D. y Hennecke, H. 1989. awusual gene cluster for the
cytochromebc; complex in Bradyrhizbium japonicum and its reqoient for effective
root nodule symbiosis. Cell 57:683-697.

Thony-Meyer, L., y Kinzler, P. 1997. Translocattorthe periplasm and signal sequence
claveage of preapocytochrontedepend onsec and lep, but not on theccm gene
products. Eur. J. biochem. 246:794-799.

Thony-Meyer, L., Fixher, F., Kunzler, P., Ritz, DHennecke, H. 199%scherichia coli
genes required for cytochromenaturation. J. Bacteriol. 177:4321-4326.

Timkovich, R., Dhesi, R., Martinkus, K.J., Robinsdl.K., and Rea, T.M. (1982)
Isolation of Paracoccus denitrificangCytochromecd; : Comparative Kinetics with
Other Nitrite Reductaseérch Biochem Biophy215: 47-58.

Tosques Vvan, E., Kwiatkowski, A.V., Shi, J., andaBleigh, J., P. (1997)

Characterization and regulation of the gene engpditrite reductase ilRhoddacter
sphaeroide®.4.3.J Bacteriol 179: 1090-1095.

70



Introduccién

Van der Ost, J., de Boer, A.P.N., de Gier, J. WZumft, W. G., stouthamer, A.H. y Van
spanning, R.J.M. 1994. The heme-copper oxidaseyamansists of three distinct types
of terminal oxidases and is related to nitric oxrédductase. FEMS Microbiol. Letters
121:1-10.

Van Driessche G., Hu W., Van de Werken G., SelMaraMcManus J. D., Blankenship
R. E., and Van Beeumen J. J. 1999. Auracyanin A ftloe thermophilic green gliding
photosynthetic bacterium Chloroflexus aurantia@mesents an unusual class of small

blue copper proteins. Protein Sci. 8:947-957.

Van Spanning, R.J.M., de Boer, A.P.N., Reijnders,NW., Westerhoff, H.V.,
Stouthamer, H. y Van der Oost, J.V. 1997. FnrP [dNdR of Paracoccus denitrificans
are both members of the FNR family of transcripgioactivators but have distinct roles

in respiratory adaptation in response to oxygeitaition. Mol. Microbiol. 23:893-907.

Walsh, T.A., Johnson, M.K., Greenwood, C., Barlir, Springall, J.P., and Thomson,
A.J. (1979) Some magnetic propertiesPsieudomonasytochrome oxidaseBiochem J
177: 29-39.

Weber, G., H. Reilander, and A. Puhier. 1985. Magmnd expression of a regulatory
nitrogen fixation genefikD) of Rhizobium melilotiEMBO J. 4:2751-2756.

Weeg-Aerssens, E., Wu, W.S., Ye, R.W., Tiedje, J.&hd Chang, C.K. (1991)
Purification of cytochrome cd1l nitrite reductasenfrPseudomonas stutzelM300 and
reconstitution with native and synthetic haemdBiol Chenm266: 7496-502.

William P. Laratta, Michael J. Nanaszko and JameSHapleigh. Electron transfer to
nitrite reductase of Rhodobacter sphaeroides 2ek&mination of cytochromes and

cy. 2006. Microbiology 152:1479-1488.

Wood, P. M. 1983. Why do c-type cytochromes exiSEBS Lett. 164:223-226

71



Introduccién

Wood, P.M. 1978. Periplasmic Location of the TemhirReductase in Nitrite
RespirationFEBS Let92: 214-218.

Yamazaki, T., Oyanagi, H., Fujiwara, T., and Fukam¥. (1995) Nitrite reductase
from the magnetotactic bacterium Magnetospirillumagmetotacticum. A novel
cytochrome cd1 with Fe(ll):nitrite oxidoreductasivaty. Eur J Biochen233: 665-71.

Zufferey, R., Arslan, E., Thony-Meyer, L. y Henneclkd. 1998. How replacement of the
12 conserved histidines of subunit | affect assgmébfactor binding, and enzymatic
activity of theBradyrhizobium japonicunebbs-type oxidase. J. Biol. Chem. 273:6452-
6459.

Zufferey, R., Hennecke, H. y Thény-Meyer, L. 198 &me C incorporation into the
type cytochromes FixO and FixP is essential foreeddy of the Bradyrhizobium
japonicumcbhs-type oxidase. FEBS Letters 412:75-78.

Zufferey, R., Preisig, O., Hennecke, H. y Thony-MeyL. 1996a. Assembly and
function of the cytochromebb; oxidase subunits iBradyrhizobium japonicuml. Biol.
Chem. 271:9114-91109.

Zufferey, R., Thony-Meyer L. y Hennecke, H. 1996fistidine 131, not histidine 43, of

the Bradyrhizobium japonicunFixN protein is exposed towards the periplasm and
essential for the function of tlebhs-type oxidase. FEBS Letters 394:349-352.

72



Capitulo 2

Capitulo 2

Role of Bradyrhizobium japonicum

cytochromecssg In nitrite and

nitrate respiration

73



Capitulo 2

2.1. ABSTRACT.

Bradyrhizobium japonicuntytochromecss,, encoded bycycA has been previously
suggested to play a role in denitrification, thespieatory reduction of nitrate to
dinitrogen. However, the exact role of this cytarhe in the denitrification process is
unknown. This study shows that cytochromg, is involved in electrontransfer to the
copper-containing nitrite reductase Bf japonicum as revealed by the inability of a
CyCA mutant strain to consume nitrite and, consequendlygrow under denitrifying
conditions with nitrite as the electron acceptoutdion ofcycAhad no apparent effect
on methylviologen-dependent nitrite reductase agtiHowever, succinate-dependent
nitrite reduction was largely inhibited, suggestthgtcssg is the in vivo electron donor
to copper-containing nitritereductase. In additidhis study demonstrates that a
cytochromecsso mutationhas a negative effect on expression ofp#rglasmic nitrate
reductase. This phenotype can be rescued by ertptite growth period of the cells. A
model is proposed whereby a mutationcytA reduces expression of tlobhbs-type
oxidase, affecting oxygen consumption rate by tbks @and consequently preventing
maximal expression of the periplasmic nitrate réalse during the first days of the

growth period.
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2.2. INTRODUCTION.

Many bacteria that live in soil have branched etetttransfer networks that enable
them to use various electron donors or electroe@ocs for maintenance and growth
under different environments. Under anaerobic déyiitg growth, electrons can flow
from NADH dehydrogenase and succinate dehydrogetmseéiquinone, generating
ubiquinol. Electrons then flow from the ubiquinpbol to the respiratory nitrate
reductase or to the reductases for nitrite, naxicle, and nitrous oxide via cytochrome
bc; (Richardson, 2000). A key component in such a ragply pathway is often
considered to be cytochronmsoe This protein has a similar tertiary structure and
reduction potential to mitochondrial cytochromeThus, when such a cytochrome has
been identified in denitrifying bacteria it is reasble to propose that it is an electron
acceptor from thebc, complex and therefore the electron donor to pasipic
components that receive electrons via this compf@re such component is the
cytochrome cd;-type nitrite reductasec¢NIR), which has been shown to accept
electrons from a range of structurally unrelatedats including cytochromesso and
Css1, as well as the copper proteins azurin and psewdioa(Williams et al., 1995).
Gene deletion experiments Paracoccus denitrificandiave demonstrated that both
pseudoazurin and cytochronag; function in vivo as electron donors to cytochrome
cthNIR (Pearsoret al., 2003). InPseudomonas aeruginosaly the cytochromess;
(NirM) and NirC, but not azurins, can act as dortorshecd;NIR (Vijgenboomet al.,
1997; Hasegawat al., 2001). In the denitrifying bacteriuslcaligenes xylosoxidans
two azurins function as effective electron donardhte blue CuNIiR (Murphet al.,
2002; Harriset al., 2006). Bradyrhizobium japonicunis a gram-negative facultative
anaerobic bacterium found in soil and associatedbsytically with soybean plants.
Like many other rhizobia specid3, japonicumadapt to different oxygen environments
by inducing different respiratory chains in whidtetcorresponding terminal oxidases
have different affinities for © (Delgadoet al., 1998). An electron-transport chain
terminated in a high-affinity cytochronabb; oxidase, encoded by tfi@NOQP genes,

is expressed iB. japonicumduring free-living microaerobic growth and in oigen-
fixing bacteroids (Preisigt al.,1993, 1996).

Bradyrhizobium japonicuris also able to grow under oxygen-limiting condigo with

nitrate as the terminal electron acceptor thatdiced to Mthrough the denitrification
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pathway (Vairinho®t al.,1989). InB. japonicumdenitrification reactions are catalyzed
by the products ohapEDABC (Delgadoet al., 2003), nirK (Velascoet al., 2001),
norCBQD (Mesaet al.,2002), anchosRZDYFLXVelascoet al.,2004), which encode
reductases for nitrate, nitrite, nitric oxide, amittous oxide, respectively. Similar to
many other denitrifiers, expression of denitrifioat genes inB. japonicumrequires
both oxygen limitation and the presence of nit@ata derived N oxide (Bedmat al.,
2005). Bradyrhizobium japonicunpossesses three soluble c-type cytochrorogs,
Cssz, and Csss encoded bycycA cycB and cycC genes, respectively (Applelst al.,
1991; Tullyet al.,1991; Bottet al., 1995). AB. japonicummutant with an insertion in
cycA encoding cytochromecssg, failed to synthesize a 12 kDa solubtetype
cytochrome and to grow anaerobically using niti@dethe terminal electron acceptor
(Bott et al., 1995). However, the exact role of cytochrome, in the B. japonicum
denitrification process is still unknown. In thitudy, a mutant strain lacking thHg.
japonicum cycAgene has been used to assess the involvement ofdluble
cytochromecssp in shuttling electrons tdlirK during denitrification. Also, shows that
cytochromecsso has a negative effect on nap expression causeddegraase icbhs-

type cytochrome oxidase production.

2.3. MATERIALS AND METHODS.

Bacterial strains, plasmids, and growth conditiondgn batch and continuous
cultures. Bradyrhizobium japonicumUSDA110 (US Department of Agriculture,
Beltsville, MD), 110spc4 (Regensburger & Henned@33) wild-type strains anclycA
3447 (Bottet al., 1995),cycA 3447 complemented with plasmid pRJ3250 (Eotal.,
1995),nirk GRK308 (Velascet al.,2001), andixN 3613 (Preisiget al., 1993) mutant
derivative strains were used in this stu@®radyrhizobium japonicunstrains 0602
(Robleset al., 2006), 1404, and 2101 (this work) are USDA110, 7344nd 3613
derivatives containing a chromosomally integratexhgcriptionallacZ fusion to the
promoter region of thexapEDABCgenes (plasmid pBG0614, Robles al., 2006),
which have been used to monitor nap expresdivadyrhizobium japonicunstrains
were grown aerobically in liquid batch cultures @oning peptone salts-yeast extract
medium (Regensburger & Hennecke, 1983) at 28 °Gefabic batch cultures were

kept at 28 °C in yeast extract mannitol medium ¢&mt, 1974) supplemented with
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10mM KNG; or 1.5mM NaNQ@ in completely filled, rubber-stoppered serum lasttbr
tubes. Continuous cultivation d8. japonicumstrains 0602, 1404, and 2101 was
performed using an NBS Bioflow IIl fermentor (NewuBswick, Edison, NJ) with a 2—
L working volume. The strains were grown in Berge's minimum medium
(Bergersen, 1977), where glutamate was substitagetDmM KNG;, at 30 °C, with an
aeration of 3 L mitt and a constant pH of 7, automatically controllgdhe addition of
2N NaOH. The maximum agitation speed was set atr 500. After a steady state was
reached at a dilution rate of 0.3,ithe oxygen consumption capacity of the cells was
analyzed by monitoring dissolved-oxygen tensionthe cultures with an ©Sensor
(Mettler-Toledo) during a period of 4 h. Aliquotere taken from the chemostat gikd
galactosidase activity was measured as indicatenvbeAntibiotics were added tB.
japonicum cultures at the following concentrations (ug HiL gentamycin, 100;
spectinomycin, 200; streptomycin, 200; kanamycbQ;2Zetracycline, 100. Escherichia
coli strains were cultured in Luria-Bertani medigktiller, 1972) at 37 °C. Escherichia
coli DH5a (Stratagene, Heidelberg) was used asihatandard cloning procedures and
E. coli S17-1 (Simoret al., 1983) served as the donor in conjugative plasnaidsfer.
The antibiotics used were (ug MLas follows ampicillin, 200; gentamycin, 10;

streptomycin, 20; spectinomycin, 20; kanamycin,t2&acycline, 10.

Determination of nitrate reductase and nitrite reductase activity.
Methylviologen-dependent Periplasmic nitrate redset (Nap) and nitrite reductase
(Nir) activities were analyzed essentially as désdt by Delgadcet al., (2003) and
Bueno et al., (2005), respectively. Succinate-dependent Nirvagtiwas analyzed
similarly to the MV -dependent Nir activity using succinate insteadgnethylviologen
as the electron donor. The reaction was startedhbyaddition of 60 mM sodium
succinate to the reaction mixture. After incubation30 min at 30 °C, the reaction was
stopped by adding 50 pL of 1M zinc acetate followgdr/igorous shaking.

Analytical methodsp-Galactosidase activity was analyzed with perméeadall cells
from at least three independently grown culturedescribed by Miller (1972). Nitrite
concentration was estimated after diazotization byadding the
sulfanilamide/naphthylethylene diamine dihydroclderreagent (Nicholas & Nason,
1957). Protein concentration was estimated using Bio-Rad assay (Bio-Rad
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Laboratories, Richmond, CA) with a standard curf@arying bovine serum albumin

concentrations.

Heme- protein analysis.Cell fractionation, membrane preparation, and pmote
sodium dodecyl sulphate-polyacrylamide gel eledtovpsis were performed as
indicated earlier (Delgado et al., 2003). Proteweye stained for heme-dependent

peroxidase activity using the chemiluminiscencedsan kit ‘SuperSignal’ (Pierce).

2.4. RESULTS AND DISCUSSION.

Nitrite-dependent anaerobic growth and nitrite reductase activity. To
investigate the function of soluble cytochromg, in nitrite respiration, cells were
incubated under anaerobic conditions with 1.5mMiteit(Fig. 2.1a) and growth was
determined by monitoring OD600nm (Fig. 2.1a). Imtcast toB. japonicum110spc4,
cells of thecycA 3447 mutant strain were unable to grow anaerdligath nitrite as
the final electron acceptor. This growth defect vgasilarly observed in thenirK
GRK308 mutant strain (Fig. 2.1a). Under these doms, nitrite in the medium was
consumed by the wild-type cells, but not by theA or nirK mutants (Fig. 2.1b).
Complementation ofycA strain 3447 with plasmid pRJ3250 containing th&lwype
cycAgene restored the ability of the cells to growhwittrite as an alternative electron
acceptor and to consume the nitrite present ingtbgth medium (Fig. 2.1a and b).
Whereas low levels of Mdependent nitrite reductase (Nir) activity wereéedeed in
the nirK mutant after incubation under anaerobic conditisitl nitrate, levels of MV1-
dependent Nir activity in cells alycAstrain 3447 were similar to those detected in the
parental strain (Fig. 2.1c). However, in conttasthe wild-type 110spc4 strain, cells of
thecycA 3447 mutant strain showed very low levels of tétreductase when succinate

was used as the physiological electron donor irafisay (Fig. 2.1c).
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Nitrite reductase activity
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Figure 2.1 Nitrite-dependent anaerobic growth (a) and mittiptake (b) of wild type

B. japonicum11Gspct (m), and cycA 3447 (A), nirK GRK308 ¢) and cycA 3447
complemented with plasmid pRJ325®) ( mutant strains.Cells were grown
anaerobically in YEM medium supplemented with 18 maNO,. (c) MV *-dependent
and Succinate-dependent nitrite reductase actfify. japonicuml10Gspct (grey bar),
cycA 3447 (black bar), andirKk GRK308 (white bar). Cells were incubated in YEM
medium supplemented with 10 mM KN@r 4 days. Data are means * standard error

from at least two different cultures, assayed iplitate.

Taken together, these results suggest that cytowhmgsy could act as an electron
mediator protein between the cytochrorbe complex and the copper-containing
respiratory nitrite reductase iB. japonicum In fact, the addition of 45 pM of
myxothiazol, a specific inhibitor of cytochronbe;, to the growth medium of the wild-
type cells significantly decreased succinatedepandlér activity (data not shown),
suggesting a role of cytochrorbe; in electron delivery tdNirK via cycA In contrast to
this study’s findings, it has recently been sugeggsh Rhodobacter sphaeroides4.3
that, in addition to cytochrome,, encoded bycycA there is another unidenti-fied
electron donor that transfers electrons to the emggmtaining nitrite reductase (Laratta
et al.,2006). InP. denitrificansboth pseudoazurin and cytochromag, function in vivo
as electron donors to cytochroroé,NIR (Pearsoret al., 2003). The present study’s
results suggest that this respiratory flexibiliywihd in other denitrifiers is rather poor in
B. japonicumwhere csso is the only electron donor to NirK. Although othsoluble
cytochromesc have been identified iB. japonicum they are not involved in nitrite
respiration (Bottet al., 1995). Neither azurin- nor pseudoazurin-like coppeteins
have been annotated in the genome sequence Bxf japonicum

(http://www.kazusa.jp/rhizobage/

Nitrate-dependent anaerobic growth, nitrate reductae activity and nap
expression.Growth of thecycA 3447 mutant strain under anaerobic conditions with
nitrate, following transfer from aerobicultures, showed a longer lag than wild-type
cells, reaching a turbidity Qfghnm of only 0.145 compared with an @g.m of 0.35 for
the wild-type cells after 4 days of growth (Fig2&). This lag was also observed in cells

of strain 3613 with a mutation in tHxN gene encoding the catalytic subunit of the
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cbb; oxidase (Fig. 2.2a). In contrast B japonicum3447 and 3613 strains, cells of
GRK308 strain affected in th@rK gene were unable to grow anaerobically with retrat
as the final electron acceptor (Fig. 2.2a) probahlg to the toxicity of nitrite that
accumulated in the medium from the beginning of ittmubation period (Fig. 2.2b).
However, a lag was observed in nitrite formatiomiry growth of thecycA andfixN
strains compared with wild-type cells (Fig. 2.2INitrite was consumed b)B.
japonicum110spc4 and 3613, decreasing its concentratiaim@ngrowth medium to
zero (Fig. 2.2b). However, nitrite accumulated aschained in the growth medium of
3447 and GRK308 strains (Fig. 2.2b), confirming thability of those strains to
consume nitrite observed in nitrite uptake expentaéFig. 2.1b) and suggesting that in
those mutants Nir was not active in vivo. The datsented here demonstrate that the
absence of cytochromesg has an influence on nitrate respiration. Howeuader the
growth conditions used in this worlkssgis not essential for nitrate-dependent anaerobic

growth as has been suggested previously @ait., 1995).
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Figure 2.2.Nitrate-dependent anaerobic growth (a), and aeiatdcumulation (b) of wild
type B. japonicuml110spct (m), andcycA 3447 (A), nirK GRK308 ¢©) andfixN 3613

(o) mutant strainsCells were incubated anaerobically in YEM mediurpmemented
with 10 mM KNG:s.

After 2 days’growth under anaerobic conditions wiitrate, levels of MV1-dependent
nitrate reductase activity in cells of strains 34dd 3613 were very low compared with
those detected in the parental strain (Fig. 2 8#¢r 6 days’ growth, nitrate reductase
activity of cycAstrain 3447 andirK strain GRK308 increased about fourfold compared
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with those observed after 2 days growth, reachingla levels as those observed in
strain 110spc4 (Fig. 2.3a). Similarly as observedrig. 2.3a, after 2 days’ incubation
under anaerobic conditions with nitrate, cells waias 1404 and 2101 with rrapE-
lacZ fusion showed very low levels of b-galactosidasgvday compared with those
detected in cells of strain 0602 containing tla@E-lacZ fusion (Fig. 2.3b). Expression
of nap genes in theycAandfixN mutant backgrounds was restored to wild-type kevel
after extension of the incubation period (Fig. 2-3he data presented in Figs 2.2 and
2.3 reveal that &ycA mutant has a phenotype similar to that of a cytmuie cbb;
oxidase mutant, with both exhibiting a delay in regpression. In both mutants, this
phenotype may be attributed to a highly reducedjwibbne/ubiquinol pool, which is a
consequence of the lack of electrons flowing thioegher denitrification pathway or
cytochromecbh; oxidase. Alternatively, disruption of electronvilahrough gso may
affect the expression abb; oxidase and consequently have a negative effectapn

expression.
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Figure 2.3 (a) MV'-dependent nitrate reductase activity in wild tyBejaponicum
110spat (grey bar), andycA3447 (black bar) anfixN 3613 (white bar) mutant strains.
(b) B-galactosidase activity from mapElacZ fusion in wild typeB. japonicum0602
(grey bar), andcycA 1404 (black bar) andixN 2101 mutant strains. Cells were
incubated in YEM medium supplemented with 10 mM KN@ 2 and 6 days. Data are
means = standard error from at least two diffecetiures, assayed in triplicate.

Heme- ¢ analysesln order to investigate the expression levelshdf oxidase
in thecycA3447 mutant, hemestaining experiments weperformed in membranes of
cells incubated under anaerobmnditions with nitrate. Six stained bands of 32, 25,
24,20, and 16 kDa were detected in wild-type membrdéRigs 2.4b and c, lane 1). The
proteins of 28, 20, and 16 kDa have
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been identified previously as th& japonicumcytochromec; (Thény-Meyeret al.,
1989), CycM (Bottet al.,1991), and NorC subunit of the nitric oxide re@diset enzyme
(Mesaet al., 2002), respectively. As described by Presti@l., (1993), there is even a
seventh protein of 28 kDa comigratingth cytochromec;. This 28 kDa protein and the
32 kDa c-type cytochrome have been identified as BhgaponicumFixP and FixO
proteins, respectively, of trebhbs-type, highaffinitycytochrome oxidase encoded by the
fixXNOQP operon(Preisig et al., 1993, 1996). The heme-stainable band26f kDa
corresponds to NapC (Delgadst al., 2003). In thiswork, the expression oB.
japonicumFixP and FixO proteingas found to be very low in cells of tbgcAmutant
after 2and 4 days, respectively, compared with expredsieelsdetected in wild-type
cells (Fig. 2.4a and b, lanes 1 and 2). Th®&ult suggests th& japonicumcythocrome
Csso may be arelectron donor to thebh; oxidase. However, when tlogcAmutant was
incubated under low-oxygen conditions in #igsence of nitrate, where only tbleb;
pathway is inducedyxygen consumption antbhb; expression were not inhibitgdata
not shown). By contrast, irRhodobacter sphaeroidest has been found that
homologous cytochromes . japonicum g, cytochrome gand ¢, are involved in
electrontransport to thebh; terminal oxidase (Daldat al., 2001).In addition to FixP
and FixO proteins, low expression&pC and NorC was observedaycAcells after 4
dayscompared with wild-type expression levels (Fig.b2.lanes land 2). Expression
of those proteins in theycA mutant wasrestored to wild-type levels after 6 days
incubation (Fig. 2.4danes 1 and 2). As observeddypcAmembranes, and confirming
the B-galactosidase activity results from thapEdacZ fusion, expression of NapC in
the fixN mutant was lower thathat detected in wild-type cells after 4 days méra
dependenanaerobic growth (Fig. 2.4b, lanes 1 and 3). Extensf thegrowth period
also restored NapC expression in tix® mutant to wild-type levels (Fig. 2.4c, lanes 1
and 3). By contradb the low expression of NorC observedcytAmembranedevels

of NorC protein in thdixN mutant were very similar twild-type levels after 4 days’
incubation under anaerobtonditions with nitrate (Fig. 2.4b, lanes 1-3)demitrifiers,
such as. denitrificans(van Spanningt al.,1999) andR. sphaeroidefKwiatkowski &
Shapleigh, 1996), nitric oxidNO) acts as the signal molecule for transcriptiona
activationof nor genes. This may also be true Birjaponicumbecause irthe cycA
mutant there is no reduction of nitrite to NO acmhsequently NorC expression is
highly reduced after 4 dayscubation. However, in théxN mutant where nitrite

reductionis not impaired (data not shown), NorC express®agimilar to wild type.
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Surprisingly, after 6 days’ incubatiolevels of NorC incycAmembranes were similar
to thos detected in wild-type membranes. Becaus@eniaccumulated in theycA
growth medium after 6 days’ incubation, NO may bedpced by nitrite non enzymatic
reduction.

(a)
kDa

32 FixP
28. - - F%xOICyt. ¢

20/ | CycM

®)

1 2 3
kDa
32 FixP
35| MR w— WO/
25| — NapC
20| - - e | CycM
16|d - @ [NorC
(c)
kDa 1 2 3
32 FixP
25 S B e FixOcye. ¢,
251 - - B NapC
20) - W s CycM
16| M @ # NorC

Figure 2.4.Haem-stained proteins in membranes prepared frdchtypeB. japonicum
110spct (lane 1), anatycA 3447 (lane 2), anéixN 3613 (lane 3) mutant strains. Cells
were incubated anaerobically in YEM medium suppletea with 10 mM KNQ for 2
days (a), 4 days (b) and 6 days (c). The proteirB2@nd 28 kDa have been identified
previously as theB. japonicumFixP and FixO components of tlebhbs-type, high-
affinity cytochrome oxidase. The 20 kDa cytochromerresponds toCycM, a

membrane-bound-type cytochrome which transfers electrons friocp to cytochrome
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aag. Cytochromec;, NapC and NorC haem-stainaedtype cytochromes identified
previously are also specified at the right mardiach lane contains about 25 ug
membrane proteins. Apparent masses of the profiedes) are shown at the left margin.

The heme-staining results clearly demonstrateittzativation of thecycAgene affects
expression otblb3 oxidase during the first days of nitrate-depen@emerobic growth,
and consequently maximal expressionnap genes is also prevented. Supporting the
present study’s results, it has been showR.isphaeroide&.4.1 that a decrease in the
activity of cbh; oxidase leads to a significant decreaseiil expression (Laratteat al.,
2002). Whencbhbs expression is inhibited, oxygen consumption rateeduced, and
maximal expression of nap is not observed untiddmms become more anaerobic and

this occurs when gstill present in the growth medium is consumeabther oxidases.

Time-course analysis of O2 consumption and nap ex@ssion Time-course
experiments revealed thatapEdacZ expression inB. japonicum wild-type cells
seemed to increase as oxygen was removed from ¢déeum (Fig. 2.5). However, in
fixN or cycAcontinuous cultures, £xonsumption rates were slower than those observed
in wild-type culture. In those mutants, inductionnap expression showed a delay and
after 3 hp-galactosidase levels were about threefold lowan ttihose observed in the
wild-type strain 0602 continuous cultures (Fig.5)2.These observations suggest that
the delay in nap expression observed ay@as well as in #xN mutant strain may be
a consequence of the delay observed in oxygen ogotgan rate. As has been proposed
previously by Bedmaet al., (2005), expression of denitrification geneBinaponicum
require both oxygen limitation and the presencenitfate. This results suggest that
maximal expression of these genes occurs at al@erpxygen concentration and this
situation occurs after thebb; oxidase has consumed the oxygen still presenhen t
anaerobic growth medium. This hypothesis is suggobly the observation that after 2
days under anaerobic conditions with nitratbb; oxidase is fully expressed in the
wild-type cells (Fig 2.4a, lane 1). However, exgies of NapC and NorC proteins is
still very weak, being fully expressed after 4 dayowth (Fig. 2.4a and b, lane 1).
These results suggest that oxygen consumption bycHils is required for full
expression of denitrification proteins. Microaembinduction of B. japonicum

denitrification.
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Figure 2.5. Oxygen consumption (white symbols) afiejalactosidase activity (black
symbols) of wild typeB. japonicum0602 (1,m), andcycA 1404 (,A) andfixN 2101
mutant strains q,e) containing anapElacZ fusion. Cells were grown in continuous

cultivation in Bergersen minimum medium with 1T0mNN&s.
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subjected to redox control
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3.1. ABSTRACT

Bradyrhizobium japonicumutilizes cytochromecbl; oxidase encoded by tHexNOQP
operon to support microaerobic respiration undee-iving and symbiotic conditions.
This bacterium is also able to grow anaerobicalihwitrate as electron acceptor. Under
denitrifying conditions, where theblb; oxidase is also fully expressed, inactivationha t
cycAgene, encoding the cytochromg, reduced @consumption rates and expression of
the heme-stained FixP and FixO components otlie oxidase. In order to establish the
role of cytochromecsso in electron transport to thebb; oxidase, in this work, we have
analyzed cytochrome oxidase activity, andbb; expression in theycAmutant incubated
under low oxygen conditions without nitrate, whergy thecbh; pathway is induced, and
with nitrate, werecbl; and denitrification pathways are induced. Only witells were
incubated under denitrifying conditions, levelsagtochromec oxidase activity, as well
as, expression of éxP’-"lacZ translational fusion, were highly reduced in ttycA
mutant. Similarly,cbb; oxidase was expressed very weakly inapC mutant lacking the
membrane-bound-type cytochrome which transfers electrons to tregpAB structural
subunit of the periplasmic nitrate reductase. Thesgnce of a highly reduced carbon
substrate or myxothiazol, a specific inhibitor bé tcytochromdosc; complex, inhibited -
galactosidase activity in the wild type cells inatddl anaerobically with nitrate. These
results suggest that a change in the flow of eéestthrough the denitrification network
may affect the cellular redox state, leading teralions incbb; expression. We propose a

redox-dependent regulation of tbieh; cytochrome oxidase under denitrifying conditions.
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3.2. INTRODUCTION

The adaptable energy-producing systems of bactdtga contribute to their remarkable
metabolic diversity. For instance, facultative leaiet can alter their mode of energy
generation by taking advantage of different respisapathways (Richardson, 2000). One
obvious distinction between these pathways is firet electron acceptor; aerobic electron
transport chains use oxygen, whereas anaerobivagshuse compounds such as nitrate or
dimethyl sulphoxide (DMSO). Aerobic bacteria getigrehave multiple respiratory
oxidases that allow the cells to adapt to differmmtironmental @conditions (Delgadet
al., 1998). Despite differences in substrate (quinaswe cytochrome), LOaffinity, heme
types and metal composition, most bacterial oxislds#ong to a single superfamily, the
heme-copper oxidase family. Tlebl;-type oxidase has been identified as a heme-copper
oxidase that catalyzes the reduction of t® water and has a very high affinity for, O
(Pitcheret al.,2002). As a consequence, it allows respiratioreuhav oxygen conditions,
such as those encountered by rhizobia in the lequydele (Delgadet al., 1998). Genes
encoding thebb; oxidase complex were isolated initially from rhial species and named
fixXNOQP for their role in symbiotic nitrogen fixation (Mdan et al., 1994; Priesiget al.,
1993). Since then, orthologous genes have beetifiddnn other gram-negative bacteria
and calledcccoNOQPin non-N-fixing organisms (Myllykallio and Liebl, 2000). Ercbhbs-
type oxidase is made up of three to four subudtgunit | is encoded bgcoN and is a
membrane-integrab-type cytochrome with a high-spin hemegChinuclear center and a
low-spin heme. Subunits Il and Ill are encodedcbgO andccoP, respectively, and are
membrane-encored-type cytochromes. As shown iRhodobacter sphaeroideand
Bradyrhizobium japonicupthe ccoN ccoOandccoP gene products are essential for both
the activity and the assembly of tblel; oxidase. In contrastcoQ which encodes subunit
IV, is sometimes missingccoQ is not required either for assembly or activity tbe
oxidase under low-©concentration (Oh and Kaplan 1999, Zuffesgyal., 1996) but may
play a protective, stabilizing role under oxic citimhs (Oh and Kaplan 2002EcoNOQP
has been extensively studied Rinodobacter sphaeroidewhere it has multiple roles. It
functions not only as a terminal oxidase (Garciagdrtanet al.,1994) but also as a redox

sensor in a signal transduction pathway controlihgtosynthesis gene expression (Oh and
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Kaplan 2002, Kimet al., 2007).Bradyrhizobium japonicuns a gram-negative bacterium
found in soil and associated symbiotically wsthybean plants. Like many others anaerobic
facultative bacteriaB. japonicumadapt to different environmental, @oncentrations by
inducing multiple terminal oxidases with differeaftinities for G (Delgadoet al., 1998).
Free-living microaerobic growth and nitrogen-fixibgcteroids use a cytochrorig-type
oxidase encoded by tligNOQP operon (Priesigt al.,1993; Priesiget al.,1996). Electron
transfer to this high-affinity oxidase is via thgtachromebc; complex (Thony-Meyer,
1989). During aerobic free-living growth, electréransport from the cytochrombec
complex to the low oxygen affinity oxidase cytoamaas occurs via a transmembrane
cytochromec (CycM, Bottet al., 1991). InB. japonicumthere is a second cytochrome
oxidase encoded by theoxMNOP operon (Bott et al., 1992) that also requires tebec
transport via the cytochront®; complex. In addition to cytochronteoxidases there are
guinol oxidases such as the microaerobically-exgamaishs-type ubiquinol oxidase encoded
by coxXWXYZSurpinet al.,1996).

Oxygen concentration is the primary effector bkNOQP expression irB. japonicum
Under Q limitation, FixJ protein of the FixLJ two-comporieregulatory system is
phosphorylated by the oxygen-inhibitable, haem-thasensor kinase FixL. The only
known target of FixJ ifB. japonicumis fixK,, whose product, Fix} belongs to the Crp
(cAMP receptor protein) and Fnr (fumarate and tetraeductase) activator protein
superfamily of transcription factors (Nellen-Antatea et al., 1998). Fixk has been
shown to activate genes involved in anaerobic ocr@aerobic energy metabolism,
including thefixNOQP operon (Nellen-Anthamettegt al., 1998), and the denitrification
genes (Bedmaet al.,2005).

In addition to oxygen respiratio8. japonicumis able to obtain energy and grow from
nitrate reduction to N through denitrification when cultured under oxydieniting
conditions with nitrate as the terminal electrorceqator (Vairinhoset al., 1988). The
complete denitrification pathway consists thushe sequential reduction of nitrate (RO
or nitrite (NQ) to dinitrogen (N), through the intermediates nitric oxide (NO) anilous

oxide (NO) in a four-reaction process catalysed by nitratatrite-, nitric oxide- and
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nitrous oxide-reductase, respectively. Reviews gogethe physiology, biochemistry and
molecular genetics of denitrification have been lighled elsewhere (Zumft 1997; van
Spanninget al., 2005 and 2007). IB. japonicum denitrification reactions depend on
napEDABC(Delgadoet al., 2003),nirK (Velascoet al., 2001),norCBQD (Mesaet al.,
2002) andnosRZDYFLX(Velascoet al., 2004) genes. Similar to many other denitrifiers,
expression of denitrification genesBn japonicunrequires both oxygen limitation and the
presence of nitrate or a derived N oxide (Bedmtaal., 2005). Maximal induction of
transcription from thenap nir, andnor promoter regions depends on the FixLJ-FixK
NnrR regulatory cascade (Mesa et al., 2003; Rattles, 2006).

Very recently, it has been demonstrated Bigdyrhizobium japonicuneytochromecss,
encoded byycA is involved in the electron transfer to the Cueaning nitrite reductase
of B. japonicum Buenoet al.,200§. These authors also demonstratieat inactivation of
B. japonicumcycA gene, decreases expressionBofjaponicumFixP and FixO haena-
stained components of tlobb; oxidase, as well as oxygen consumption rates, aftays
nitrate-dependent anaerobic growth (Bueeb al., 2008). To better understand the
physiological role of the cythocrontgsy on the expression of the terminal oxidabé; in

B. japonicumin this work we have analyzed expression andig¢tof this oxidase in cells
incubated under low oxygen conditions without nérand under denitrifying conditions.
Effect of inactivation of others electron carriédram the denitrification pathway such as
NapC orbc; complex and the influence of different carbon $tates on expression of a
fixP’-* lacZ reporter fusion has also been studied. Our resudisate that, in addition to
oxygen concentration, intracellular redox statehlge involved irB. japonicumfixNOQP

regulation.
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3.3. MATERIALS AND METHODS.

Bacterial strains and growth conditions Bradyrhizobium japonicundSDA110
(US Department of Agriculture, Beltsville, MD, USAN11Gspct (Regensburger &
Hennecke, 1983) wild type strains atytA3447 (Bottet al, 1995),fixN 3613 (Preisiget
al.,1993),napC0609 (Roblegt al, 2006) mutant derivative strains were used is stidy.
B. japonicumstrain 3604 (Zuffereet al, 1996) is a wild type strain containingfiaP’-
‘lacZ fusion. In this work, plasmid pRJ3603 (Zuffergtyal, 1996) containing &xP’-‘lacZ
translational fusion was integrated by homologaeombination into the chromosome of
the cycAandnapC mutants resulting in strains 1406, and 2300, rspdy. B. japonicum
strains were grown aerobically in liquid batch atdis containing peptone-salts-yeast
extract (PSY) medium (Regensburger & Hennecke, 138328 °C. Anaerobic batch
cultures were kept at 28 °C in YEM medium (Vinceb®,74) with and without 10 mM
KNO3 in completely filled, rubber-stoppered serum lasttbr tubes. Antibiotics were added
to B. japonicumcultures at the following concentrationgg( mr): gentamycin, 100;
spectinomycin 200, streptomycin, 200 and kanamy&d0, tetracycline, 10@. coli strains
were cultured in Luria Bertani (LB) medium (Milled,972) at 37 °CE. coli DH5a
(Stratagene, Heidelberg) was used as host in sthiottning procedures arifl coliS17-1
(Simonet al, 1983) served as the donor in conjugative plagmaidsfer. The antibiotics

used wereyg m™): spectinomycin, 20; and kanamycin, 25 and tgttie, 10.

UV-Visible spectroscopy.B. japonicumstrains grown aerobically in PSY medium
were centrifuged at 8,00for 10 min. Then, cells were washed twice with YEMdium
and incubated anaerobically with and without 10 NO;. After 2 days incubation,
membrane fractions were isolated as described bE®nvDelgadeet al., 2003). After
isolation, membranes were solubilized in 50 mM -HGI, pH 7.5, 1 mM
phenylmethylsulfonyl fluoride and 1% dodecyl maities(Sigma), and they were subjected
to ultracentrifugation at 140,009 for 1h at 4 °C. The solubilised oxidase complex
remained in the supernatant. Solubilized membraoteins were reduced with addition of

excess sodium dithionite and oxidized with fermete (10pM). Then dithionite-reduced-
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minus-ferricianide-oxidized spectra was recorderbg using a Hitachi U-3310

spectrophotometer linked to a circulating BC-10aexdtath (Fisher Scientific).

Cytochrome c oxidase activity. Cytochromec oxidase activity was measured by
monitoring the reduction of cytochroneeby cytochromec oxidase as a function of the
decrease in absorbance at 550 nm. Specificallytl1®&f membrane fraction (3.5 mg/ml)
isolated as described elsewhere (Delgeidal.,2003) were combined with 940 pl of assay
buffer (10 mM Tris-HCI at pH 7.0, 120 mM KCI). Theaction was initiated by the
addition of 50 ul of reduced horse heart cytochramSigma), and the decrease in
absorbance at 550 nm was measured continuously rfdn by using a spectrophotometer.
Reduced cytochromewas prepared by making a solution at 218 uM in watel adding
dithionite to saturation. Traces of dithionite mspension after reduction were eliminated
by filtering the solution with a PD-10 column. Tssare the level of reduction is adequate,
the absorbance of a 20-fold-diluted stock was nreasat both 550 and 565 nm. A ratio of
absorbance at 550 to 565 nm should be betweend@@and indicates that the substrate
is sufficiently reduced. Activity was quantified byhe following calculation:
U/ml=(Abs/min) x dilution factor x reaction volunm{enl)/volume of sample (ml) x 21.84,
where 21.84= "B petween ferrocytochrome and ferricytochrome at 550 nm (Sigma

protocol in reference to product code CYTOC-0OX1).

Oxygen consumption.Cytochromec oxidase activity was also measured in whole
cells by monitoring\,N,N’,N-tetramethylp-phenylendiamine (TMPD)-dependent oxygen-
consumption with a Apollo-4000 oxygen electrode (WWJSA). Cells were incubated in 2
ml phosphate buffer 25 mM pH 7.5 at 28 °C and dmter(1.5 mM) and TMPD (30 uM)
were added as electron donor. The time taken tewoa all of the oxygen present in the

system was used to calculate the rate of oxygemnogstion.

Haem-c proteins analysis.Cells ofB. japonicumgrown aerobically in 500 ml PSY
medium were harvested by centrifugation as aboashed twice with YEM, resuspended
in 1 | of the same medium supplemented or not WwithmM KNGO;, and finally incubated

under anaerobic conditions for 2 days. Membranepgregions were performed as
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described earlier (Delgads al.,2003). Membrane protein aliquots (30 pg) weretddun
sample buffer (124 mM Tris-HCI, pH 7.0, 20% glyderd.6% SDS, and 50 mM 2-
mercaptoethanol), and incubated at room temper&urE0 min. Membrane proteins were
separated at 4°C in SDS-12% polyacrylamide geltrelpboresis (PAGE), transferred to a
nitrocellulose membrane and stained for haem-depengeroxidase activity as described
previously (Vargaset al., 1993) by using the chemiluminiscence detection“&itiper
Signal” (Pierce).

p-Galactosidase assay€ellswere grown aerobically in PSY medium, collected by
centrifugatiorat 8,000g for 10 min at 4 °C, washed twice wMEM, and finally incubated
anaerobicallyn the same medium supplemented or not with KNQultures with an initial
ODgoo of about 0.2 were incubated for 2 days. Activitgsadetermined with permeabilized
cells from atleast three independently grown cultures as prelyodescribedMiller,
1972). Cells removed from stoppered flasks werekept microaerobic but were used

immediately for assays.

Analytical methods. Protein concentration was estimated by using theRzd
assay (Bio-Rad Laboratories, Richmond, Ca) withtemdard curve of varying bovine

serum albumin concentrations.

3.4. RESULTS AND DISCUSSION .

Cytochrome analysis in acycA mutant strain 3447. Previous work from our
group demonstrated that inactivationBofjaponicuncycAgene, encoding cytochronaes,
decreases expression Bf japonicumFixP and FixO haene-stained components of the
cbhs oxidase, as well as oxygen consumption rates, r &telays nitrate-dependent
anaerobic growth (Buenet al., 2008). These results allowed us to suggest Biat
japonicumcythocromecsso may be involved in electron transport to tidy; oxidase. Since
cblky oxidase is involved in oxygen respiration undercnmaerobic conditions and the
experiments mentioned above were performed undatrifiging conditions, in this work

we have analyzed FixP and FixO levels in tyeA mutant incubated under low oxygen
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conditions in the absence of nitrate, where oné/cthl; pathway is induced. As shown in
Figure 3.1 (lane 1), after 2 days incubation udderoxygen conditions without nitrate, 32
and 28 kDa proteins corresponding to FixP and FiR@eisig et al. 1993), respectively,
were fully expressed in wild type cells. CytochromgThony-Meyeret al., 1989) of 28
kDa co-migrating with FixO and cytochrome CycM (Bet al.,1991) were also present in
membranes from 18pct cells (Fig. 3.1, lane 1). As expected (Preisigakt1993),
expression of FixP and FixO was very weak inBagaponicumstrain 3613 mutated in the
fiXNOQP operon responsible for the synthesis of iy oxidase (Fig. 1, lane 3).
However, in cells of theycAmutant, expression levels of these haeoomponents of the
cbl; oxidase were very similar to those detected il wipe cells (Fig. 3.1, lanes 1 and 2).
These results are different to those observed Bn8at al., (2008) in cells grown under
low oxygen conditions with nitrate, and suggest ttytochromecssp is not involved in
FixP and FixO expression when cells are grown withoitrate where only the O

respiration pathway is working.

1 2 3

kDa

32 , FixP
28 . ‘ SR FixOfeyt. ¢,

20| - - — cycM

Figure 3.1. Haem-stained proteins in membranes prepared frdoh type B. japonicum
110spat (lane 1), anaycA3447 (lane 2), anfixN 3613 (lane 3) mutant strains incubated
anaerobically in YEM medium for 2 days. The prosenf 32 and 28 kDa have been
identified previously as th&. japonicumFixP and FixO components of tlabhs-type,
high-affinity cytochrome oxidase. The 20 kDa cytache corresponds to CycM, a
membrane-bound-type cytochrome which transfers electrons fitoento cytochromeaas.

Cytochromec; identified previously is also specified at thehtignargin. Each lane contains
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about 25 pg membrane proteins. Apparent masst® giroteins (kDa) are shown at the

left margin.

In additionto the FixP and FixO membrane-anchoredype cytochromesB. japonicum
cytochromecbhb; oxidase contains a membrane-intedrdype cytochrome corresponding
to FixN (Preisiget al., 1993; Zuffereyet al., 1996). In this work, the presence of heme C
and heme B in theycA mutant strain 3447 was also investigated spedpeally.
Solubilized proteins from membrane fractions issdafrom cells incubated anaerobically
in the presence or in the absence of nitrate weeel in these experiments. As shown in
previous work (Preisiget al., 1996, Zuffereyet al., 1996), peaks characteristics for
cytochromeb at 558 nm and for cytochroneeat 552 nm were detected in membranes from
wild type cells incubated under low oxygen condisoeither in the absence or in the
presence of nitrate (Fig. 3.2a and b). Dithionédeced minus ferricianide-oxidized
difference spectra of membranes fraycA cells incubated anaerobically with nitrate
showed a significant decrease in cytochrdmandc contents compared with the parental
strain (Fig. 3.2a). In cells incubated anaerobycallithout nitrate, no differences in
cytochromesc andb composition were observed between the wild type @A mutant
strains (Fig. 3.2b). These results support the kstaming results and demonstrate a defect
in cytochromes andb contents in theycA mutant but only when cells were incubated

anaerobically in the presence of nitrate.
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Figure 3.2 Visible absorption difference spectra (dithioméelucedminusair oxidized).
Membrane proteins (3 mg-Mlsolubilizedwith dodecyl maltoside were isolated from wild
type B. japonicuml110spc4 andycA mutant strain 3447. Cells were incubated in YEM
medium with (a) or without (b) 10 mM KN{for 2 days.

Cytochrome ¢ oxidase activity andcbbs expression in acycA mutant strain
3447.In order to further investigate the involvementgfochromecssg in cbhb; expression,
cytochrome c-dependent oxidase activity was andlyaecells of thecycA mutant strain
3447 incubated anaerobically with or without nigrédr 2 days. Cytochromedependent
oxygen consumption was tested with an oxygen edetrby using ascorbate-reduced
TMPD as an artificial electron donor (Fig. 3.3ahelcycA deficientstrain 3447, showed
similar levels of TMPD oxidase activity than thad®wed by the wild type strain 154
when cells were incubated under low oxygen conattiavithout nitrate (Fig. 3.3a).
However, when cells were incubated under anaerobiwitions with nitrate, oxygen
consumption rates afycA cells were 1.8-fold lower than those of wild-typells (Fig.
3.3a). As described previously (Preigigal., 1993), TMPD-oxidase activity in cells of the
fixN mutant strain 3613 was significantly lower thaattbf the wild type cells either in the

presence (88 %) or in the absence (67%) of nitratiee incubation medium (Fig. 3.3a).
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Figure 3.3.(a) Oxygen consumption rates and (b) cytochrorogidase activity of whole
cells (a) and membranes (b) fr&dnjaponicuml10spc4 (black bargycA3447 (grey bar)
andfixN 3613 (white bar) strains. Cells were incubateckastzically in YEM medium with
or without 10 mM KNQ@' for 2 days. Data are means + standard error froteast two
different cultures, assayed in triplicate. Cytocheoc oxidase activity (b) is expressed in
U-mgprot" of protein where 1 U is defined as the amountireguo oxidize 1.0 pmol of

ferrocytochromes per minute at pH 7.0 at 25°C.

In addition to TMPD-dependent oxygen consumptiotivag, we have also measured
cytochromec oxidase activity with reduced horse heart cytookec as electron donor
(Fig. 3.3b). Similarly as with TMPD, no significandifferences in oxidase activity were
observed between wild type aagcAcells incubated anaerobically without nitrate, velaes

a 55% decrease in oxidase activity relative to wjfze activity was observed when cells of

strain 3447 were grown anaerobically with nitraseexrminal electron acceptor (Fig. 3.3b).

102



Capitulo 3

As expected, a significant reduction of cytochromexidase activity was observed in
membranes frorfixN cells independently of the presence or not oftetin the incubation
medium (Fig. 3.3b). As suggested from cytochrom@#ent results presented in Figures
3.1 and 3.2, these results indicate thatyeA mutation does not affect cytochrome c
oxidase activity in cells incubated under low oxygmnditions without nitrate. However,
oxidase activity was significantly inhibited ircgcAmutant strain when cells were cultured
under denitrifying conditions.

Similarly as observed in Figures 3.3a and b, aRedays incubation under anaerobic
conditions with nitrate, cells of aycA mutant strain 1406, containing f&P’-'lacZ
chromosomally integrated translational fusion, sadvabout 6.6-fold decreased levels of
B-galactosidase activity compared to those deteatedld type cells containing thixP’-
‘lacZ fusion (Fig. 3.4). However, similar expressiondks were observed for tHeP’-
‘lacZ reporter fusionin the cycA and wild type cells after incubation under low g&w
conditions without nitrate (Fig. 3.4).

1500

1000

[Miller units]

500 A

B-Galactosidase activity

+KNO, | KNO,

Figure 3.4. B-galactosidase activity from f&P’-‘lacZ fusion in wild typeB. japonicum
3604 (black bar) andycA 1406 (grey bar) strains. Cells were incubated raraeally in
YEM medium with and without 10 mM KN©for 2 days. Data are means * standard error

from at least two different cultures, assayediplitate.
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In summary, the results from heme stains (Fig., 3iis)ble light spectroscopy (Fig. 3.2),
cytochrome ¢ oxidase activity (Fig. 3.3) afudP’-‘lacZ expression (Fig. 3.4) of eycA
mutant incubated under low oxygen conditions withoitrate suggest thatsso is not
involved in B. japonicumcbhl; oxidase expression during microaerobic respiration
Similarly as observed by using TMPD as electronadpno differences in £consumption
rates were observed between the wild type @& cells when succinate was usediras
vivo electron donor (data not shown). These resultgesighat cytochromesso is not an
electron donor to thB. japonicumcbhb; oxidase. By contrary, iRhodobacter sphaeroides
(Daldal et al., 2001) andRhodobacter capsulatySwemet al., 2001), it has been found
that homologous cytochromes Bo japonicumcsso, cytochromec, andcy, are involved in
the electrons transport to thebb; terminal oxidase under microaerobic respiration. |
Paracoccus denitrificansytochromecsso is the electron donor to both cytochrome c
oxidasesas andcbhb; and to at least the nitrite reductase during dénoétion (Ottenet al.,
2001a).

Results from figures 3.1, 3.2, 3.3 and 3.4 alsoastiwmt, under denitrifying conditions, a
mutation incycAhas a negative effect in expression and activitthe B. japonicumcblys
oxidase. It has been shown previously (Buetal., 2008) that cytochromessg is the
electron mediator protein between cytochrotng@ complex and the Cu-containing
respiratory nitrite reductase B japonicumlt may be possible thahanges in the electron
transfer pathway associated to the denitrificajiwacess might ultimately contrabb;

expression.

Effect of napC mutation, myxothiazol and carbon sources orbbs expression If
we assume that inactivation of tlwgsg electron carrier of the denitrification pathway
generates a change in the redox state of theveelgan then ask if inactivation of others
electron carriers of this pathway may have the seffeet oncbhbs expression. This is the
case of NapC, which transfers electrons to the NBapdmplex of the periplasmic nitrate
reductase (Delgadet al.,2003) or thédc; complex which transfers electrons to the electron

mediator cytochromesso of some reductases from the denitrification pathaach as the

104



Capitulo 3

Cu-containing nitrite reductase (Bueret al., 2008). To check this hypothesis, we
examinedcbb; expression in 8. japonicum strain mutated in theapCgene. As shown in
Figure 3.5, very low levels of haemstained FixP and FixO proteins as well as of
galactosidase activity from &P’-‘lacZ translational fusion were observed in thepC
mutant strains 0609 and 2300, respectively, aftedags incubation under anaerobic
conditions with nitrate compared with those foundhe wild type strain 1Xpct (Fig
3.5a and b, lanes 1 and 3). As observed previqiignoet al, 2008),cbh; expression
was also highly reduced in tegcAmutant (Fig. 3.5a and b, lane 2).

(a)
kDa

-
28 S | FixOl/ceyt. ¢,

1 2 3

20— e s |cycM

(b) 1200 (80) 150 (25) 200 (30)

Figure 3.5.(a) Haem-stained proteins in membranes prepaoad ild typeB. japonicum
110spat (lane 1),cycA 3447 (lane 2), andapC 0609 (lane 3) mutant strains. Cells were
incubated anaerobically in YEM medium supplementéth 10 mM KNG for 2 days.
Each lane contains about 25 png membrane pro#@&pysmrent masses of the proteins (kDa)
are shown at the left margin. (fgalactosidase activity fromfaP’-‘| acZ fusion in wild
type B. japonicum3604 (lane 1)cycA 1406 (lane 2andnapC2300(lane 3) strains. Data,
in Miller units, are shown as means, with the ssadcerror of the mean in parentheses, for

at least two cultures which were assayed in tipic
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The effect of carbon sources dixP’-‘lacZ expression was also studiedBn japonicum
110spad. Cells were grown anaerobically with nitrate &con acceptor in a minimum
medium containing reduced carbon sources such fgsabe or oxidized carbon sources
such as malate or succinate. After 2 days grofsiglactosidase activity observed in wild
type cells grown on butyrate, was about three titoeer than that observed when cells
were cultured on malate or succinate (Fig. 3.6)s lknown that assimilation of reduced
carbon substrates, which generates more reducungadgnts than assimilation of oxidized
carbon sources, increases the reduction stateeod@-pool (Richardson and Fergurson,
1992). Results shown in Figure 3.6 suggest thahange in the redox status of the
UQ/UQH, pool might be involved in the regulationafb; expression.
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Figure 3.6. B-galactosidase activity from &xP’-‘lacZ fusion in B. japonicum110spc4
grown on butyrate (black bar), malate (grey bar)succinate (white bar) and on malate as
carbon substrate supplemented with 50 uM of myeatii (grey lanes bar). Cells were
incubated anaerobically in minimum Bergersen medwith nitrate for 2 days. Data are
means * standard error from at least two diffepesitures, assayed in triplicate.

Gene expression mediated by oxidation state ofocadubstrate has been reported in
Paracoccuspantotrophus(Richardson & Ferguson, 1992, Seatsal., 2000; Ellingtonet
al., 2002; Ellingtoret al.,2006), andParacoccudenitrificans(Searset al.,1997). In both
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species, expression of theap operon, encoding the periplasmic nitrate reductése
maximal when cells are grown aerobically with aueel carbon source such as butyrate.
The different response to carbon substrates betWaeacoccusnap and B. japonicum
fiXNOQP operons is due to the different role of those geNeéhile Nap is involved in the
dissipation of excess redox energy during oxidatmetabolism of reduced carbon

substrates, cytochronwsoxidasecbl; supports microaerobic respiration

In this work, we also examined the effect of theocliromebc, complex-specific inhibitor
myxothiazol uporcbb; expression in the wild-type strain grown anaerallyan minimum
medium with malate as carbon source and nitratdesdron acceptor. As shown in Figure
3.6, fixP’-* lacZ expression was about 3-fold lower in the presericts ['M myxothiazol
than that observed in the absence of myxothiazol.

As suggested above, interruption of the electrow fthrough the denitrification pathway
by inactivation of the electron carriers locatedvdstream of the quinone pool such as
NapC, csso, Or bc; complex, might change the intracellular redox estpteventing the
generation of the activating signal foblb; expression. Alternatively, increased levels of
reduced ubiquinone pool due to the lack of electrfiowing through denitrification
pathway or to the assimilation of highly reducedboa substrates may inhibitsbb;
expression. We propose that the intracellular ceamgcurred at UQ-pool level due to the
alterations in the electron transport chain assedi#o the denitrification process might
serve as activating or repressing signals for thgulation of fixP expression inB.
japonicum Supporting our hypothesis, it has been previodsiyionstrated iRParacoccus
denitrificans(Ottenet al., 1999; Otteret al.,2001b) that a change of electron distribution
through the respiratory network, resulting fromretiation of one or more oxidase genes,
changes intracellular signals that affect the #gtiof the cco promoter, which controls

expression of thebhs-type cytochrome oxidase.

In B. japonicumit might be possible that perception and transdnobf redox variations
may be recognized by a regulatory protein whichseguently controtbl; expression, in
order to decrease cell metabolism as a respongeethigh electron charge. The primary

environmental factor that governs the expressioth@fixNOQP genes irB. japonicumis
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oxygen. Under microaerobic conditions, oxygen caotretion is sensed by the FixLJ-
FixK, oxygen responsive system which activates trarsmnipof the fixXNOQP operon
(Nellen-Anthamatteret al., 1998). In this work we propose that oxygen is tia only
signal involved in the regulation 6kNOQP genes. Also intracellular signals derive from
changes in the electron distribution that affetis tedox state of the respiratory chain
associated with the denitrification procesay affect the expression of cytochromciay;
oxidase. These signals may enaBlgaponicumto adapt its respiratory network in such a
way that the network functions optimally at eackiegi growth condition. However, the

components of this regulatory system cannot beudgiescl upon at this stage.

Regulatory proteins that respond to intracellutzanges have been described, e.g. CcoQ of
Rhodobacter sphaeroideés4.2 involved in activation of photosynthesis gexxpression
(Erasoet al.,2000), Aer and Tsr dE. coli both involved in aerotaxis (Rebbapragadal.,
1997), ArcB of the two-component system ArcB/Arcéntrolling aerobic respiration iB.

coli (Luchi et al., 1993). Aer and ArcB contain so-called PAS domamwjch are
cytoplasmically located sensors that monitor irdglatar changes in oxygen, redox
potential, light, small ligands, and the overalergetic level of a cell. Many PAS domain-
containing proteins are involved in the control rekpiratory networks, but how they
interact with the electron-transport systems isnowkn (Tayloret al.,1999).

Other redox-responsive proteins, members of theilfaof two-component regulatory
systems, are present in a large number of protéati@cThese proteins are named RegSR
in Bradyrhizobium japonicum RegBA in Rhodobacter capsulatus, Rhodovulum
sulfidophilum and Roseobacterdenitrificans PrrBA in Rhodobacter sphaeroidesand
ActSR inSinorhizobium melilot{Emmerichet al.,2000a) andAgrobacterium tumefaciens
(Baek et al., 2008). IRhodobactespecies, the RegBA/PrrBA systems activate expressio
of genes for carbon dioxide fixation and nitrodeation, processes that utilize reducing
equivalents, and repress expression of genes fdroggn oxidation, a process that
generates reducing equivalents (Elssinal, 2004). In Rhodopseudomonas palustris,
RegSR represses uptake hydrogenase expressiomani@er that is inversely correlated

with the cellular demand for reducing equivalesyet al, 2006). Similarly, RegA oR.
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capsulatushas been demonstrated to affect the expressitimeabh; and cytochroméd-
type terminal respiratory oxidases (Swem et al0120In Pseudomonas aeruginofoxR,

a response regulator relatedRbodobacter sphaeroidddTrA, activates expression of the
cyanide-insensitive terminal oxidase (Comolli andnbBhue, 2002). It has recently been
discovered that RegB frofR. capsulatugSwemet al., 2005; Swenet al., 2006) or the
ArcBA system inE. coli(Malpicaet al, 2006) monitors the oxidation-reduction statéhef
Ubiquinone pool as an input signal to control kenagtivity. By analogy with the well-
elaborated sensing mechanisms of the orthologoascomponent RegBA or the ArcBA
systems, it seems attractive to speculate thardtlex state of the membrane-localized

qguinone pool is an important cue also BojaponicumRegSR.

In B. japonicum RegSR activate the transcription of the nitro§eation regulatory gene
nifA, thus forming a RegSR-NifA cascade which is p&ra @omplex regulatory network
for gene regulation in response to changing oxygencentrations. Whole-genome
transcription profiling analysis have demonstratieat expression of almost 250 genes is
dependent on RegR, a result that underscores tpertamt contribution of RegR to
oxygen- or redox-regulated gene expressioB.ifaponicum(Lindemannet al., 2007). A
consensus RegR binding motif (GCGGGBITCGC, RegR-box) was proposed on an
alignment of the RegR and RegA binding sites (Enchest al.,2000b). By usingn vitro
binding-siteselection assay (SELEX), it has been demonstratd®l japonicumthat the
sequence GCGGCMNGTCGC, located aroundposition —68 is essential for RegR-
dependent expressiofthefixR-nifAoperon. Inspection of the DNA sequence upstream of
the fixNOQ transcriptional start site (Mesat al., 2005) revealed the presence of the
sequence 5 -GCGGC,MGCCGC-3" at position -108, which is very similarthe proposed
RegR-box. These observations suggest BiajaponicumfixNOQP operon might be a
target of RegR. Previous haem-staining analysis Bf japonicumregR mutantincubated
under denitrifying conditionsdemonstrated that this strain was able to exprassas
levels of FixP and FixO proteins as the wild typais (Bueno et al. 2008). Furthermore,
fiXNOQP genes were not identified as RegR targets in marcays experiments
(Lindemannet al.,2007). Wether or not other growth conditions pdg redox potential

variations in the cells are required to demonstthginvolvement of RegR iixNOQP
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redox control is under investigation.
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The NIfA regulatory protein is involved in

the regulation of denitrification genes in

Bradyrhizobium japonicum
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4.1. ABSTRACT.

Denitrification in Bradyrhizobium japonicuns catalyzed by the products WApEDABC
nirk, norCBQD and nos nosRZDYFLXenes which encode reductases for nitrate, nitrite
nitric oxide and nitrous oxide, respectively. Miaewobic induction of the denitrification
genes depends on tHlLJ and fixK, genes, whose products form the FixLJ-FixK
regulatory cascade. IB. japonicum a second oxygen-responsive regulatory cascade
mediated by the nitrogen fixation regulatory protelNifA, has been described. In this
study, we have shown that cells oBa japonicumnifA mutant are impaired in growth
under anaerobic conditions with nitrate. MutatidmidA also led to a decreased expression
of napEDABCandnirK genes as well as to an impairment of WMiépendent nitrate and
nitrite reductase activities, after incubation undmaerobic conditions with nitrate.
Furthermore, expression of the membrane-bounigpe cytochrome NapC is highly
reduced in thaifA mutant strain. The promoter region of BejaponicumnirK gene has
been characterized by primer extension. A majorsept initiates 40.5 bp downstream of
the axis of symmetry of a putative FixKinding site, which overlaps with a putative NifA-
like binding site. Levels of theirK transcripts are highly reduced in thi€A mutant strain.
Taken together, these results demostrate that Kifdlequired for maximal expression of
the napEDABC and nirK denitrification genes in cells incubated under lowygen
conditions and in the presence of nitrate. We psepm novel involvement of the nitrogen
fixation NifA regulatory protein on the expressiof the B. japonicumdenitrification

genes.
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4.2. INTRODUCTION.

Genera Rhizobium, Bradyrhizobium, Azorhizobium, Allorizon, and Sinorhizobium
collectively referred to as rhizobia, are membefstte Rhizobialesorder of thea-
proteobacteria (Sawadad al.,2003). They are Gram-negative soil bacteria with anique
ability to establish a nitrogen-fixing symbiosis lBgume roots, and on the stems of some
aquatic legumes. As free-living cells, rhizobia asrobic microorganisms with branched
electron transport chains terminating with oxidabed have different affinities for oxygen
which allow the cells to customize their respirgtgystems to meet the demands of the
oxygen concentration in the environment (Delgadoal., 1998). Whereas the oxygen
concentration in air-saturated water is about 280 n nodules it is extremely low,
ranging from 3 to 22 nM (Hunt and Layzell, 1993¢dAuse of that, expression of nitrogen
fixation genes and symbiosis-related genes reqlove®xygen conditions (Fischer, 1994).
Perception and transduction of the low-oxygen dignamediated by conserved regulatory
proteins that are integrated into species-speaiéitworks in different rhizobia (Fischer,
1994; Dixon and Kahn, 2004). Two interlinked oxygesponsive regulatory cascades are
present in the soybean symbid@radyrhizobium japonicunthe FixLJ-Fixk cascade and
the RegSR-NifA cascade (Sciott al 2003). In the FixLJ-FixK cascade, the “low-
oxygen” signal is sensed by the oxygen-inhibitabkem-based sensor kinase FixL, which
phosphorylates itself and transfer the phosphaylig to the FixJ response regulatbine
only known target of FixJ iB. japonicumis fixK,, whose product, Fix) belongs to the
CRP (cAMP receptor protein) and FNR (fumarate aiichte reductase) activator protein
superfamily of transcription factors that triggemypiological changes in response to a
variety of metabolic and environmental signals (#ur002; Kdrneret al., 2003). Fixk
has been shown to activate genes involved in ahmeror microaerobic energy
metabolism, including the denitrification genes @Bwr et al., 2005), fixNOQP and
fixGHIS operons for the synthesis of a high-affindlyhs-type terminal oxidase (Nellen-
Anthametteret al, 1998), the heme biosynthetic geesnA(Pageet al, 1995),hemN.»
(Fischeret al, 2001), and possibliiemB (Chauhan and O’Brian, 1997), tiwip genes
coding for a symbiotic uptake hydrogenase (Durmawaicd Maier, 1998), and tipoN;
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gene encoding™, the specialized factor (Nellen-Anthamatteet al, 1998). Although the
environmental signal for the RegSR two-componestesy is not yet known (Bauet al,
1998), the activity of the transcriptional activalifA is directly affected by oxygen status
(Fischer, 1996; Sciottet al. 2003). Induction of this second pathway is mexiaby the
RegSR two-components regulatory system which aftgivation by a phosphorylation
process induces tHxRnifAoperon expression, which encodes the NifA regwgbootein.
Transcription of this operon is controlled by twaeedapping promoterdixRp andfixRp,
induced in anaerobiosis and aerobiosis conditicegiated by NifA ana* and by RegSR,
respectively (Barriogt al.,1995; Barrioset al., 1998). NifA activates gene expression in
concert with the RNA polymerase containiotf, which, inB. japonicum is encoded by
two highly similar, functionally equivalent genepd@N; andrpoN,, Kullik et al., 1991).
Thus, RpoN represents a link between the two regulatory cescgSciottiet al. 2003).
Among the targets of NifA ameif genes directly involved in nitrogen fixation arldcathe
fixRnifA operon, which is subjected to NifA-dependent aetgulation under low oxygen
conditions (Fischer, 1996, Bauetral., 1998). Furthemore, NifA controls expression of the
fixA and fixBCX genes, also esential for nitrogen fixation. Recstudies by using
microarrays led to a substantial expansion of tif& Kegulon size, culminating in a total

of 65 genes for nitrogen fixation and diverse otpreicesses ( Hauset al.,2007).

In addition to fix nitrogen in symbiosis with soybes,B. japonicumis able to grow and
reduce nitrate to Nthrough denitrification when cultured under oxydeniting conditions
with nitrate as the terminal electron acceptor (Mabs et al., 1988). The complete
denitrification pathway consists in the sequentaluction of nitrate (N©) or nitrite (NG

) to dinitrogen (N), through the intermediates nitric oxide (NO) aniious oxide (MO) in

a four-reaction process catalysed by nitrate-,iteitr nitric oxide- and nitrous oxide-
reductase, respectively. Reviews covering the phygy, biochemistry and molecular
genetics of denitrification have been publishe@wlgere (Zumfet al.,1997; van Spanning
et al.,, 2005 and 2007). IB. japonicum denitrification reactions are catalysed by the
products ofnapEDABC (Delgadoet al., 2003), nirkK (Velascoet al., 2001), horCBQD
(Mesaet al.,2002) anchosRZDYFLXVelascoet al.,2004), which encode reductases for
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nitrate, nitrite, nitric oxide, and nitrous oxideespectively. Similar to many other
denitrifiers, expression of denitrification genes B. japonicumrequires both oxygen
limitation and the presence of nitrate or a deridkedxide (NOx). Microaerobic induction
of transcription from thenap, nir, nor and nos promoter regions depends on the FixLJ-
FixK, regulatory cascade (Bedmat al.,, 2005; Robleset al., 2006). In addition to
microaerobiosis, the presence of a NOx is cruaahiaximal expression @. japonicum
denitrification genes (Bedmat al 2005). N oxide-mediated induction wép, nir andnor
depends on NnrR, a protein with high similarity ENR/CRP-type transcriptional
regulators (Meseaet al., 2003; Robleset al. 2006). NnrR expands the FixLJ-FixK
regulatory cascade by an additional control levéliclv integrates the N-oxide signal

required for maximal induction of the denitrificari genes.

Our own previous results suggested that maximalessgon of denitrification genes occurs
at a very low oxygen concentration when ttidy; oxidase has consumed the oxygen
present in the growth medium (Bueed al., 2008). These observations allowed us to
propose that, in addition to the FixLJ-Fixkegulatory system, the NifA regulatory protein
induces gene expression at a very low oxygen cdrateon (Sciottiet al., 2003) and it
might be involved in the expression of denitrifioatgenes. In this work, we demonstrate
that NifA is required for maximal induction efapEDABCand nirK genes suggesting a

new role of this protein on the regulationBfjaponicundenitrification genes.
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4.3. MATERIALS AND METHODS.

Bacterial strains and growth conditions Bradyrhizobium japonicunl1G0spct
(Regensburger & Hennecke, 1983) wild-type straith fark, 9043 (Nellen-Anthamatteet
al., 1998) andnifA A9 (Fischeret al., 1986), mutant derivative strains were used in this
study. Strains 0602 (Roblex al., 2006) and 2498 (Mesat al., 2003) are wild-typeB.
japonicum strains containing anapE-lacZ and a nirK-lacZ transcriptional fusions,
respectively. Strains 1108 (Roblesal, 2006), and 2498K(Mesaet al., 2003) arefixK,
mutant derivatives containing &apE-lacZ and nirK-lacZ transcriptional fusions,
respectively. In this work, plasmids pBG0614 (Resl#eal.,2006) and pRJ2498 (Mega
al., 2003) containing aapE-lacZandnirK-lacZ transcriptional fusions, respectively, were
integrated by homologous recombination into thewetosome of thaifA mutant resulting

in strains 1501 and 1502, respectively.

B. japonicumstrains were grown aerobically in liquid batch auds containing peptone-
salts-yeast extract (PSY) medium (Regensburger &ndeke, 1983) at 28 °C. Anaerobic
batch cultures were kept at 30 °C in YEM mediumn@ént, 1974) supplemented with 10
mM KNOs in completely filled, rubber-stoppered serum bstibe tubes. Antibiotics were
added toB. japonicumcultures at the following concentrations (pg*jnispectinomycin
200, kanamycin, 200 and tetracycline 1@0.coli strains were cultured in Luria Bertani
(LB) medium (Miller, 1972) at 37 °CE. coli DH5a (Stratagene, Heidelberg) was used as
host in standard cloning procedures &daoli S17-1 (Simoret al., 1983) served as the
donor in conjugative plasmid transfer. The antib®used wereug mr?): ampicillin, 200;
gentamycin, 10; streptomycin, 20; spectinomycin, Rhamycin, 25 and tetracycline, 10.
For primer extension experiments, an 878HgoRI/Pstl fragment from pRJ2498 (Mesd
al., 2003) containing the promoter region mfK was cloned into pBluescript KS (+)
(Stratagene) resulting in plasmid pBG0103 (thisk)or

RNA isolation. Cells of B. japonicumwere grown aerobically in 50 ml PSY

medium to mid exponential phase (§3p0of 0.3-0.4). Then, cells were harvested by
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centrifugation at 8,000 for 10 min at 4°C, washed twice with YEM mediundancubated
anaerobically for 24 hours in YEM medium containih@ mM KNGs;. Cultures were
immediately transferred into cold tubes containthfy volume of “stop solution” (10%
phenol, pH 8, in ethanol; Bernsteghal.,2002). After centrifugation at 10,8@0for 5 min

at 4°C, the supernatant was decanted and the paletdiately frozen in liquid nitrogen
and stored at —80°C. Total RNA was isolated usimghot phenol extraction procedure
described previously (Babst al., 1996). RNA integrity and purity were checked by
agarose gel electrophoresis. Quantification of RédAcentration was done by measuring

absorbance at 260 nm with a spectrophotometer.

Transcript analysis. The transcriptional start site of thirK gene was mapped by
primer extension (Babset al 1996, Nienaberet al 2000) using oligonucleotides
nirk _rev_4 (5-TTTCTGGCGCGGCAGTTTGAG-3) and nirkew 5 )
GGCCACCAGCTCCACTTTCTG-3'). 50 picomoles of eachmper were end-labelled
with [y-*?P]-ATP and T4 polynucleotide kinase (Fermentasniug, Lithuania). About 10
c.p.m. of the corresponding labelled primer wasrigybed overnight at 30 °C to 10 ug total
RNA from anaerobically incubatdsl. japonicuml110spct (wild type), A9 (ifA), and 9043
(fixKy). Extension reactions were performed with 400 surif SuperScript reverse
transcriptase (Invitrogen, Carlsbad, CA, USA) foh Jat 42 °C. After phenol extraction
followed by ethanol precipitation, extension proguevere loaded on 6% denaturing
polyacrylamide gels adjacent to sequencing laddgenerated with the same

oligonucleotides and plasmid pBG0103.

Determination of nitrate reductase and nitrite redutase activity. Cells of B.
japonicumgrown aerobically in 50 ml PSY medium were harvedig centrifugation at
8,000g for 10 min at 4°C, washed twice with YEM mediumdaasuspended in 125 ml of
the same medium supplemented with 10 mM KNGQultures were incubated under
anaerobic conditions for 2 and 4 days. After incdigdoma cells were washed with 50 mM
Tris/HCI buffer (pH 7.5) until no nitrite was deted, and then resuspended in 1.3 ml of the
same buffer. Methyl viologen (MY-dependent periplasmic nitrate reductase act{igp)

was analysed essentially as described by Delgtdb (2003).For determination of MW
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dependent NiR activity, the reaction mixture comeai 50 mM Tris/HCI buffer (pH 7.5),
100 uM NaNGO,, 800 uM methyl viologen and 20Qul of cell suspension (1-3 mg of
protein). The reaction was started by the addivdérb0 ul of freshly prepared sodium
dithionite solution (30 mg - mlin 300 mM NaHC@). After incubation for 20 min at 30°C,

the reaction was stopped by vigorous shaking thilsamples had lost their blue colour.

Determination of p-galactosidase activity.Cellswere grown aerobically in YEM
medium, collected by centrifugatian 8,000g for 10 min at 4 °C, washed twice wiEM,
and finally incubated microaerobically the same medium supplemented with KNO
Cultures with an initial Oy of about 0.2 were incubated for 2 and 4 days.vitgtwas
determined with permeabilized cells fromleadst three independently grown cultures as
previously describe@Miller, 1972). Cells removed from stoppered flasksre notkept

microaerobic but were used immediately for assays.

Analytical methods. Nitrite concentration was estimated after diazdittra by
adding the sulfanilamide/naphthylethylene diamiwbydirochloride reagent (Nicholas &
Nason, 1957). Protein concentration was estimayedsing the Bio-Rad assay (Bio-Rad
Laboratories, Richmond, Ca) with a standard curf/esaoying bovine serum albumin

concentrations.

Haem-c proteins analysis.Cells ofB. japonicumgrown aerobically in 500 ml PSY
medium were harvested by centrifugation as aboashed twice with YEM, resuspended
in 1 | of the same medium supplemented with 10 mNICK, and finally incubated under
anaerobic conditions for 4 days. Membrane preparativere performed as described
earlier (Delgadcet al., 2003). For that, anaerobically incubated cellsemgashed with 50
mM sodium-phosphate buffer (pH 7.0) containing 1 mMgCl,, 0.1 mM CaCl, and 0.9%
NaCl, and resuspended in 3 ml of the same buffentaggng 1 mM 4-
amidinophenylmethanesulfonyl fluoride (APMSF), 2§ mI* of DNase |, and 20 pg
of RNase A. Cells were disrupted by three pass#gesigh an ice-cold French pressure

cell (SLM-Aminco) at a pressure of about 120 MPabkdken cells were removed by
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centrifugation at 10,000g for 10 min at 4 °C. Membranes were prepared by
ultracentrifugation of the supernatant at 140,8@6r 1 h at 4 °C. The membrane pellet was
washed once with fractionation buffer, resuspende200 ul of the same buffer and stored

at -20°C.

Membrane protein aliquots (30 pg) were dilutedample buffer (124 mM Tris-HCI, pH
7.0, 20% glycerol, 4.6% SDS, and 50 mM 2-mercap@®adl), and incubated at room
temperature for 10 min. Membrane proteins were re¢pad at 4°C in SDS-12%
polyacrylamide gel electrophoresis (PAGE), transi@rto a nitrocellulose membrane and
stained for haem-dependent peroxidase activity escribed previously (Vargast al.,
1993) by using the chemiluminiscence detectioriifper Signal” (Pierce).

4.4. RESULTS AND DISCUSSION.

Role of NifA in B. japonicum nitrate dependent anaerobic growth. To
investigate the involvement of the NifA regulatoprotein on denitrification, aB.
japonicum nifAmutant strain A9 was incubated anaerobically inMYBedium with 10
mM KNOj as final electron acceptor. Growth was determingdnionitoring the optical
density at 600 nm [O§q (Fig. 4.1). In contrast to thB. japonicum110spcet parental
strain, thenifA mutant strain A9 showed a defect in growth, reagla turbidity [ORog of
only 0.21 compared with an [QR)] of 0.58 observed in the wild-type cells after ddys
incubation under anaerobic conditions with nitréi#ey. 1). As shown previously (Nellen-
Anthamatteret al.,1998) cells of the strain 9043 affected in th&; gene, were unable to

grow under denitrifying conditions.

While nitrate was not reduced to nitrite in tBe japonicum9043 strain, nitrite was
accumulated in the growth medium of wild-type ar@ gtrain as a consequence of nitrate
reduction (Fig. 4.1). However, a lag in nitrite feation was observed during growth of the
nifA mutant compared to wild-type cells. After 4 daysubation under anaerobic
conditions with nitrate, nitrite was consumed By japonicum110spct, decreasing its

concentration in the growth medium to zero (Fid.) 4However, nitrite accumulated and
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remained in the growth medium of thédA mutant (Fig. 4.1). The defect in growth under
nitrate-respiring conditions as well as the delaynitrite formation and the incapacity to
consume this nitrite observed in tBejaponicumstrain A9 suggest that in tm&fA mutant

it may be an alteration in the periplasmic nitregductase encoded ImapEDABCand in
the Cu-containing nitrite reductase encodednbii{, enzymes which are involved in the
first two steps of the denitrification pathway B japonicum(Bedmaret al., 2005). In
contrast to our observations, Baegral., (1998), showed that th&fA mutant strain A9 is
able to grow under anaerobic conditions with nétrat similar rates as the wild type. The
apparent discrepancy with the results presenteel ¢muld be due to the different growth
conditions used in this work.

0.6

0,4 -

INO, 1(mM)

0.2

Cell density (0D

Time (d)

Figure 4.1. Nitrate-dependent anaerobic growth (closed symbeansl nitrite production
(open symbols) of wild-typ8. japonicuml10spct (m,00), nifA mutant derivative A9 4 ,A

) and fixK, mutant derivate 9043’(0). Cells were incubated anaerobically in YEM
medium supplemented with 10 mM KNO

Role of NifA in napEDABC and nirK expression.After 2 days incubation under

anaerobic conditions with nitrate, no differencedviv*-dependent nitrate reductase (NR)

and nitrite reductase (NiR) activities were obsdrsetween the wild-type andfA cells
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(Fig. 4.2a and b). However, after 4 days incubatiomler nitrate-respiring conditions,
levels of NR and NiR activities in cells of th&A mutant strain A9 were about 2-fold and
4-fold lower, respectively, than those detectethim parental strain 18P} (Fig. 4.2a and
b).

No NR or NiR activities were observed in theK, mutant background either after 2 days
or 4 days incubation (Fig. 4.2a and b), confirmiihg inability of this strain to grow under

nitrate-respiring conditions.

(@)

! (mg prot)]

Nitrate reductase activity
[nmol NO,™ produced

2d 4d

(b)

m'! (mg prot)™]

Nitrite reductase activity
[nmol NO, consumed

M

2d 4d

Figure 4.2 MV'-dependent nitrate reductase (a) and nitrite regectb) activity in cells
from B. japonicuml110spct (black bars)nifA mutant derivative A9 (white bars) afaK,
mutant derivative 9043 (grey bars). Cells were lratad in YEM medium supplemented
with 10 mM KNG; for 2 and 4 days. Data are means + standard #owor at least two
different cultures, assayed in triplicate.

After 2 days incubation, similar levels pfgalactosidase activity were observed in the wild
type andnifA mutant containing aapE-lacZor a nirK-lacZ fusions (Fig. 4.3a and b).
However, after 4 days incubation under anaerohiditions with nitrate, cells afifA
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mutant strains 1501 and 1502, withnapElacZ and nirK-lacZ fusions, respectively,
showed very low levels gf-galactosidase activities compared to those deddotcells of
parental strains 0602 and 2498 containingrtpElacZ and nirK-lacZ fusions (Fig. 4.3a
and b). As shown previously (Robletsal.,2006; Velascet al., 2001; Meseet al., 2003)
expression oB. japonicum napEDAB@ndnirK genes was completely inhibited in cells of
the B. japonicumstrain 9043 lacking théxK, gene after 2 and 4 days incubation under

anaerobic conditions with nitrate (Fig. 4.3a and b)

350
300 7
250
200 7
150

100 7
50 7
|

2d 4d

(@)

B-Galactosidase activity
[Miller units]

200

(b)
150 1
100
o=
0 2d ' 4d

Figure 4.3.p-Galactosidase activity fromreapE—lacZ(a) ornirK—lacZ (b) fusion in wild

[3-Galactosidase activity
[Miller units]

type B. japonicumstrains 0602 and 2498 (black bamsifA mutant derivatives 1501 and
1502 (white bars) antixK, mutant derivatives 1108nd 2498K (grey bars). Cells were
incubated in YEM medium supplemented with 10 mM KN@r 2 and 4 days. Data are
means + standard error from at least two diffeceiitures, assayed in triplicate.

These results demonstrate that induction of NR Ml activities, as well asapEDABC

and nirK expression, observed after 2 days incubation umdererobic conditions is

meditated by FixK since it is retained in th&fA mutant, and is completely inhibited in
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the fixK, mutant. However, since the increased expressiorapEDABCandnirK genes
observed after 4 days incubation, is not observethé nifA mutant, we propose that
expression of those genes is under the additiooatra of NifA. No expression was
observed in thdixK, mutant background after 4 days incubation sugggshat Fixk; is
absolutely required for activation of both tha&pEDABCandnirK promoters. After 4 days
incubation, the cellular oxygen concentration dases after being consumed by tind;
oxidase. Then, maximal induction @firK and napEDABC genes when the oxygen

concentration within the cells has dropped to & \@w level is probably NifA dependent.

Supporting this hypothesis, it has been proposeadl ittduction of the NifA-dependent
genes only occurs at very low oxygen concentrafi@iow 2%) whereas that of the FixK
targets progressively increased when oxygen corateont decreased from 21 to 0.5 % in
the gas phase (Sciott al, 2003).

Recently,microarrays experiments to characterizeBhg@ponicumNifA+c* regulon were
performed (Hauser et al., 2007). In these studieghernirK or napEDABCgenes could
be identified as NifA-dependent genes. These esldtnot support our observations. As
suggested above, this discrepancy is probablyatieetdifferent growth conditions used in
this work.

Haem-c analyses.To investigate the expression levels of the Nap@pmnent of
the periplasmic nitrate reductase in théA mutant, haent staining experiments were
performed in membranes of cells incubated undeerabéc conditions with nitrate. Six
stained bands of 32, 28, 25, 24, 20 and 16 kDa detected in wild-type membranes (Fig.
4.4, lanes 1 and 4). The proteins of 28, 20 an&#® have been identified previously as
the B. japonicumcytochromec; (Thony-Meyeret al., 1989), CycM (Botet al.,1991), and

NorC subunit of the nitric oxide reductase enzyiMedaet al.,2002), respectively. As
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described by Preisigt al., (1993), there is even a seventh protein of 28 &®anigrating
with cytochromec;. This 28 kDa protein and the 32 k@aype cytochrome have been
identified as thé. japonicumFixP and FixO proteins, respectively, of ttiax-type, high-
affinity cytochrome oxidase encoded by fheNOQP operon (Preisigt al., 1993; Preisig
et al., 1996). The haem-stainable band of approximatel\kR28, corresponds to NapC
(Delgadoet al., 2003). In this work, we found that expression @fpl protein was very
low in cells of thenifA mutant, compared to expression levels detectedilthtype cells
(Fig. 4.4, lanes 1 and 3 respectively). In i\ mutant, expression of the cytochrome of
about 24 kDa is also lower that that observed enwfid-type strain (Fig. 4.4, lanes 1 and

3). The physiological role of this cytochrome i¢ yaknown.

In addition to NapC, very low expression of Nor@snobserved inifA cells after 4 days

incubation compared to the wild-type expressioeleyFig. 4.4, lanes 1 and 3).

kDa
32 FixP
28 FixO/c,
25 NapC
24 P
20 CycM
16 NorC

Figure 4.4. Haem-stained proteins in membranes prepared frdia oé wild-type B.
japonicum110spat (lanes 1 and 4)egRmutant strain 2426 (lane 2)ifA mutant strairA9
(lane 3) andfixK, mutant strain 9043 (lane 5). Cells were grown biesdly in PSY
medium, collected by centrifugation and furthenibated anaerobically in YEM medium
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supplemented with 10 mM KN{for 4 days. Each lane contains about 25 pg membran
proteins. Haem-stainedtype cytochromes identified previously are spedfat the right

margin. Apparent masses of the proteins (kDa) laogvs at the left margin.

These results suggest that NifA may have also ativegeffect in expression ofr genes.

In fact, lower expression ofraorC-lacZfusion was observed in the strain A9 as compared
to that observed in the wild-type strain (data sbbwn). In denitrifiers, such aB.
denitrificans(van Spanninget al., 1999) andR. sphaeroidegKwiatkowski & Shapleigh,
1996) nitric oxide (NO) acts as the signal moleduale transcriptional activation afior
genes. Recent results from our group, shothetl NO formation by NirK is required for
maximal expression oB. japonicum norgenes (Roblegt al., submitted). As we have
observed in Figures 2b and 3b, in BagaponicummifA mutant strain A9, there is very low
expression ofirK and the reduction of nitrite to NO is impaired.eTHefect in NO
formation may prevent maximal expression of NorQha nifA mutant. Whether or not

NifA controls nor genes expression (directly or indirectly) needsd@lucidated.

As observed by-galactosidase activity analysis (Fig. 4.3a), npregsion of NapC could
be observed in thiixK, mutant (Fig. 4.4, lane 5). In addition to NapC, EveP component

of the cbb; cytochromec oxidase, the cytochrome of about 24 kDa, and tbeCNorotein
were absent in membranes of tieK, mutant strain 9043. These results confirm the
previously described role of FixKn the activation of théixNOQP (Nellen-Attamateret

al., 1998) andhorCBQD promoters (Mesat al., 2002). They also suggest a possible role
of the 24 kDa cytochromein B. japonicummicroaerobic metabolism.

A mutant in the regulatory RegR protein was alsduded in the assay (Fig. 4.4, lane 2).
No differences in expression of NapC and NorC pnstevere observed in thegR mutant

compared with the wild-type expression levels (Higt, lanes 1 and 2). This observation
rules out the possibility of an implication of theo-component regulatory system RegSR

in the negative effect of NifA on the expressiortte# denitrification genes. Although
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RegSR two-component regulatory system induces sgjme of thefixR-nifA operon
(Baueret al., 1998), the activity of NifA is only partially comled by RegR (Fischer,
1996). In fact, NifA was suggested to sense oxygeredox conditions directly, through
the cysteines residues presents in its structusel{€ret al., 1989, Fischer and Hennecke
1987, Kullik et al., 1991). Results from this work clearly demonsttatg the role of NifA
protein onnapEDABCandnirK genes expression is not dependent on RegSR. trasbto
our findings, a role of the PrrAB two-componentteys in nirK expression has been
demonstrated irRhodobacter sphaeroidés4.3 (Laratta et al., 2002). However, in this
bacterium the primary function of nitrogen oxidspiation is redox balancing rather than
supporting anaerobic growth as seen in many “tretdfiers” like B. japonicum Very
recently, a role of the Prr/Reg ortholog designatetR in controlling expression ofirk

andnor has been proposedAgrobacterium tumefacienfBaeket al 2008 ).

Transcription analysis of the nirK gene. Primer extension experiments were
performed to analyzeirK transcription in cells oB. japonicuml1G0spet, and thdixK; and
nifA mutant strains, incubated anaerobically with tetr&keverse transcription with RNA
from the wild-type strain revealed a majorK-specific transcript starting at a C, 26
nucleotides upstream of the putative translatictedt codon (Fig. 4.5a, lane 1). Levels of
cDNA obtained after extension with tim&K primer were significantly lower in theifA
mutant strain A9 compared with those detected enwiiid-type strain 11€paé} (Fig. 4.5a,
lanes 1 and 3). No transcript was detected when Rid# isolated from cells of tHxK;
mutant strain 9043 (Fig. 4.5a, lane 2). Inspectbrthe DNA sequence upstream of the
nirK transcriptional start site (Fig. 4.5b) revealed finesence of the sequence 5 -TTGTT-
N4-CGCAA-3" located at position -40.5 upstream of thenscriptional start site. This
sequence has been proposed previously as the gisidénfor the FixK regulatory protein
(Velascoet al 2001) and has seven out of ten matches with KWfe €onsensus sequence,
5-TTGAT-N4-ATCAA-3", and the FixK consensus sequence, 5°-TTEW-GTCAA-3’,
respectively (Zumft 1997, Fischer 1994, Spiro et1&l94).Overlapping with the Fixk
anaerobox there is the sequence 5 -TGFACA-3" similar to the upstream activator

sequence (UAS) corresponding to the binding sitéhfe transcriptional activator protein
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NifA (Fig. 4.5b) which is present in most (but rait) NifA-dependent promoters at a
distance of 80 to 150 nucleotides upstream of iduestriptional start site (Fischer, 1994).
However, the NifA-UAS sequence detected in Bhgaponicum nirKpromoter is only at a
distance of 30 nucleotides upstream of tim transcriptional start site (Fig. 4.5b). It is
well established that NifA activates gene expressio concert with RNA polymerase
containing the specialized factet’, which enables the core polymerase to recognizé -2
12 type promoters (Bucgt al., 1987). However, in the promoter region Bf japonicum
nirk, the > consensus sequence could not be detected (Fig. £6hsistent with this
observation, phenotypic studies oBajaponicunrpoNy;, mutant lackings>* demonstrated
that this strain was able to grow and to expredd-type levels of MV-dependent NiR
activity andp-galactosidase activity from mirK-lacZ fusion when was incubated under
anaerobic conditions with nitrate as electron ampefdata not shown). These results
suggest that expressionmifK is not dependent ost. As far as we know, this is the first
case in which a gene is NifA-dependent, but is dependent oro>* (at least in the

conventional way).
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b)  ATCTAAGTACTGTTGCGGAGGCGAATCCGGCGAAA
——s  NifA-UAS -
GCﬂTQTTGCAGCGgAAACAhTCTTGCCGTAACAG

FixK,-anaeraobox i

GCGCACACTGCATCCCGTCATCAAAACCATTTCA

GATGAAGGATGCTTCCGATGTTCACCCGHCAGAGCC
M T. P M F T R R A
Nirk
Figure 4.5.(a) Mapping of the transcription start siteBfjaponicum nirkgene by primer
extension. For RNA isolation cells of wild-tyd®. japonicum11Gspat (lane 1),fixK;
mutant strain 9043 (lane 2) andA mutant strain A9 (lane 3) were incubated anaeadlyic
with nitrate. The sequencing ladder shown was gdedrwith pBG0103 and primer
nirk_rev_4, which was used for the transcript magpi The transcriptional start site for
nirK is marked with an arrow. The same transcriptiont site was determined also with
primer nirK_rev_5 (data not shown) (birK promoter sequence. The nucleotide at which
transcription initiates is shown in bold and markeldabove. A potential binding site for
NifA (UAS) and FixK; (anaerobox) are shown. The putative translatioteat €odon is

indicated in bold. The N-terminal sequence of tlkKNbrotein is present in one letter code.

NifA, a novel regulator for denitrification genes.In B. japonicumis well

136



Capitulo 4

established the involvement of the FixLJ/Fixkegulatory cascade in the microaerobic
induction of the denitrification genes (Bednral., 2005) as well as other genes such as
the fixNOQP operon (Nellen-Anthamatteat al., 1998). Induction of FixK-controlled
targets progressive increases when the oxygen otraten is lowered from 21 to 0.5 %.
Only when oxygen concentration decreases below #%, NifA protein activates
expression of a set of gentwt comprises those involved in nitrogen fixateomd other
functions (Sciotteet al. 2003). In this work we confirm previous work (Beamt al., 2005)

by showing that FixK is absolutely required fonirK and napEDABC expression.
However, maximal expression of denitrification genevhich occurs after 4 days
incubation under anaerobic conditions, when oxygemcentration is probably very low,
requires the NifA protein. These results suggest th addition to FixK, NifA also
controls the expression of timapEDABC andnirK denitrification genes emphasizing the
previously suggested role of NifA as an activatdéramaerobically induced genes in

addition to the classical nitrogen fixation gendgefaberet al. 2000, Hauseet al. 2007).

In this work, we propose a new model on the contbldenitrification genes irB.
japonicum In this model, denitrification genes expressisrunder the control of the two
oxygen responsive regulatory cascades FixLJ/FNHIR and RegRS/NifA. The first
cascade is essential for a basal microaerobic trmtuof denitrification genes. In this
cascade an additional N oxide induction of demiation genes is mediated by NnrR
(Mesa et al., 2003; Robles et al., 2006). In raspdo microaerobic conditions, Fix&lso
activates other genes like thigNOQP operon encoding thebb; terminal oxidase. When
oxygen is consumed by this oxidase (after 4 dagshiation under low oxygen conditions),
maximal expression of denitrification genes is colfied by the NifA regulatory protein.
This model is supported by ovecently published haem-staining experiments (Busno
al., 2008) where after 2 days incubation under anaerotmditions with nitrate, thebb;
oxidase is fully expressed B. japonicuml10spct cells. However, expression of NapC
and NorC proteins is still very weak being fullypegssed after 4 days growth suggesting
that oxygen consumption by the cells is required ftdl expression of denitrification

proteins.
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The results from this work clearly demonstrate tRdA is involved in the regulation of
napEDABCandnirK denitrification genes (Fig. 4.6). Whether or nogde genes are direct

or indirect targets of NifA is under investigation
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Figure 4.6.Proposed model of regulation Bf japonicumdenitrification genes by FixLJ-
FixKo>-NnrR and NifA oxygen-responsive regulatory cassadielodified from Mesat al,
2003).
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5.1. ABSTRACT.

In Bradyrhizobium japonicum, denitrification is catalyzed by the products of
napEDABC, nirK, norCBQD and nosRZDYFLX genes which encode reductases for
nitrate, nitrite, nitric oxide and nitrous oxidegspectively. Maximal expression of
denitrification genes requires both low oxygen gtads and the presence of nitrate, or
a derived N oxide (NOx), and depends on the FixixkENnrR regulatory cascade. In
this work, we have studied tle vitro transcription activation ofapk, nirK, andnorC
genes by FixK Purified FixK, productively interacted with thg. japonicum ¢80-RNA
polymerase holoenzyme, to activate transcriptiovtro from theB. japonicum napE,
nirK promoters, but not from therC promoter. Primer extension vitro experiments

of napE promoter, revealed the presence of a transcriggiart site situated at 41.5 bp
from the axis of symmetry of the FixKoinding site. However, this site is different to
that found previously byn vivo primer extension experiments where was located at
66.5 bp from the Fixkbox. By contrast taapE, in vitro nirK transcription start site
was similar to that identified previously yvivo transcription studies and is located at
41.5 bp from the FixKbinding site. All these findings indicate a disgarregulation by
FixK, of B. japonicum denitrification genes, in which this regulatoryfain is directly
involved in activatingn vitro transcription ofnap andnirK promoters but not imor

transcription.
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5.2. INTRODUCTION.

Bradyrhizobium japonicum is a Gram-negative sail-proteobacterium with the ability
to form N-fixing symbiotic nodules with soybean plant§lycine max). In this
bacterium, transcriptional regulation of a widegamf genes required for microaerobic,
anaerobic or symbotic growth is support by the kixkKotein (Nellen-Anthamatteet
al., 1998; Mesat al., 2003; for reviews, see Fischatral., 1996 and 1994). FixK is
part of the FixLJ-Fixk regulatory cascade (Nellen-Anthamatteh al., 1998).
Conditions of low oxygen concentration are sensethb FixL hemoprotein, which, in
its deoxygenated form undergoes autophosphoryldtigiles Gonzalezt al., 1991;
Gonget al., 1998). In turn, the phosphoryl group is trangférto the cognate response
regulator FixJ, whose only known target is th&, gene. Apart from being activated
by FixJ-phosphate, tHexK, gene is repressed (directly or indirectly) byowsn product
(negative autoregulation) (Nellen-anthamatten etl@98). The FixK protein belongs
to the cyclic (CAMP) receptor protein (CRP) and toenarate and nitrare reductase
(FNR) activator protein superfamily of transcriptiéactors that trigger physiological
changes in response to a variety of metabolic amwtt@mental signals (Greest al.,
2001; Korner etl., 2003). Members of this superfamily are predidtete structurally
related to CRP. Typically, they consist of four d¢tianally distinct domains: a N-
terminal sensor domain where three cysteine resi@D20, C23 and C29) together with
a centrally located cysteine (C122) coordinate inigof redox-responsive [4Fe-4#3]a
central B-roll domain that interacts with RNA polymeraseloag a-helix involved in
protein dimer formation, and a C-terminal helixrelix (H-T-H) motif involved in
DNA binding. By contrast, FixiKand its homologs lack the cysteine motif and there
no evidence that members of this protein classredex responsive (Fisher, 1994;
Kdrner et al., 2003). Transcription activation by CRP/FNR-typ®teins requires (i)
direct contact between them and different partsROFAP and (i) binding to an
imperfect palindromic DNA sequence with a consensafs AAATGTGA-Ng-
TCACATTT (CRP box) or TTGAT-M-ATCAA (FNR box; Busby et al. 1999, Green et
al. 2001) or TTGAT-N-GTCAA (FixK box, Fisheret al., 1994). Amino acid residues
involved in specific interaction with DNA are loeatin the DNA recognition heliuf)

of the H-T-H DNA binding motif ¢z-aF). Three charged residues, R180, E181, and
R185, of CRPx: make contacts with each CRP box half-site, whettea&NR residues
E209, R213, and S212 interact with each FNR bokdii@ (Green et al. 2001). Thus,
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S212 of FNR and R180 of CRP provide the discriminatcontacts between the

regulators and their respective targets.

CRP/FNR-dependent promoters can be grouped inée ttlasses (I, I, and Ill) based
on the number and the position of CRP/FNR bindiiigssrelative to the start of
transcription as well as on the mechanism for tapgson activation (Busby et al.
1999). The upstream DNA binding site in class Inpoters is centered either at position
-61.5 (i.e., its axis of symmetry is between posisi -61 and -62) or one to three helical
turns further upstream (i.e., -71.5, -82.5, or 592At class Il promoters, the symmetry
axis of the binding site is located at position.%felative to the transcription start site,
thus overlapping with the -35 region. Class Il mpagers comprise twin DNA sites for
CRP or FNR (Busby et al. 1996, Guest et al. 1988 is, they require binding of two
(or more) CRP/FNR dimers or a combination with othetivators to achieve maximal

transcription activation.

B. japonicum is also able to assimilate and denitrify N@imultaneously to N and
N2 when cultured under microoxic conditions with ai& as the only source of nitrogen
(Vairinhos et al., 1989). Denitrification reactions in this speee catalysed by the
products of thenapEDABC, nirK, norCBQD and nosRZDYFLX genes which encode
reductases for nitrate, nitrite, nitric oxide, amttous oxide, respectively (Bedmetral.,
2005). Like in many other denitrifiers, maximal exgsion of denitrification genes B
japonicum requires both low oxygen conditions and the preserdf nitrate, or a derived
N oxide (NOx). In B. japonicum, it has been demonstrated vivo, by using
transcriptional fusions to tHacZ reporter genehat induction of transcription from the
nap, nir, nor andnos promoters depends on FixkMesaet al., 2003; Bedmaket al.,
2005; Roblet al., 2006). InB. japonicum in addition tofixLJ-fixK,, the gene encoding
the NnrR (iitrite and_ntric oxide fespiratory egulator) protein which belong also to the
FNR-like proteins has been identified (Metaal., 2003). Mutant strains carrying an
nnrR null mutation were unable to grow under anaerabieditions in the presence of
nitrate or nitrite, they lacked nitrate and nitriteductase activities and showed
decreased expression kdp andnir promoters. Induction of theorCBQD promoter
was completely abolished in the absence of a fanathnrR gene (Mesat al., 2003;
Robleset al., 2006). Thus, NnrR expands the FixLJ-Fixkegulatory cascade by an
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additional control level which integrates the N disignal required for maximal
induction of the denitrification genes (Mestal., 2003).

In B. japonicum it has been identified at least thirteen Fidépendent genes or
operons that are associated with a putative fihidding site (Nellen-Anthamattes
al., 1998; Bedmaet al., 2005). Among them, the denitrification gemapE (Delgado
et al., 2003) nirK (Velascoet al., 2001) and orC (Mesaet al., 2002) transcriptional
start site had been mapped. ThieK and norC promoters have the typical class I
architecture, with the location of the binding site-41.5 bp from the transcriptional
start site. However, theapE promoter might be an exception in that since thiatpe
FixK, binding site is centred 66.5 bases upstream oftrdwescriptional start site

(Delgadoet al., 2003), which makes it a candidate for beingagsl promoter.

Very recently, it has been demonstrated that mdrifiFixK, protein activates
transcription from theB. japonicum fixXNOQP, fixGHIS and hemN, promotersin vitro
(Mesa et al., 2005) suggesting that this protein is sufficiéat activatein vitro
transcription to at least a basal level. This @Bty with the well-studied CRP/FNR-

type proteins, which do require coregulators.

In this work, we report then vitro transcription activation by the FixKon theB.
japonicum napE, nirK and norC genes. Our results suggest thapE and nirK
promoters are direct targets of the Fixidediated activation but not theorC

promoter.
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5.3. MATERIALS AND METHODS.

Plasmid construction. Plasmid used as transcription templates were based
pRJ9519 which containsB japonicum rrn transcriptional terminator (Belyaeva et al.
1993).

Plasmid pRJ8816 bearing BamHI/EcoRI-digested 563-bp fragment containing the
fixXNOQP promoter (Mesat al., 2005) was used as positive control. Plasmid pRJ&322
plasmid pRJ9519 with &@BamHI/EcoRl 273-bp fragment containinghapEDABC

promoter that was amplified by PGRing bsr7036_for_1 and bsr7036_rev_1 primers.

Plasmid pRJ8822 is pRJ9519 withBamHI/EcoRI 465-pb PCR fragment amplified
with primers nirK_rev_1 and . Plasmid pRJ8839 |sRiJ9519 derivative that contains
the norC promoter consisting in akEcoRI-BamHI fragment (Soco) that was amplified
by PCR using primers and( ).

Primer Name Nucleotide Sequence

bsr7036_for_1 5-CGGGATOBCCCCATCTGGTTCACAATTC-3'
bsr7036_rev_1 5-GGAATTCCBBAGGCGAAAATCTCCAT-3
nirk_for_4?soco

nirk_rev_4 5-TTTCTGGCGGCAGTTTGAG-3'
nirk_for_5?soco

nirk_rev_5 5-GGCCACGRETCCACTTTCTG-3'

norC_for_?soco

norC_rev_"?7soco
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Specificin vitro transcription assay. RNA was synthesized in a 18-l reaction
volume containing 4 pl of 5x IVT buffer (fermenta) ul of 10 mM NTP, 0.5 ul of
RNAse inhibitor (40 U/ ul), 1.5 ul plasmid DNA aasmplate (1 pg/pul) and 0.1 pd-[
%2P] UTP (10 pCi/pl, DuPont NEN, Boston, Mass.).

Different amounts (1.5 to 3M) of previously purified Fixkk recombinant protein
(Mesaet al., 2005) were added to the reaction mixture. Tdection was started by
adding 1.4 pg oB. japonicum RNAP (100 nM; purified as previously described by
Beck et al., 1997) and incubated for 30 min at 37°C. Thetreaavas terminated by
placing the reaction tubes on ice. The RNA wasfigariby extraction with phenol-
methylene chloride (1:1) and subsequent ethanaiptation. The RNA was dissolved
in 6 pl of loading dye (38% formamide, 8 mM EDTAHB.0], 0.02% bromophenol
blue, and 0.02% xylene cyanol FF), heated to 88fC2fmin, and loaded onto a 6%
polyacrylamide—7 mM urea gel. Suitable RNA size kees were prepared vitro with

T3 RNA polymerase according to Liggit al. (1994). Markers 1 and 2 were obtained
by digestion of pRJ9601 and pRJ8817 plasmids V&&XI and Bglll restriction
enzymes to yield runoff transcripts of 286 and hd@leotides, respectively (Mesh
al., 2005). Transcripts were visualized with a phosphager. For quantification, signal
intensities were determined with the Bio-Rad Qugr@ine software (version 4.5.2).

Transcript mapping. The transcription start site of thmapE and nirK genes
transcripts synthesizeth vitro was determined by using plasmids pRJ3322 and
pRJ8822, respectively. RNA subjected to primereesion was synthesized as
described above for the specific transcription yassath the exception that no

radiolabeled nucleoside triphosphate was used.

The primer extension experiments were done usimggrro519 1 that hybridizes with
plasmid pRJ9519 sequence located immediately dogarstof the Hindlll site.

50 picomoles of each primer were labeled witi’P]JATP by using T4 polynucleotide
kinase (Fermentas, Vilnius, Lithuania), then fragclaotides were removed by gel
filtration. RNA obtained byn vitro transcription was dissolved in 28 pl of hybridinat
buffer (100 mM Tris-HCI [pH 8.3], 20 mM Mggl 160 mM KCI). Five microliters of
the labeled oligonucleotides (approximately &pm) was annealed to the RNA in vitro
synthesized by incubation at 85°C for 5 min andseghent rapid cooling at -20°C.
Extension reactions were performed with 400 unitSwperScript reverse transcriptase
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(Invitrogen, Carlsbad, CA, USA) for 1 h at 42 °Gdaerminated with 350 ul of stop
solution (30 pl NHAC 7.5M + 300 ul biophenol). After phenol extractitollowed by
ethanol precipitation, extension products were éabon 6% denaturing polyacrylamide
gels adjacent to sequencing ladders generated 98t1© 1 oligonucleotide and
plasmids pRJ3322 and pRJ8822 (200 ng/ ul).

5.4. RESULTS AND DISCUSSION

In vitro transcription of napE by FixK,. Previous work from our group
demonstrated, by using transcriptional fusionsag, nir, nor andnos promoters to the
reporterlacZ gene, that expression of the denitrification getiegends on the FixK
regulatory protein (Bedmaat al., 2005; Roblest al., 2006). Howeverin vitro direct
activation of Fixk over these genes was not reported. To confirmRhdt, mediates
transcription activation at such denitrificationngs directly, we monitored RNA
synthesis by multiple rounéh vitro transcription from thenapE, nirK, and norC
promoters cloned into template plasmid pRJ9519 KB#al., 1997), which carries a
rrn terminator, obtaining plasmids pRJ3322, pRJ8822 @RJ8839, respectively. In
these experiments, previously purified FixfMesaet al., 2005) and ARN polymerase
(RNAP) from B. japonicum were used. Without FixK B. japonicum RNAP did not
transcribe from either of the three promoters @ffidy, (Fig. 5.1a,b and c, lane 1),
whereas it produced a vector-encoded transcridO03@f nucleotides that served as an
useful control (Fig. 5.1a, b, and c) as previoudlgerved by Meset al., (2005).

As positive control, we usefiixN promoter that as described previously (Mesal.,
2005) is transcribeth vitro by FixK; producing a transcript of about 243 nucleotides
(Fig. 5.1a, lane 1 of thiexN panel). In the presence of different concentratiohFixK;
(1.5, and 3 uM),B. japonicum RNAP transcribed thenapE promoter efficiently
producing a transcript of about 305 bp (Fig. 5.lmes 2, and 3, respectively).
However, thenapE transcript obtained was approximately 25 bp higtiean the
theorically expectable transcript of 280 bp acawmgdito previousin vivo primer
extension experiments performed by Delgadoal. (2003). This 280 bp product
comprises a DNA fragment of 91 bp downstream frbein vivo transcription start site
(Delgadoet al., 2003) plus 189 bp until thern transcriptional terminator present in
pRJ3322 plasmid where tihepE promoter was cloned.
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pRJ8B16 pRJ3322 pRJSS22 pRJISS39

_JixN - napE _ nirk norC

a) M - —_— b) _ — C) _ —

1 2 i 2 3 123 1 2 3

286 nt —» Q =S e npE
L
fixN (243 nt) —» -
«—nirK

180 nt — |E5

e <— Control (170 nt)

Figure 5.1.napE (a), nirK (b), andnorC (c) in vitro transcription activation by FixK
Supercoiled template plasmids containing eitherth& indicated promoters cloned
upstream of a strong transcriptional terminatoremesed for multiple-roundh vitro
transcription assays with increasing amounts offipdrFixK, protein and RNAP from
B. japonicum . FixK; concentrations were as follows: no protein (lanelljuM (lane
2), 3 uM (lane 3). Transcripts synthesizaditro in the presence ofif*P]JUTP were
separated on a 6% denaturing polyacrylamide gelvaswhlized by phosphorimager
analysis of the dried gel. Marker transcripts (Maded in lanes M1 and M2 were
generated byn vitro transcription with T3 RNApolymerase of the plassmjgRJ9061
and pRJ8817 linearized with BstXl and Bglll, redpedy. The 107-nucleotide
transcript present in all lanes originates fronr@nmter located on the plasmid vector
and serves as an internal control. Shown are thaltsefrom a typical transcription

experiment that was repeated at least once foriedohdual promoter.
To test the fidelity of thén vitro napE transcription results and in order to confirm the

presence of the non-expected transcript product,determined the 5" end of the

transcript generated by Fixilependenin vitro transcription from th@apE promoter.
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RNA synthesizedn vitro and purified Fixk protein (1.25 pM) was used for primer
extension with 9519-1 primers that hibridized witle template plasmid pRJ95109.
Extension products were run on a sequencing gel toea sequence ladder generated
with the same oligonucleotide and plasmid pRJ332&2shown in Figure 2a, the 5" end
of the in vitro synthesizednapE transcript was located at 41.5 bp from the RixK
binding site TTGAT-N-ATCAA (Fig. 5.2b) confirming the presence of th853bp
product obtained aften vitro transcription analysis.

a) Axis of symmetry of the
FixK, box at -41.5

ATGC
— C
- C

-
- G
- T
e T
- C
-7 = C
..‘ o A
—-— I
=
- G
=2 C
_i. C
=.‘"_ G

b) -

TCGACGGATTGATCCAGATCAACGCGTTGACGCCGCGGTTGC

FixK,-anaerobox

AGCACAAGCAAGGCAAGGTAACGGCCCGGATGCCGTCCCA

+
ATTCCCAAAATTTCAGAGAGACCGAATATGTCGGCCCCTGAC
M 5 A P A

napkE
Figure 5.2 (a) Mapping of the transcription start siteBofiaponicum napE gene. RNA
synthesized by transcription vitro was subjected to primer extension. The sequencing
ladder shown was generated with pRJ3322 and prigsd©9-1 was used for the
transcript mapping. The transcriptional start fstenapE is marked with an arrow. (b)
ThenapE promoter sequence. The nucleotide at which trgosoni initiates is shown in

bold and marked +1 above. The putative kikihding site is indicated by two arrows.
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The putative translational start codon is indicatethold. The N-terminal sequence of

the NapEprotein is present in one letter code.

However, this location is different to that obseftvafter in vivo transcription
experiments (Delgadet al., 2003) where the anaerobox was situated at 66.5dmp f
the start site. It might be possible that under ¢éxperimental conditions used by
Delgadoet al., (2003), this FixK-dependent transcript found in this work could bet
detected. In fact, after looking at other gels ol#d after invivo primer extension
experiments where RNA concentration was increasseécond signal located at 41.5 bp
from the FixKe-binding site could be detected (data not showijs Becond signal
corresponds to the Fixkdependent transcript detected vitro in this work. These
results suggest the presencenap promoter of two transcriptional start sites PB&5

bp and P2 at 41.5 bp from the FixKinding site (Fig. 5.3). PRap promoter is less
activein vivo than P1 promoter. It has been previously dematesirthat levels of
napE expression were higher in nitrate-respiring cdisntin those that were incubated
anaerobically in the absence of nitrate (Delgatial., 2003; Roblest al., 2006). It
might be possible that transcription from the P2Kztdependent promoter in response
to low oxygen conditions is lower than transcriptioom the P1 promoter which could
respond to the presence of nitrate or a derivedibtleoNOXx).

CCAAACTTGCGGTTGTGGTCACGGCCCAACCATCCTCGCAAATCGA

FixK,-binding site
CGGATTGATCCAGATCAALGCGTTGACGCCGCGGTTGCAGCACAA

’—v P2 (41.5 bp) |—> P1 (66.5 bp)

+1 +1
GCAAGGCAAGGTAACGGCCCGGATGCCGTCCCAATICCCAAAATTT

CAGAGAGACCGAATATGTCGGCCCCTGACGACACGACCTCG
M S A P D D T T 8

napk
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Figure 5.3.DNA sequence of theapE promoter region and transcription start sites P1
and P2 are shown as angled arrows. The putative,fimding site is indicated by two
arrows. The putative translational start codonndidated in bold. The N-terminal
sequence of the Nagktotein is present in one letter code.

Taken together, these results and complementamtsesbtained in our group allow us
to propose thabap gene expression is modulated by FixK reponse to low oxygen
conditions, but another regulatory proteins might ibvolved innap expression in
response to nitrate or a NOx. The first candidatéhe transcriptional regulator NnrR
which has been demonstrated is involved in the lagign of theB. japonicum nap
genes (Roblest al., 2006). These authors found that microaerobiadtidn of anapE-
lacZ fusion was retained in &. japonicum nnrR mutant, but no increase if-
galactosidase activity was observed upon nitratiitiad. However, recent experiments
by isothermal titration calorimetry (ITC) showedtiNnrR is not involved in the direct

transcription activation afiapE (Robleset al., submitted for publication).

Other regulatory proteins such as NarXL, NarQP, BiadR have been identified in
denitrifying species in response to NNO, (Spanninget al., 2007). NarXL and
NarQP are members of two-component regulatory syst@Jndenet al., 1995). The
NarX and NarQ proteins are the signal sensors, iwhath respond to NQand NQ
although with different affinities. NarX is more mecific for NG and NarQ for N@.
The NarL and NarP proteins are their cognate respoegulators respectively. B
coli, they bind DNA to control the induction of the gsnencoding membrane-bound
and periplasmic nitrate reductases and repressiorgenes enconding alternate
anaerobic respiratory enzymes. NarR is a memb#reoFNR family of transcriptional
activators, but it lacks cysteines to incorporafédfe-4S] cluster. NarR dParacoccus
pantotrophus (Wood et al., 2001) andP. denitrificans (Veldman et al., 2006) is
specifically required for transcription of timarKGHJI genes most likely in response to
NOsz and/or NQ'. However, neithenar XL, narQP, or narR genes have been annotated

in theB. japonicum genome sequendgbttp://www.kazusa.jp/rhizobase.

In vitro transcription of nirK by FixK,. As explained above and similary as
napE promoternirK promoter was efficiently activated by the Fixprotein producing
a very weak but theoretically expectable transanip239 bp according to previouis

vivo primer extension experiments performed by Buehal., (2008, submitted for
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publication) (Fig. 5.1b). To test the fidelity dfigin vitro transcription system we
determined the 5" end of the transcript generatgdFIxK,-dependentin vitro
transcription from thenirK promoter. 5° end of thim vitro synthesizeairK transcript
was located at 41.5 bp from the FxKinding site, similarly as thairK start site
determined previouslyin vivo (Fig. 5.4). By contrast toapE promoter, these results
demonstrate that only one transcription start sigpendent on FixK protein is
responsible ohirK gene expression. Other regulatory proteins, ssdNraR has been
previously proposed to be involved in induction fK gene (Mesaet al., 2003).
However, recent experiments based in isothermattiobh calorimetry (ITC)
demostrated that NnrR is not a transcriptionalvatdir of nirK gene (Roblet al.,
submitted for publication). Wheather or not othegulatory proteins are involved in

nirK transcription irB. japonicum is unknown.
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a) Axis of symmetry of the
FixK, box at -41.5
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ATCTAAGTACTGTTGCGGAGGCGAATCCGGCGAAA

GOUTTGTTGCAGCGCAAACACTCTTGCCGTAACAG

FixK,-anaerobox

+1

GCGCACACTGCATCCCGTCATCAAAACCATTTCA

GATGAAGGATGCTTCCGATGTTCACCCGCAGAGCC
M L P M F T R R A

nirk

Figure 5.4 (a) Mapping of the transcription start siteBofjaponicum nirK gene. RNA

synthesized by transcription vitro was subjected to primer extension. The sequencing

ladder shown was generated with pRJ8822 and prigsd©9-1 was used for the

transcript mapping. The transcriptional start &aenirK is marked with an arrow. (b)

ThenirK promoter sequence. The nucleotide at which trgstgam initiates is shown in

bold and marked +1 above. The putative Ridihding site is indicated by two arrows.

The putative translational start codon is indicatethold. The N-terminal sequence of

the NirK protein is present in one letter code.
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In vitro transcription of norC by FixK,. To confirm that Fixk mediates
directly transcription activation aforCBQD genes encoding the nitric oxide reductase,
we monitored RNA synthesis by multiple roumdvitro transcription from theiorC
promoter. In contrast to the positivie vitro activation meditated by FixKover the
napE andnirK promoters,in vitro transcription product using r@orC promoter could
not be detected after using different concentratioh FixK, (Fig. 5.1c). However, a
vector-encoded transcript of 107 nucleotides thatedd as a control could be observed
(Fig. 5.1c). These results were unexpected sinbastbeen established that Fixis
required fornor expression. (Meset al., 2002). The promoter region of therCBQD
genes has also been previously characterized mepextension and a major transcript
initiates 45.5 bp downstream to the centre of atoweg FNR-binding site was identified
(Mesaet al., 2002). Recent isothermal titration calorimethp\aed demonstration that
NnrR bound to a specific DNA fragment from the poder region of thenorCBQD
genes and that interaction requires anaerobic tiondj but not the presence of an N
oxide. Since NnrR is a FNR-like transcriptional ukegor, it might be possible that this
protein is able to recognize the FNR binding stdenidin the norC promoter region.
These findings support our observations and rulé¢ the previously proposed
hypothesis that FixKis the transcriptional activator nbr genes irB. japonicum. Since
microaerobic activation of annrR-'lacZ fusion requires FixLJ and FixKexpression

of anorC-lacZ fusion is not observed infexK, mutant (Mesat al., 2003).

According to the recently sequenced B. japonicum genome
(http://www.kazusa.ip/rhizobase), a norE-like gene is located very close to the

norCBQD genes. In some denitrifying bacteria, upstreanhéostructural genasorCB
genes, other twanor genes calledorEF are present (Kukimotet al., 2000; Bedzyket
al., 1999; Araiet al., 1994). Looking at the promoter region of tejaponicum norE
gene, a tipical TTGTC-NGACAA FNR-like binding site has been identifiedo T
investigate if thimorE promoter is Fixk dependentin vitro transcription studies were
performed (data not shown). Similarly as observedhe norC in vitro transcription

experiments, no Fixjdependent transcript was detected (data not shown)

All these findings indicate a disparate regulatodrB. japonicum denitrification genes
by FixK,, in which this regulatory protein is directly irlved in nap and nirK

transcription, but not imor transcription. In fact, by using promoter fusidoaghelacZ
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reporter gene, Mesa al., (2003) and Roblest al., (2006) have demonstrated that
induction of thenorCBQD promoter was completelgbolished in the absence of a
functionalnnrR gene. By contrast, microaerobic induction of tapEDABC andnirK
promoters was retained in tinarR mutant background, implying that tinepEDABC

or nirk and thenorCBQD promoterexhibit slight differences with regard to their
dependence dfixK; in the absence of NnrRaken together, thesesults confirm the
hypothesis that propose a disparate regulatiorenitification genes ifB. japonicum,

in which NnrR is involved in transcription activaii of thenor genes, and FixKis the

transcriptional regulator of thep andnirK genes.

In addittion, recent results from genome-wide tcaipsional profiling analysis of &.
japonicum nnrR mutant revealed thatorCBQD operon expression was reduced by a
factor of 159 to 69. HowevemapEDABC operon andnirK gene showed only a
decreased expression factor of about 20 (datahootrs).

Although NnrR is not a transcriptional activatomdfkK or napEDABC genes (Roblesat

al., submitted for publication), low expression of thagmnes were observed inBa
japonicum nnrR mutant (Mesat al., 2003; Roblest al., 2006). Sinceor expression is
completely abolished inanrR mutant (Mesat al., 2003), NO might be accumulated in
this mutant due to the loss of NO reductase agtidtring incubation under
microaerobic conditions with nitrate. The accumedaNO might have an inhibitory
effect on nirK or napEDABC expression. In recent publications, a nitric oxide
responsive regulator called NsrR has been propmsednse NO made as a product of
nitrite reduction, and to repress transcription of the geink encoding the copper
nitrite reductase (Beaumostal., 2004). This predicted rofer NsrR has recently been
confirmed for Escherichia coli, Bacillus subtilis, and the obligate human pathogen
Neisseria gonorrhoeae (Filenkoet al., 2007, Nakanat al., 2006; Overtoret al., 2006).
However, ansrR-like gene has not been annotated in the genomeeseg ofB.

japonicum, (http://www.kazusa.jp/rhizobasg. Whether or not B. japonicum

denitrification genes are repressed by NO as welthe identity of the regulatory

protein involved in this regulation is in this mem under investigation.
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1. implicacion del citocromo csso de Bradyrhizobium japonicum en el proceso de
desnitrificacion.

En Bradyrhizobium japonicurse han identificado y caracterizado los genesoresgbles

de la sintesis de las enzimas nitrato reductasplgmmnica, nitrito reductasa, 6xido nitrico
reductasa y oxido nitroso reductasa que interviameha reduccion secuencial de nitrato
hasta nitrégeno molecular en el proceso de dd#rattion. Sin embargo, se desconocia la
implicacion de otras proteinas que pudieran intérveomo intermediarios en el
transporte electronico asociado al proceso de tliéisaicion. Desde 1991, se conocia la
existencia eiB. japonicunde tres citocromos solubles de bajo peso moleaukar Cssy, Y
Csss, l0s cuales son codificados por los gewgsA cycB and cycC, respectivamente
(Applebyet al., 1991, Tullyet al., 1991, Bottet al., 1995), sin embargo su funcion era
desconocida. En el caso concreto del citocragggse habia sugerido que pudiera estar
implicado en la respiracion de nitrato (Bott et &4P95), pero se desconocia su papel en
dicho proceso. En el segundo capitulo de esta, ®sifia estudiado la implicacion del
citocromo periplasmica@sso, codificado por el gemycA en la respiracion de nitrato y
nitrito enB. japonicum Para ello, se ha analizado la capacidad de ywroatante en el
gencycAde crecer en condiciones anaerébicas con nitratitrito como aceptores de
electrones. Puesto que dicha mutante fue incapazeger con nitrito y de consumirlo
(Fig. 2.1a y b), procedimos a analizar la actividédto reductasa (Nir) en dicha cepa.
Para ello, se utilizé un donador artificial [mefiblogeno (MV)] o un donador fisiolégico
(succinato) de electrones. La actividad de la eaaiitrito reductasa (Nir) no se afectd en
la mutantecycA cuando se utilizé MV, sin embargo, cuando sezatisuccinato como
donador de electrones, los niveles de actividadlidminuyeron en la mutante (Fig. 2.1c).
En presencia de succinato, puesto que la enziraetigg, es posible que se haya afectado
la transferencia de electrones desde este donadeectrones a la NirK. Considerados en
conjunto, estos resultados sugieren que el citoocragy podria actuar como donador de
electrones intermediario entre el complejo de mamdibc; y la nitrito reductasa
periplasmica NirK. En otras bacterias desnitriftesn se ha demostrado la existencia de
una flexibilidad en el transporte electronico anl&ito reductasa, ya que, ademas del

citocromo Cssg, Otras proteinas de cobre (azurinas o pseudoaslridsi como otros
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citocromos, también transfieren electrones a lanemtPearsomet al, 2003; Larattaet al,
2006). Sin embargo, eB. japonicumno se da esta flexibilidad a la vista del fenotipo
observado en la mutantycA Ademas, en la secuencia del genomaBdgaponicum

(http://www.kazusa.or.jp/rhizobaseo se han identificado proteinas homologas areesir

0 pseudoazurinas.

Ademas de su incapacidad de crecer con nitritsmyutantecycA mostré un retraso en su
crecimiento en condiciones anaerdbicas con nigatecomparacion con la cepa parental
(Fig. 2.2a). Apoyando estos resultados, tambiéobservo un retraso en la expresion de
una fusion transcripcionalapE-lacZ y en la actividad nitrato reductasa (Fig, 2.28)y
Este retraso en la expresion de los garsgs también se observo en una cepa mutante
alterada en el gefixN, responsable de la sintesis de la subunidad tezdadie la oxidasa

terminalcblbs de elevada afinidad (Fig. 2.3a y b).

Hasta siete proteinas que contienen hemse han identificado en las membranasBde
japonicumUSDA110 después de 4 dias de cultivo en anaeiiskios nitrato (Fig. 2.4b,
carril 1). De esas siete bandas, la de 25 kDa skemm@strado que es la subunidad NapC
de la enzima nitrato reductasa periplasmica (Delgetdal 2003). La deteccion de
citocromosc en las mutantesycAy fixN (Fig. 2.4b), revelé una disminucion en la
expresion de la proteina NapC a los 4 dias devouttn anaerobiosis con nitrato. Estos
resultados confirman el retraso observado en laesign de los genesapEDABCen
ambas mutantes. De hecho, en experimentos deaufintinuo usando un quimiostato,
se observd un retraso en el consumo de oxigenasemuitantegycAy fixN, que era
paralelo al retraso observado en la expresion @&l ppE en dichas cepas, en

comparacion con la cepa parental.

De las siete bandas identificadas en la cepa @areas 4 dias de cultivo en condiciones
anaerdbicas con nitrato (Fig. 2.4b), los citocrordes32 y 28 kDa corresponden a los
componentes FixP y FixO de la oxidadab; de B. japonicum La deteccion de estas

proteinas en la cepa mutantgcA demostré una disminucion en su expresion en

comparacion con la cepa parental. Este resultadto jcon el defecto en el consumo de
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oxigeno detectado en la mutanyeA nos llevo a pensar que en dicha mutante, el tbefec
en la expresion de lo geneap pudiera ser el resultado de la alteracion expaesion de

la oxidasa terminatbls, y consecuentemente de su menor eficiencia réspaaEstos
resultados nos permiten postular, que la maximaesign de los genesap requiere
condiciones muy limitantes en oxigeno, las cualasren cuando la oxidasebb; ha
consumido el oxigeno presente en el medio. A faeoesta hipétesis, y como se observa
en la figura 2.4a y b, a los dos dias de incubaerdnondiciones anaerdbicas con nitrato,
se observo expresion de las proteinas FixP y Fix@ €epa parental, sin embargo, aun
no se detecteron las proteinas NapC o NorC, lakesis® expresan a los 4 dias de
incubacién en estas condiciones. BEnjaponicumse ha descrito la existencia de dos
cascadas regulatorias en respuesta a oxigenosteinsi FixLJ/FixK, que responde a
condiciones microaerdbicas y del que depende laictidn de los genes de la
desnitrificacion (Bedmaiet al, 2005) y otros genes implicados en el metabolismo
microaerdbico como el operdixNOQP que codifica la oxidasa terminebl; (Nellen-
Anthamatteret al., 1998). El segundo sistema es el dependiente de &itAal activa la
expresion de los genes de la fijacién de nitrogenoncentraciones muy bajas de oxigeno
(<2%, Sciottiet al., 2003). Puesto que los resultados obtenidos encapftulo sugieren
gue la expresion maxima de los genes de la dd&@itiibn ocurre a concentraciones muy
bajas de oxigeno, cabe pensar que la proteina pliiera tener algin papel en este
control.

2. Efecto del potencial redox en la expresion de laxidasacbbs de Bradyrhizobium

japonicum.

En el capitulo 2 de esta tesis, se ha demostraeloimg cepa dB. japonicumafectada en

el citocromocsso, cultivada en condiciones desnitrificantes, m@estenor capacidad de
consumir oxigeno, asi como una disminucion en faresion de las proteinas FixP y
FixO. Estos resultados sugieren que dicho citocrguodria estar implicado en la
transferencia de electrones a la citocramxidasacbb;. En el tercer capitulo de la tesis,
y con el objeto de establecer el papel del citoorogg, en la transferencia de electrones a

la oxidasacbhs, se ha llevado a cabo el analisis de la expresiactividad de la oxidasa
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cblb; en condiciones limitantes de oxigeno y en auseaheiaitrato, donde Unicamente la
respiracidon microaerdbica mediada por la oxidesa es inducida, o en presencia de
nitrato donde tanto la repiracion de nitrato corecodigeno se expresan. Los resultados
obtenidos en los experimentos de tincion de grdposeoc (Fig. 3.1), espectroscopia
UV/Vis (Fig. 3.2), actividad citocroma oxidasa (Fig. 3.3) y expresion de una fusion
traduccionalixP’-"lacZ (Fig. 3.4) demuestran que en la cepa muteyt@no se afecto la
expresion de labb;, asi como la actividad citocrommoxidasa, cuando se incubd en
condiciones de limitacion de oxigeno sin nitratoh 8mbargo, y coincidiendo con los
resultados anteriores, la expresion de la oxidarsairial, asi como la actividad citocromo
c oxidasa de la cepa mutardgcA mostraron una considerable disminucion, en retacio
con la cepa parental, cuando se incubaron en dondgdesnitrificantes. Estos resultados
sugieren que, aungue el citocromigy no esta implicado en el transporte electrénica a |
cbhks, una mutacién en el gen responsable de su sirdé=ita la expresion de dicha
oxidasa en condiciones desnitrificantes. Por eltranio, enRhodobacter sphaeroides
(Daldalet al.,2001), yRhodobacter capsulatySwemet al.,2002), se ha demostrado que
citocromos homologos a&kso de B.japonicum citocromosc; y ¢y, estan implicados en el
transporte de electrones a la oxidasa termii#t; en el proceso de respiracion
microaerobica. ErParacoccus denitrifican®l citocromocssg actia como donador de
electrones a la oxidasa aeréba y a la microaerdbicabls ademéas de ser donador de

electrones a la nitrito reductasa en el procestedaitrificacion (Ottert al.,2001a).

En el segundo capitulo de esta tesis, demostramesel citocromocssy actia como
donador de electrones intermediario entre el comple; y la nitrito reductasa
periplasmica, NirK. Es posible, que el bloqueoa&trdnsferencia de electrones asociada al
proceso de desnitrificacion, resulte en la altéraciel potencial redox de la célula, siendo
esta alteracion la responsable de la disminucida erpresion de la oxidasa termicabs

en condiciones limitantes de oxigeno y en presedeianitrato. Si asumimos que la
alteracion del potencial redox es consecuencidldglieo en la transferencia de electrones
al citocromocsso, la mutacion de otro citocromo implicado en Iansfarencia electrénica
asociada a la desnitrificacion resultaria en uctefsimilar sobre la expresion dedabs.

Con el objeto de confirmar esta hipotesis, se abdh expresion del citocromo FixP,
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mediante experimentos de tincion de proteinas copog hema, asi como, mediante el
analisis de la actividag-Galactosidasa de una fusion traducciofiaP’-"lacZ en una cepa
alterada en el gemapC el cual codifica la proteina NapC intermediamaeétransporte de
electrones entre el complejo de ubiquinonas y ehpiejo periplasmico NapAB de la
nitrato reductasa periplasmica (Delgado et al.,3200Q0s resultados presentados en la
figura 3.5, demuestran que la expresion debla también disminuyd en la cepa mutante
napC

El posible efecto de variaciones en el potencidbxesobre la expresion dedbhbs, también

se estudié mediante el andlisis de la expresidtadeasion traduccionafixP -"lacZ en
células dda cepa parental cultivadas en distintas fuentesadsono con diferentes estados
de reduccion. Tras 2 dias de incubacion, los revdke actividad3-Galactosidasa fueron
menores en las células crecidas con una fuentartdero reducida como butirato, que la
gue se detectd con malato o succinato como fueletesarbono oxidadas. Es sabido que la
asimilacion de sustratos de carbono reducidoscl@des generan mas equivalentes de
reduccion que la asimilacion de fuentes de carbmtidadas, incrementan el estado de
reduccidn del pool de ubiquinonas. Por tanto, esssltados nos permiten sugerir que un
cambio en el estado redox del pool de ubiquinopadria estar implicado en la regulacién
de la oxidasa terminabbs.

El papel del estado de oxidacion de las fuentesadeono en la expresién génica se ha
demostrado anteriormente &aracoccuspantotrophus(Richardson & Ferguson, 1992,
Searset al., 2000; Ellingtonet al.,2002; Ellingtonet al.,2006) yParacoccudenitrificans
(Searset al., 1997). En ambas especies, la expresion del opeygrgue codifica la nitrato
reductasa periplasmica, es maxima en células aga@drobicamente con una fuente de
carbono reducida tal como butirato. La diferenspoesta a los sutratos carbonados de la
expresion del operénap de Paracoccusy fixNOQ deB. japonicumes debido al distinto
papel de dichos genes. Mientras quap estd implicado en la disipacion del exceso de
poder reductor en condiciones aerdbicas, la citnoro oxidasacbh; es la responsable de
mantener la respiracion microaerobicaBefaponicum.
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Considerados en conjunto, los resultados obtenefoseste capitulo sugieren que la
interrupcion del flujo de electrones a través dedésnitrificacion por inactivacion de
transportadores de electrones, tales como Neg6;,0 el complejdoc; puede dar lugar a
un cambio en el estado redox intracelular afectanmisecuentemente la expresion de la
oxidasa terminatbhbs;. Nosotros proponemos que la alteracion del paaénedox del pool
de ubiquinonas puede dar lugar a la produccioned@les que activen o repriman la
expression de los genexNOQP de B. japonicum. Apoyando esta hipotesis, en
Paracoccus denitrificanfOttenet al., 1999; Otteret al.,2001b) se ha demostrado que un
cambio en la distribucion de electrones en la cadesspiratoria provocado por la
inactivacion de algunas de las oxidasas que ireevi en la misma, produce un cambio en
las sefiales intracelulares el cual afecta la expreke la oxidasabhs.

En B. japonicumla percepcion y transduccion de variaciones redwacelulares podrian
ser reconocidas por una proteina reguladora capauwtrolar la expresion debbs;. El
principal factor externo que controla la expregiéh operorfixNOQPen B. japonicumes

el oxigeno. En condiciones limitantes de oxigeaaadncentracion de este es detectada por
el sistema en respuesta a oxigeno FixLJ-FigKcual activa la transcripcion del operon
fiXNOQP (Nellen-Anthamatteret al., 1998). En el presente trabajo, proponemos que el
oxigeno no es la Unica sefal implicada en la regitade dicho operdn, sino que otras
sefiales como el estado redox de la cadena resp@rasociada con el proceso de
desnitrificacion puede afectar la expresion dexidasacbbs. Esas sefiales podrian permitir
a B. japonicumadaptar sus redes respiratorias de tal forma quanelonamiento sea

optimo segun las condiciones de crecimiento.

En Bradyrhizobium japonicumse ha identificado el sistema regulador, RegSie
pertenece a la familia de sistemas reguladore®siea@mponentes de respuesta a potencial
redox descritos en bacterias (Emmerich et al., 80MegR activa la transcripcion de los
genes para la fijacion de nitrogeno a través dmsaada RegSR-NifA la cual es parte de
una compleja cascada reguladora en respuestaagivags de concentraciones de oxigeno.
Estudios transcriptomicos han demostrado que laresin de casi 250 genes es
dependiente de RegR, lo que demuestra la importamgibucion de la proteina RegR

sobre la expresién génica en respuesta a cambiz@nerntraciones de oxigeno o potencial
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redox (indemannet al., 2007). Se ha propuesto una secuencia de unionegR R
(GCGGC-N-GTCGC, RegR-box) en base a los alineamientos sisilms de union de las
proteinas RegR y RegA (Emmerict al., 200b) mediante experimentos de unidn
proteina-ADN in vitro. Esos mismos autores, identificaron la secuendzGGC-Ns-
GTCGC, en la region promotora del operfixR-nifA de B. japonicumdependiente de
RegR y demostraron que dicha secuencia es esgrerlla expresion de dicho operon.
Inspeccion de la secuencia de DNA de la region ptora del operofixNOQP (Mesaet

al., 2005) revelo la presencia de la secuencia 5-GGEEGCCGC-3" en posicion -108,
la cual es similar a la secuencia propuesta paraim de RegR. Sin embargo, en contraste
con esta observacion, la deteccion de las prot&im&sy FixO en cepas mutantes en el gen
regR crecidas en condiciones desnitrificantes, deraastrsimilares niveles de expresion
de la oxidasacbb; que los observados en la cepa parental (Fig. &49s resultados
sugieren gque, al menos en condiciones desnitrifisama expresion debh; no depende de
RegSR. Actualmente, se esta investigando la inppoade RegR en la expresion de la

oxidasa en condiciones tales que provoquen variasien el potencial redox de la célula.

4. Implicacion de la proteina NifA en la regulacionde los genes de la desnitrificacion

en Bradyrhizobium japonicum.

En el segundo capitulo de la tesis, se demostrdaguéxima expresion de los genes de la
desnitrificacion ocurre a los cuatro dias de incuda en condiciones anaerobicas con
nitrato, cuando el oxigeno presente en el medamesumido por la oxidas@hb;. Ademas,
analisis del consumo de oxigeno y expresion del @ llevados a cabo en un
guimiostato, revelaron que los niveles de activigkalatosidasa de una fusiéapE-lacZ

en células de. japonicuml1Gspae} incrementan a medida que el oxigeno es consumido
(Buenoet al. 2008). EnB. japonicum existen dos cascadas regulatorias de respuesta a
oxigeno, el sistema FixLJfKgue responde gradualmente a condiciones microaasdb
(desde 21 a 0.5% de,Qvy el sistema RegRS/NifA que sélo responde a eoinaciones
inferiores a 2% de ©O(Sciotti et al.,, 2003). Resultados previos de nuestro grupo de
investigacion demostraron la implicacion de la adsc FixLJ/Fixkk en la induccion

microaerdbica de los genes de la desnitrificackmte la sospecha de que estos genes
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pudieran estar sometidos a un segundo control @maer mediado por la cascada
RegRS/NIfA, en este capitulo se ha investigadanplicacion de la proteina NifA en la
expresion de los genes guap y nirK, responsables de la sintesis de las enzimas que
inician el proceso de desnitrificacion. Los residis obtenidos (Figs. 4.1, 4.2, y 4.3)
demostraron que la cepa mutante en el gk manifestd menor capacidad de crecer en
condiciones anaeroObicas con nitrato que la cepantsr Asi mismo, los valores de
actividad nitrato reductasa y nitrito reductasacamo, los de actividaf-galactosidasa de
las fusiones transcripcionaleapE-lacZy nirkK-lacZ, fueron inferiores a los detectados en
la cepa parental. Ademas se observé una disminecida expresion de la proteina NapC
(Fig. 4.4), lo que confirmaba la menor expresioniake genesnap en la mutantenifA.
Ademas de la proteina NapC, se observo una expresi§ baja de la proteina NorC, asi
como de actividag-galactosidasa de una fusi@orC-lacZ en una mutantaifA. Estos
resultados sugieren que, ademas de los gapeg nirkK, NifA podria estar implicada en la
expresion de los genesor que codifican la Oxido nitrico reductasa. En badase
desnitrificantes tales com®. denitrificans(van Spanninget al, 1999) yR. sphaeroides
(Kwiatkowski & Shapleigh, 1996), asi como resultagoevios obtenidos en nuestro grupo
(Robleset al, 2008, enviado), se ha propuesto al 6xido nitfié®) como molécula sefial
para la activacion de la transcripcion de los germesPor lo tanto en una mutaméA,
donde la expresion derK se encuentra disminuida, la baja produccion depbiDia ser la
causa de la no activaciéon de los genes Por lo tanto, no se puede excluir que el control

de NifA sobre los genewor sea indirecto como consecuencia del control salbgennirk.

Estos resultados sugieren, que ademas de la @okek,, NifA también controla la
expresion de los genes de la desnitrificaci@@EDABCYy nirK, enfatizando el papel de
NifA previamente sugerido como un activador denlduccion anaerébica de otros genes
ademas de los clasicos genes de la fijacion dégeitro (Nienabeet al., 2000, Hauseet

al., 2007).

En este capitulo, también se llevo a cabo la ceniaation del promotor del gemnrK, lo

gue permitio localizar el inicio de la transcriptia 26 nucleétidos aguas arriba del inicio

del gennirK. Los niveles de cDNA obtenidos tras la extension el cebador dairK
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fueron significativamente menores en la mutamf& comparados con los observados en la
cepa parental (Fig. 4.5a) Estos resultados coafirgl papel de NifA en la regulacion del
gen nirK. El andlisis de la secuencia de la region pronaotigl gennirK reveld la
presencia de la secuencia 5 -TTGTJ-BIGCAA-3, que comparte 7 bases con la secuencia
consenso 5°-TTGAT-NGTCAA-3, que reconocen las proteinas activadoras lal
transcripcion del tipo FixK (Zumft 1997, Fischer9¥9 Spiroet al., 1994). Esta secuencia
ha sido propuesta previamente como sitio de unima fpa proteina reguladora FixK
(Velasco et al. 2001). De hecho, la ausencia de/ BN la mutantdixK, (Fig. 4.5a)
confirmé la implicacién de FixiKen la expresion deirK. Solapando con esta secuencia,
se encontro la secuencia 5-TGTCA-3’, similar a la secuencia propuesta comim sit
de union de NifA, la cual esta presente en la niaypero no en todos, los promotores
dependientes de NifA (Fischer, 1994). Esta bieabdstido que la proteina NifA activa la
expression de genes en cooperacién con la RNA poiisa que contiene el factt, el
cual permite a la RNA polimerasa reconocer promestalel tipo -24/-12 (Buclet al
1987). Sin embargo, en la region promotora del ged no se detecté la secuencia
consenso del factos®. Esta observacién es apoyada por resultados dbterias la
caracterizacion de una doble mutargeN,;,, de B. japonicum responsable de la sintesis
del factors>* En estos experimentos, esta cepa mutante fue dapazcer y expresar los
mismos niveles de actividad NiR y expresion de fuis@éon nirK-lacZ que la cepa parental

cuando las células se incubaron en condicionestdfésantes.

Los resultados obtenidos en este capitulo, nosifggErmroponer un nuevo modelo en el
control por oxigeno de los genes de la desnitdftag mas concretamente de los gemes

y nirK de B. japonicum(Figura 6.1) en el cual estarian implicadas las cmscadas de
respuesta a oxigeno descritas en esta bacteriestErmodelo, la cascada FixLJ/Fix&s
esencial para la induccién microaerobica de loggeap, nirKk (Mesaet al, 2004; Robles
et al, 2006). Ademas de estos genes, en condicionemari®bicas, FixK también
activaria los geneixNOQP responsables de la sintesis de la oxidata Una vez que el
oxigeno es consumido por esta oxidasa, tendria lagmaxima expresion de los genes

nirK y napen condiciones anaerdbicas la cual estaria meg@da proteina NifA.
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Figura 6.1. Modelo de regulacién en B. Japonicum de los geeds desnitrificacién por
la cascada regulatoria en respuesta a oxigeno HFxkK}L-NnrR y RegSR-NifA (adaptado
de Meseet al, 2003).

5. Activacion de la transcripcionin vitro de los genes de la desnitrificacion mediada

por la proteina FixKa.

Como ya hemos comentado en los capitulos anterierd8radyrhizobium japonicuia
proteina reguladora Fixljuega un papel esencial en la regulacién de fes¢rgcion de un
amplio numero de genes microaerdbicos, anaerébisonbidticos (Nellen Anthamattest

al., 1998; Meseet al., 2003). De hecho, el papel de la proteina reguta@xK, en el
control de los genes de la desnitrificacion sedraabstrado en estudios de expresion génica
in vivo, mediante el uso de fusiones transcripcionalesdrfiaret al., 2005), asi como, en
los resultados presentados en la figura 5.5 detesita Sin embargo, el control directo de
esta proteina sobre la activacion de estos genss habia demostrado. Para confirmar que
FixK, media directamente la activacion de la transdipale dichos promotores, se han
llevado a cabo experimentos de sintesis de RNAan&litranscripciom vitro a partir de

los promotores de los genespE nirK y norC. Los resultados obtenidos (Fig. 5.1)

177



Discusion

demostraron que, en presencia de distintas coacges de la proteina Fixlourificada,

la RNA polimerasa dB. japonicumtranscribié los promotores a@pEy nirK, pero no de
norC. Para corroborar la fidelidad de los experimentes transcripcionin vitro,
determinamos el extremo 5 del transcrito generadodichos experimentos mediante
analisis de extension de cebador. Sorprendentepsnggtremo 5° terminal del transcrito
de napEsintetizadan vitro se localizé a 41.5 nucledtidos del sitio de urdénla proteina
FixK,, en contraste con el obtenido previameintevsivo por Delgado y colaboradores
(2003) que se localizaba a 66.5 nucleotidos. Eflgoque, en las condiciones utilizadas
para los experimentos de extension de cebadaivo, el transcrito dependiente de FixK
detectado en este trabajo no se observara. De ha@cambservacion mas en profundidad
de los geles de secuenciacion obtenidos por Delgadb (2003), permitio la deteccion de
una débil sefial a 41.5 nucledtidos de la caja Fedkaquellos geles en los que se cargaron
concentraciones mas elevadas de ARN. Estos ress)tadgiere la presencia de dos sitios
de inicio de la transcripcion en el promotorraégE (Fig. 5.2), uno dependiente de FixK
situado a 41.5 nucledtidos de la secuencia de wmidicha proteina, y otro mas activo
vivo situado a 66.5 nucleétidos. A este promotor, $gamotras proteinas reguladoras que
participarian en la expresion de los genapEDABCen respuesta a otros factores como

son el nitrato o algun éxido de nitrégeno deriveddau reduccion.

Como se ha mencionado anteriormente, en este lagi#uha demostrado que junto a
napE nirK es otro gen activado directamente por RiXEn este caso, el sitio de inicio de
la transcripcion detectado vitro se sitia a 41.5 bases de la caja Eixkoincide con el

observado en experimentos de extension de cebadmo (Fig. 5.5).

Por el contrario, no se ha podido demostrar en &stigajo que FixK transcriba
directamente a los genesr de B. japonicum Mediante experimentos de calorimetria de
titulacion, se ha demostrado recientemente en mugsipo de investigacion (Roblesal.,
2008, enviado) que el activador transcripcional®ee une al promotor de los gemes

en condiciones de anaerobiosis, pero no a losgdgdoesapEy nirK. Considerando en
conjunto los resultados obtenidos en esta Tesifgsyresultados previos del grupo,

proponemos la existencia @ japonicumde un complejo circuito de regulacion en
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respuesta a condiciones limitantes de oxigeno (&i§2). Por un lado, FixKseria la
proteina activadora de los genespEDABC y nirK en respuesta a condiciones
microaerdbicas, y NnrR, que también depende de Jfid€ria la reponsable de la
transcripcion de los genesrCBQD De hecho, se ha demostrado que la union de NnrR a
promotor de los genasr solo requiere condiciones de anaerobiosis y esperntiente de
oxido nitrico (Robles et al., 2008, enviado). Epamante tener en cuenta que, ademas del
oxigeno, otro factor que interviene en la inducaénos genes de la desnitrificacion es el
nitrato o un oxido de nitrogeno derivado (Bedmaalet2005). De hecho, se ha propuesto
recientemente que el 6xido nitrico estaria implicad la activacion de los genesrCBQD

a través de NnrR y, por otro, el nitrato lo estarida activacion de los genespEDABCy
nirK. (Robles et al., 2008, enviado). Se descono@a&idion del 6xido nitrico sobre NnrR
es directa o se efectla a través de otra protei@ariediaria. Igualmente, la identidad de la
proteina responsable de la activacion de los gaapsy nir, en respuesta a nitrato es
desconocida. En la secuencia del genoma de. japonicum
(http://www.kazusa.or.jp/rhizobgseno se han identificado proteinas homodlogas a

NarXL/QP o NarR, responsables en otros desnitrifesmde la activacion de los genes que

codifican la enzima nitrato reductasa respiratoria.
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Conclusiones

The main general conclusions of thisThesis are:

1. The cytochromessy of Bradyrhizobium japonicum is the electron donor between the

bc; complex and the NirK periplasmic nitrite reductase

2. A mutation in thecycA genewhich encode the cytochromesso, result in a delay of
B. japonicum napEDABC genes expresion. This delay is due to lower exjmesf the

cytochromec oxidasecbbs in thecycA mutant.

3. The redox state of the respiration chain asediatith the denitrification pathway

may affect the expresion of the cytochroorexidasecbbs,

4. The NifA protein is implicated in expresion dfetBradyrhizobium japonicum

napEDABC andnirK genes

5. The FixK2 protein activate the transcription tbe La proteina FixK activa la
napEDABC and nirK genes promotersf Bradyrhizobium japonicum, but not the

norCBQD genes.

6. We propose the existence of a complex mechanismdénitrification genes
regulation in response to low oxygen conditions.this control Fixk is envolved in
the activation oinapEDABC andnirK genes under microaerobic conditions and the
NifA protein under anaerobic conditions. Howev®&nrR protein meditate the
activation ofnorCBQD genes.
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Las principales conclusiones generales de la piesesis doctoral son:

1. El citocromocssp de Bradyrhizobium japonicum es el donador de electrones
intermediario entre el complejo de membrdota y la nitrito reductasa periplasmica
Nirk.

2. La mutacién en el gesycA, responsable de la sintesis del citocramg da lugar a
un retraso en la expresion de los gengsEDABC de B. japonicum. Este retraso es

debido a una menor expresion de la oxiddrbg en la mutanteycA.

3. El estado redox de la cadena respiratoria ad@can el proceso de desnitrificacion

puede afectar la expresion de la oxideasa

4. La proteina NifA esta implicada en la expresiénlos genesapEDABC y nirK de
Bradyrhizobium japonicum.

5. La proteina FixKactiva la transcripcion de los promotores de kEsegnapEDABC

y nirK deBradyrhizobium japonicum, pero no la de los genesr CBQD.

6. Proponemos la existencia Bnjaponicum de un complejo circuito de regulacion de
los genes de la desnitrificacion en respuesta diciones limitantes de oxigeno. Por un
lado, FixK; seria la proteina activadora de los gamg®=DABC y nirK en respuesta a
condiciones microaerobicas, y NifA en respuestaraliciones anaerdbicas. En cambio.
la proteina NnrR seria la responsable de la trgotsén de los genesor CBQD.
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