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RESUMEN

La homeostasis celular de metales es un conjunto de procesos donde proteinas de
ingreso, trafico y expulsion actian concertadamente para mantener los requerimientos celulares
o disminuir el estrés generado por su exceso. Las proteinas de expulsion, componentes criticos
de este sistema homeostatico, juegan un papel clave en conferir resistencia a metales.

La mayoria de las proteinas de expulsion de metales que han sido descritas en bacterias,
pertenecen a las familias de Resistencia-Nodulacion-Division (RND), de Difusion Facilitada de
Cationes (CDF) y las ATPasas Tipo Pis. Uno de los grandes retos en el estudio de estas proteinas
es identificar los motivos involucrados con la especificidad al metal, que permitan predecir el
metal transportado por las proteinas de expulsiéon codificadas en un genoma. En este sentido,
una de las contribuciones més recientes (1), fue la clasificacion funcional de las proteinas de la
familia CDF, inferida a partir de una filogenia Neighbor-Joining que clasific6 273 proteinas CDF
(putativas y caracterizadas) en tres clados definidos por el sustrato: Zn, Fe/Zn y Mn. Esos
estudios fueron incapaces de discernir clados para transportadores de Ni, Co, Cd y Cu, a pesar de
que existen en esta familia.

A fin de mejorar y actualizar la clasificacion funcional de las proteinas CDF y contribuir a
identificar los residuos involucrados con la especificidad del metal, esta tesis propone una nueva
clasificacion funcional de los transportadores CDF inferida a partir de un enfoque filogenémico.
Nuestro estudio propone una clasificacion filogenética de las proteinas CDF en 18 grupos. Este
anélisis predijo nuevos grupos de transportadores de Ni2*, Co2* y Mn2* los cuales fueron
validados experimentalmente caracterizando el fenotipo de mutantes en los genes que codifican
para las proteinas CDF NepA (Ni2*/Co2*), CepA (Co2*) y EmnA (Mn2*) de Rhizobium etli
CFN42, una bacteria modelo en estudios de fijacion simbibdtica de nitrogeno. También
encontramos residuos clado-especificos cuyas mutaciones producen una proteina NepA no
funcional.

Como parte de la caracterizaciéon de los mecanismos de resistencia a metales en R. etli
CFN42, reportamos el anélisis fenotipico de mutantes el cual nos permiti6 identificar dos loci
relacionados con la homeostasis de Cu2?*, diferentes al mecanismo de resistencia previamente

reportado dependiente de ActP (una ATPasas Tipo Pis).



ABSTRACT

The cellular metal homeostasis is a process where uptake, traffic and efflux proteins act
concertedly either to maintain cellular metal requirements or to decrease the stress generated by
their excess. The efflux proteins, critical components of this homeostatic system, play a key role
in conferring metal resistance.

Most of the bacterial metal efflux proteins that have been described in bacteria belong to
the Resistance-Nodulation-Division (RND), Cation Diffusion facilitator (CDF) and Pis-type
ATPAses. One of the major research challenge in the area of metal transporters is identifying the
motifs involved with metal specificity that allow to predict the metal transported by efflux
proteins encoded in the genomes. In this way, one of the most recent contributions (1) was the
functional classification of proteins from the CDF family, inferred from a Neighbor-Joining
phylogeny which distributed 273 CDF proteins (characterized and putative) into three substrate-
defined groups: Zn2*, Fe2*/Zn2* and Mn2*. These studies were unable to discern substrate-
defined clades for Ni2+, Co2*, Cd2+ and Cu2* transporters, despite their existence in this family.

In order to improve and update the functional classification of CDF proteins and
contribute to identify residues involved with metal specificity, this thesis propose a novel
functional classification of the CDF transporters inferred from a phylogenomic approach. Our
study proposes a filogenetic classification of CDF proteins into 18 groups. This analysis predicted
novel groups for Ni2*, Co2* and Mn2* which were validated experimentally through the
phenotypic characterization of nepA (Ni2*), cepA (Co2+) and emnA (Mn2*) mutants derived from
the nitrogen-fixing bacteria Rhizobium etli CFN42.

We also found that the NepA ability to confer metal resistance is dependent on clade-
specific residues whose mutations produce a non-functional protein.

As a part of the metal resistance mechanisms in R. etli CFN42 we report the phenotypic
analyses of mutants, which allowed the identification of two different loci involved in Cu2*
homeostasis, different to those previously dependent of the ActP protein (Pis-type ATPase) in

this bacterium.



CAPITULO 1. INTRODUCCION
1.1. Metales de transicion en metaloproteinas

En la naturaleza existen 90 elementos quimicos; de ellos, 21 no son metales, 16 son metales
ligeros (densidad <5g cm-3) y los 53 restantes son metales pesados (densidad >5g cm3). Por su
abundancia y solubilidad se consideran al Fierro (Fe), Cobre (Cu), Zinc (Zn), Cobalto (Co),
Molibdeno (Mo), Manganeso (Mn), Niquel (Ni), Vanadio (V), Tungsteno (W), Cromo (Cr),
Arsénico (As), Plata (Ag), Antimonio (Sb), Cadmio (Cd), Mercurio (Hg), Plomo (Pb) y Uranio (U)
como los metales pesados bioldgicamente relevantes (2) (Fig. 1). De ellos, el As, Ag, Cd, Hg y Pb
tienen una actividad biologica muy limitada por lo que son considerados basicamente como
contaminantes toxicos (3).

Aunque prictica, la clasificaciéon de los elementos con base en su densidad dice muy poco
sobre su influencia biologica sobre los seres vivos; la cual, est4 determinada esencialmente por su

comportamiento quimico cuando interacttian con otras moléculas.

“vicriMn FelCol NiTCul zn PAs
Mo "Ag’ cd "'Sb
W "Hg | 7/ [Pb
U

Fig. 1 Distribucion de los 17 metales pesados con mayor influencia biolbgica (resaltados) en la tabla

periodica segun (2).
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Los metales de transicion son 38 elementos de la tabla periddica que estan comprendidos
entre las familias 3 y 12 a partir del cuarto periodo. Desde una perspectiva quimica, los metales
de transicién se caracterizan por poseer orbitales d incompletos en la Gltima capa de valencia
(Fig. 2). Esta caracteristica les permite formar enlaces de coordinacién con ciertos elementos
como O, N y S, principalmente, lo que facilita su interacciéon con los aminoacidos que forman
parte de las metaloproteinas.

Los aminoacidos que con mayor frecuencia interactGan con metales en las
metaloproteinas son: glutamina, acido glutamico, acido aspartico, histidina, cisteina, metionina,
asparagina, serina, treonina y tirosina (4-5). Por su importancia biolégica, el Fe, Mn, Co, Niy Cu

son los metales de transicion de mayor relevancia en la fisiologia celular (2).

Mn: 1s°2s%2p°®3s?3p°®3d°4s®
Fe: 1s%25%2p®3s%3p®3d°4s?
Co: 1s%2s%2p®3s23p°3d”4s?
Ni: 1s°2s%2p®3s?3p°®3d 4s”
Zn: 1s°25°2p°3s?3p°3d*4s?
Cd: 1s%2s%2p®3s?3p°®3d'°4s?4p°4d*°5s?
Fig. 2. Configuraciones electronicas de metales de transicion comparadas con la de otros metales, poniendo énfasis en

sus orbitales d incompletos en la capa de valencia. Nétese que el Zn y el Cd poseen orbitales d completos.
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1.2. Distribucion celular de metales en los seres vivos

La abundancia y disponibilidad de metales, determinadas ambas por la biogeoquimica
terrestre, asi como los requerimientos celulares de complejos enzimaticos dependientes de
metales han favorecido que las células presenten un gran diversidad de metaloproteinas (6). El
gran evento de oxidacion, manifestado por un incremento de los niveles de O, atmosférico como
resultado del surgimiento de seres vivos con sistemas fotosintéticos oxigénicos, permitié que
complejos minerales ricos en Zn y Cu liberaran su contenido metéalico, mientras que restringia la
disponibilidad de Fe debido a un aumento en su insolubilidad; siendo quiza el evento que ha
tenido los mayores efectos en la evolucion de metaloproteinas de Zn y Cu. Al mismo tiempo
someti6 a los seres vivos a nuevos elementos quimicos capaces de generar estrés oxidante
dependiente de oxido-reduccién metalica, la cual genera iones superdxido y peroxido de
hidrégeno como productos de las reacciones tipo Fenton.

Muchos organismos requieren de metales de transicion tales como: Mn, Fe, Co, Ni, Cu, y
Zn como cofactores cataliticos de enzimas clave para la sobrevivencia, incluyendo citocromos,
proteinas de respuesta a estrés oxidativo como catalasa, superoxido dismutasa, hidrogenasas,
nitrito reductasas y enzimas del ciclo de Krebs como aconitasa y fumarasa. Dichos metales son
también componentes estructurales de metaloproteinas, como ocurre por €j., con los dedos de
Zn.

El comportamiento termodindmico de los metales de transicion con sus ligandos es
descrito por las series Irving-Williams, segin la cual la afinidad de los metales de transici6on
hacia las proteinas incrementa en el orden Mn<Fe<Co<Ni<Cu. Para funcionar adecuadamente,
las metaloproteinas requieren de mecanismos que les permitan acceder o discriminar el metal
correcto entre el conjunto de metales que estan siendo movilizados en la célula y que se
encuentran en un mismo compartimiento (ej. citoplasma). Es por esta razén que las células
requieren de un complejo sistema de homeostasis que module los niveles de dichos metales y que

sea capaz de distinguir selectivamente entre iones.
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Los metales de transicién mas comunmente encontrados en células son Fe, Cu, Mn, Co,
Ni (7). En células de Escherichia coli crecidas en medio rico, las concentraciones mas altas (en
moles de un ion dado por volumen celular) son para Fe, Zn y Cu, seguidos por el Mn, Co y Ni (7).
Bajo condiciones anaero6bicas el contenido de Cu intracelular en E. coli aumenta en comparaciéon
al crecimiento aerobico (8). Asi, las concentraciones celulares de diferentes metales pueden
variar segun las condiciones ambientales.

Las concentraciones de metales también pueden variar entre organismos. En células de
Streptococcus pneumoniae crecidas en medio rico en condiciones de microaerobiosis, los
contenidos de Mn, Fe y Zn son practicamente equivalentes (9), a diferencia de E. coli donde el
contenido de Fe es, al menos, 5 veces mayor que el de Mny ~30% mas que el de Zn (7).

La busqueda de dominios de union a metales utilizando métodos de anélisis
bioinformatico en las proteinas codificadas por genoma estim6 que entre un cuarto y un tercio
del total de proteinas celulares podrian contener metales (10), mientras que en la Protein Data
Bank (PDB) ~40% del total de proteinas contiene algiin metal (11).

Este abundante uso de metales en las metaloproteinas de los seres vivos actuales ha
dejado huellas en sus proteomas. Se ha estimado que la proporcién de dominios de union a
metal (secuencias de aminoacidos que potencialmente unen metales) varia entre los genomas
eucariontes, de archaeas y de bacterias, segin el metal del que se trate y donde los dominios
asociados a un metal escalan proporcionalmente segin el tamafio del genoma (12). De este
modo, los dominios de unién a metal en Archaea son proporcionalmente mas abundantes para
Ni y Co que para Zn, mientras que para los genomas eucariontes dichos dominios son mayores
para Zn que para Ni y Co (12-13); notablemente, hay una relacién entre el numero de dominios
de unidon a metales y el tamano del genoma, siendo los metaloproteomas eucariontes
exponencialmente mas grandes con relaciéon a los procariontes(12-13). La proporcion de
dominios para Fe es mayor para genomas de archaea y bacterias comparados con los genomas

eucariontes (13).
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1.3. Sistemas de homeostasis de metales de transicion en bacteria

La homeostasis de metales es el conjunto de procesos que median el ingreso, trafico y
expulsion de estos, hacia y desde el citoplasma celular (10). Los componentes clave en estos
procesos estan conformados por un conjunto de multiples transportadores (de ingreso y
expulsién), que permiten la movilizacion de dichos metales hacia y desde las células; de
proteinas de trafico (denominadas metalochaperonas), que trasladan el metal entre
metaloproteinas asi como también proteinas sensoras, que modulan la expresion de los genes
codificantes para dichas metaloproteinas.
El paradigma de homeostasis de metales de transiciéon en bacteria esta representado por E. coli.
Para esta bacteria, se conocen los mecanismos de ingreso, expulsion trafico y regulaciéon para 6
metales comunes en metaloproteinas, excepto para Cu, para el cual no se conocen con detalle los

mecanismos de ingreso (Tabla 1) (Fig. 3).

Tabla 1. Mecanismos conocidos de homeostasis de metales de transicién en Escherichia coli.

Mecanismo Mn Fe
Ingreso MntH (14) FecA-E, FeoAFE;;uFAe_FéA-E, EfeUOB,
Regulador Ingreso MntR, Fur (14) Fur, ryhB (15-17)
Expulsién MntP (18) FieF (YiiP) (19)
Regulador Expulsién Fur(?), MntR, MntS(18) Desconocido
Mecanismo Co Cu
Ingreso BtuCD-F (20) Desconocido
Regulador Ingreso BtuR (21) Desconocido
Expulsién RcnAB (22-23) CopA(24), CusABC(25-26)
Regulador Expulsién RcnR (27-28) CueR, CusRS (29-30)
Mecanismo Ni Zn
Ingreso NikABCDE(31) ZnuABC (32), ZupT (33)
Regulador Ingreso NikR (34-35) Zur (32, 36)
Expulsion RcnAB (22-23) ZntA, ZitB (37-38)
Regulador Expulsion RcnR (27-28) ZntR (7, 39)
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Fig. 3 Representacion de los sistemas de transporte (ingreso y expulsion) de metales que estin presentes en

Escherichia coli [Tomado de (10)]

1.4. Proteinas de expulsiéon de metales en Bacteria

Ya que la resistencia a metales depende de proteinas de expulsién, en este trabajo
hacemos énfasis en ellas, sin describir a las proteinas de ingreso. Cuando las concentraciones
intracelulares de metales se elevan, se vuelve necesaria la presencia de proteinas de expulsion;
las cuales son criticas para mantener las concentraciones a niveles fisiolégicamente aceptables en
estos casos. Hasta ahora, en Bacteria han sido descritas proteinas de expulsion de metales que
pertenecen al menos a 7 familias distintas de transportadores, denominadas: Resistencia-
Nodulacion y Division (RND, por sus siglas en inglés), Difusion facilitada de Cationes (CDF, por
sus siglas en inglés), de la familia de facilitadores Principales (MFS, por sus siglas en inglés),
transportadores de Ni y Co (NiCoT), transportadores del grupo YebN/MntP, ATPAsas Tipo Py
transportadores del grupo RcnA/MrdH; aunque unicamente 3 de ellas, las proteinas RND,
ATPasas Tipo Pz y las CDF se han estudiado con detalle. Actualmente, proteinas representativas
de cada una de estas 3 familias han sido cristalizadas: YiiP y CzrB para la familia CDF (40-41),

CopA para las ATPasas Tipo IB (42) y CusA para las proteinas RND (43).
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Las estructuras de CusA y de CopA como ejemplos representativos de las familias RND y
ATPasas tipo P (Fig. 4), respectivamente (siendo Cu sustrato de ambas), revelan que el
transporte mediado por metioninas, que forma parte del sitio activo de cada una de estas
proteinas, ha convergido en este par de familias. La unién del Cu en el sitio activo de cada una de
las proteinas induce un cambio conformacional en la estructura proteica que eventualmente
desencadena el transporte. La energia requerida para esta actividad procede de la hidrolisis de
ATP, en el caso de las ATPasas tipo Pis, esto es, transporte activo, mientras que en el caso de las
proteinas RND es dependiente de un gradiente quimiosmoético, por antiporte (ingreso de un
proton, expulsion de un catidon) el transporte en ambos casos se da contra un gradiente de

concentracion.

Fig 4. Estructuras cristalograficas de CopA (izq.) (42) y CusA (der.) (43) en la forma apo (libre de metal). Ambas
estructuras revelan un requerimiento de metioninas que facilitan el transporte, ya sea en el sitio activo o a lo largo de
la ruta de trafico del ion a lo largo de la proteina.
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1.5. Proteinas CDF en los seres vivos: estructura y funcién

Las proteinas CDF caracterizadas estan constituidas de 6 dominios transmembranales
con un mecanismo de acciéon dependiente de un gradiente de protones K* o H* conservado de
bacterias a eucariontes (44-45). Esta familia de transportadores comprende alrededor de 45
proteinas caracterizadas procedentes de bacterias y eucariontes, cuyos sustratos son tnicamente
metales. Los sustratos conocidos en esta familia de transportadores incluyen: Zn2*, Co2+, Cd2+,
Mn2+, Fe2*, y Ni2*. Las bases moleculares de la especificidad no se entienden del todo, sin
embargo, existe evidencia de que las diferencias de secuencia al interior de esta familia, y no su
regulacion, son las responsables del reconocimiento diferencial (1).

A partir de la estructura cristalografica de la proteina YiiP de Escherichia coli,
involucrada con el transporte de Zn2* y Cd2* (Fig. 5) se definieron 3 sitios de union al metal
denominados A, B y C (40-41) involucrados con el transporte i6nico. En esta proteina, el sitio A
comprende 4 residuos que coordinan a un atomo de Zn2* y/o Cd2+ distribuidos en los dominios
transmembranales 2 y 5 y es crucial para mediar el proceso de traslocacion. El sitio B facilita la
formacion de homodimeros actuando como pivote, mientras que el C interviene en la regulaciéon

de la actividad de transporte influyendo en la velocidad de recambio (41).
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Fig. 5 Estructura cristalografica de YiiP y la presencia de 3 sitios de uni6n a metal. La estructura a 2.9 A de resolucién

de YiiP (izq.) revel6 3 sitios de unién, denominados A (centro), B y C (der.). El sitio A es el sitio activo, involucrado en
la traslocacion de Zn desde un compartimiento al otro [Tomado de (41)].
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1.6. Inferencia filogenomica y clasificacion funcional de las proteinas CDF

De las tres familias de transportadores previamente mencionados, la familia CDF es una

de las mas ampliamente distribuidas. La base de datos Pfam (versiéon 27.0, Marzo 2013) incluye
maés de 12000 proteinas CDF putativas que provienen de eucariontes, bacterias y arqueas.
Pese a que los tnicos sustratos conocidos para las proteinas CDF son metales, principalmente
Zn2*/Cd2>*, Fe2* y Mn2*, los programas de busqueda de homologia automatizados (como BLAST)
aun son insuficientes para predecir con precision el (los) sustratos especificos para estas
proteinas a partir de su secuencia primaria de aminoacidos. Para incrementar la precision de
estas predicciones funcionales entre conjuntos de secuencias homologas se han desarrollado
conceptos integrados de analisis, siendo uno de ellos la inferencia_filogenomica.

La inferencia filogenomica de funciones es un concepto desarrollado para predecir la
funcién de una proteina sin caracterizar considerando su relacion evolutiva (inferida a partir de
una filogenia) con las proteinas de la familia a la que pertenece, para las que en algunos casos ya
existen ortélogos funcionalmente caracterizados, gracias a los cuales se infiere su funcién al
pertenecer al mismo clado (46-47). La inferencia filogenémica es una herramienta clave en la
curaciéon de las funciones predichas por los métodos de comparacion de secuencias “high-
throughput” como BLAST, los cuales no contemplan la evolucién de funciones por duplicacion
de genes, recombinacién de dominios y cambios de funciéon en ortélogos de especies distantes.
No menos importante es el hecho de que los métodos de comparaciéon de secuencias han
propiciado la propagacion de errores en la anotacion de genomas (48).

La inferencia filogenémica de funciones se desarrolla en una serie de pasos previamente
definidos (46-47) (Fig. 6):

1) Colecta de secuencias
2) Generacion de un alineamiento multiple de secuencias

3) Examinacién/edicion del alineamiento
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4) Enmascarado de secuencias, consistente en remover aquellas secuencias muy divergentes, o
carentes de regiones estructurales clave en la funcién; inferida a partir de las secuencias
caracterizadas. El alineamiento obtenido en el paso 3 es analizado a detalle para eliminar
columnas que no son confiables, por ejemplo debido a la presencia de muchos gaps, que podrian
influir en la reconstruccion filogenética.

5) Construccion de un arbol filogenético de las proteinas a analizar. Ya que el anélisis filogenético
contempla el uso de programas que incorporar modelos de sustitucion de aminoacidos, es
importante definir cual es el mejor modelo para la familia de proteinas en consideracion.

6) Identificar sub-arboles con soporte estadistico.

7) Sobrelapar topologias con la informacién experimental.

8) Etiquetado de nodos indicando duplicacién o especiacion.

9) Inferencia funcional de las proteinas CDF de clados con proteinas caracterizadas.

A diferencia de la filogenética, la cual establece la relacion ancestro-descendencia entre un
conjunto de proteinas, en este caso; la filogenémica incorpora en la filogenética aquella
informacion experimental relevante, que en conjunto permite inferir la funcién, o como ocurre

en el caso de las proteinas CDF, predecir el sustrato metalico transportado.
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Fig. 6 Diagrama de flujo describiendo los pasos de la inferencia filogenémica. Tomado de (48).
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Los diferentes esfuerzos por clasificar a las proteinas CDF con base en un anélisis
filogenético establecen una correlacion entre la secuencia de las proteinas CDF y sus sustratos (1,
49). El anélisis filogenético mas reciente de las proteinas CDF basado en el método Neighbor-
Joining (Fig. 7) (1) propone una clasificaciéon funcional en tres clados: Zn2*, Fe2*/Zn2+ y Mn2*.
Sin embargo, este andlisis no conté con la suficiente resolucién para separar en clados
independientes transportadores de Ni2* y Co2*, dos de los posibles sustratos de las proteinas CDF

y para los cuales ya existen proteinas funcionalmente caracterizadas.
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Fig. 7 Las relaciones filogenéticas entre las proteinas CDF estan determinadas por el sustrato que es reconocido, las
cuales dan lugar a grupos de transportadore de Zn-, Fe/Zn- y Mn, pero no de Ni, Co o Cu [tomado de (1)].
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Es importante sefialar que de 2007 a la fecha han sido caracterizadas funcionalmente
varias proteinas CDF, entre ellas algunas involucradas con el transporte de Mn2+* en bacterias,
que podrian derivar en la formacion de nuevos clados independientes respecto a los ya
conocidos. Adicionalmente, este estudio no incluy6 las proteinas de rizobios secuenciados a esa
fecha, grupo bacteriano de nuestro interés (ver explicacion mas adelante). Por lo anterior,
consideramos importante actualizar el nimero de proteinas CDF caracterizadas funcionalmente,
incluir las proteinas CDF de rizobios y mejorar la clasificacion de las proteinas de la familia CDF
mediante inferencia filogen6mica utilizando el método de maxima verosimilitud para construir
la filogenia de la familia de proteinas CDF.

1.7. Generalidades de los rizobios

Rizobios es el nombre comdn con el que se denomina a un grupo de bacterias Gram-
negativas, a-proteobacterias pertenecientes al orden Rhizobiales, dentro del cual se encuentran
los géneros Rhizobium, Sinorhizobium, Mesorhizobium, Allorhizobium, Azorhizobium y
Bradyrhizobium (http://www.rhizobia.co.nz/taxonomy/rhizobia, ultima actualizacién mayo
2013). Su importancia agricola se debe a la capacidad para establecer asociaciones mutualistas
principalmente con raices de plantas leguminosas. La asociacién mutualista mejor estudiada es
la fijacion simbidtica de nitrégeno, pero también pueden vivir como endéfitos en las raices de
plantas no leguminosas (50). Durante la fijaciéon simbiética de nitrégeno, las rizobios inducen en
su planta hospedera la formaciéon de una estructura denominada nédulo, dentro del cual las
bacterias sintetizan la enzima nitrogenasa, responsable de la reduccién del nitrogeno atmosférico
en amoniaco. El amoniaco es transferido a las células vegetales, para que la planta lo utilice para
su crecimiento. A cambio, las bacterias reciben de la planta acidos di-carboxilicos y glutamato,
los cuales permiten mantener activo el ciclo de los acidos tricarboxilicos y producir suficiente
ATP para el funcionamiento de la nitrogenasa (51). Cabe mencionar que los rizobios no son
simbiontes obligados, es decir también se les encuentra en suelo y en la rizésfera, la porcion de

suelo influido por las raices.

21



CAPITULO 2. ANTECEDENTES

2.1. Generalidades de Rhizobium etli CFN42

R. etli es la bacteria mas abundante en suelos de América Latina donde se siembra frijol, la cepa
mejor caracterizada de esta especie es la CFN42, aislada de nédulos de raices de frijol cultivado
en Guanajuato, México (52). Su genoma, totalmente secuenciado en el Centro de Ciencias
Gendmicas (CCG) de la UNAM, esta constituido por un cromosoma circular de 4.3 Mb y seis
plasmidos denominados p42a (194.2 kb), p42b (184.3 kb), p42c (250.9 kb), p42d (371.2 kb) p42e
(505.3 kb) y p42f (642.5 kb)(53). En su genoma se encuentran codificados numerosos
transportadores los cuales se consideran parte esencial de la capacidad de esta bacteria para
adaptarse a la vida simbiotica, dentro de la planta hospedera, y saprofitica en la rizosfera. Se
desconocen cuales de ellos conforman el transportoma de iones metalicos divalentes, es decir, las

proteinas que regulan el ingreso, trafico y expulsion de estos micronutrientes o iones toxicos.

2.2, Resistencia a metales de transicién en rizobios

Una condicién de estrés ambiental que enfrentan las bacterias de suelo es la presencia de
elevadas concentraciones de metales debido a la aplicacién de fertilizantes y pesticidas, al riego
con aguas negras, asi como por contaminantes derivados de las actividades mineras y
metalargicas (54). Experimentos de campo han demostrado que niveles toxicos de metales
disminuyen la biomasa de rizobios del suelo y propician la gradual disminucién de la diversidad
genética de la poblacion (55-57).

Debido a la importancia agricola de estas bacterias y a su inminente exposicion a altas
concentraciones de metales en su habitat, es necesario conocer la resistencia o susceptibilidad de
diferentes especies y cepas y caracterizar los mecanismos moleculares involucrados con la
homeodstasis de metales, lo cual permitirdi no s6lo tener un conocimiento bésico en estas

bacterias sino también planear el disefio o seleccion de cepas resistentes.
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A la fecha se han secuenciado los genomas de 98 rizobios, incluyendo aquellos capaces de
establecer simbiosis con plantas leguminosas, pero los inventarios de sus genes y proteinas no
permiten determinar a priori su resistencia o susceptibilidad a metales ni los mecanismos que
les permiten contender con concentraciones toxicas de los mismos. El sistema de homeostasis de
hierro es el mejor caracterizado en rizobios (58-60). Para otros metales existen pocos reportes
acerca de la caracterizacion de mutantes sensibles a metales. La primera de ellas es una mutante
de R. leguminosarum sensible a Cu2* que lleva un transposon en el gene actP (61). La segunda es
una mutante de Sinorhizobium meliloti sensible a Cd2* y Zn2* que lleva un transposon en el gene
SMco04128 (62). Ambos genes codifican para ATPasas de tipo Pis putativas. La tercera es una
mutante de Bradyrhizobium sp sensible a Ni2* por interrupcion del gene cnrA el cual codifica
para una posible proteina de expulsion perteneciente a la familia RND (63). El oper6n copARZ
involucrado con la resistencia a Cu2* fue caracterizado en Agrobacterium tumefaciens, un
patégeno de plantas filogenéticamente relacionado con el género Rhizobium (64). Otro
componente celular de rizobios involucrado en la resistencia a metales son los polisacaridos de
superficie (62, 65-66). Las proteinas de la familia CDF no han sido caracterizadas en rizobios.

Las rizobios producen tres tipos de polisacaridos, exopolisacaridos (EPS) los cuales son
secretados al medio o permanecen adheridos a la membrana externa formando un polisacarido
capsular. Lipopolisacaridos (LPS) los cuales forman parte de la capa exterior de la membrana
externa y estan anclados al lipido A. Debido a que ambos tipos de polisacaridos estan cargados
negativamente y los iones metalicos lo estdn positivamente, la interaccion electrostatica
polisacarido-metal es capaz de inmovilizar quimicamente a los Gltimos.

Los —(1,2) glucanos ciclicos son otro tipo de polisacaridos que se concentran en el
espacio periplasmico en respuesta a cambios de osmolaridad en el ambiente (67). De forma
analoga a los EPS y LPS, estos polisacaridos interacttian con el metal en un bolsillo hidrofébico,
negativamente cargado, lo que permite inactivar a los iones metalicos, ayudando a las células a

contender contra ese estrés.
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HIPOTESIS

La resistencia a metales de transicion depende de proteinas de expulsion de algunas de las
familias RND, CDF, MFS, NiCoT, transportadores del grupo YebN/MntP, ATPAsas Tipo Pz y/o

transportadores del grupo RenA/MrdH, codificadas en el genoma de Rhizobium etli.
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OBJETIVOS

OBJETIVO GENERAL

Identificar mecanismos de resistencia para Ni2+, Co2*, Mn2+ y Cu2* en Rhizobium etli CFN42.

a)

b)

c)

d)

OBJETIVOS PARTICULARES

Proponer una nueva clasificacion funcional de los transportadores CDF mediante un
anélisis filogenémico, que permita predecir con mayor precision la especificidad de metales
de proteinas CDF putativas.

Predecir y determinar experimentalmente la especificidad de sustrato de las proteinas CDF
de R. etli CFN42, a fin de validar el analisis filogenémico.

Determinar que metales inducen la expresion de los genes que codifican para las proteinas
CDF de R. etli CFN42.

Identificar y mutar aminoécidos clado-especificos potencialmente involucrados con la

especificidad de sustrato.
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RESULTADOS

CAPITULO 3. IDENTIFICACION Y CONTRIBUCION DE LAS PROTEINAS CDF Y SU

PAPEL EN LA RESISTENCIA A METALES EN R. etli CFN42

3.1 Toxicidad de metales en R. etli CFN42
Como parte inicial del trabajo experimental de esta tesis intentamos responder una cuestion
bésica que no habia sido previamente estudiada, siendo ademas clave para iniciar este proyecto:
cual es el nivel de resistencia de R. etli a distintos metales. Para responder esta cuestion se
establecieron condiciones de ensayo en placas de medio minimo (MM) conteniendo o no Zn, Co,
Cd, Fe, Mn, Ni y Cu, partiendo de la premisa que a menor concentraciéon requerida para inhibir
el crecimiento mayor toxicidad y viceversa. A partir de este analisis determinamos que el metal
maés toxico para R. etli CFN42 es Cu (20 uM), el menos téxico Mn (35 mM) y que el gradiente de
toxicidad de los metales incrementaba de forma paralela a como se comportan los metales segin

las series Irving Williams (Fig. 8).
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Fig. 8. Citotoxicidad de metales en R. etli crecida en medio minimo con diferentes concentraciones de metales. La
placa en el lado izquierdo muestra el crecimiento en diluciones seriadas sin metal (MM), la concentracién minima
inhibitoria (15 uM de Cu) y la concentracion totalmente inhibitoria de 20pM de Cu, como un ejemplo. Lo mismo fue

hecho para el resto de metales y la concentracién minima inhibitoria esta representada por los cuadros.
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3.2. Basqueda de proteinas CDF homologas codificadas en el genoma de R. etli
CFNy4z2

Ya que las proteinas CDF de rizobios no han sido funcionalmente caracterizadas, exploramos
cuantas proteinas CDF estaban codificadas en el genoma de R. etli y cudles eran sus posibles
sustratos. Para hacerlo, llevamos a cabo una busqueda de proteinas homodlogas a las proteinas
CDF de E. coli ZitB y YiiP involucradas con la resistencia a Zn/Cd y Fe, respectivamente
(incluidas en la Tabla 1), codificadas en el genoma de R. etli mediante BLASTP. Como resultado
de esta bisqueda (Fig. 9) encontramos 4 genes codificantes para proteinas CDF potencialmente
involucrados con la homeostasis de Zn2+, Cd2* y Fe2*; aunque dado que los sustratos de estos
transportadores aun no pueden predecirse a partir de la secuencia primaria de aminoacidos,
estas proteinas CDF podrian conferir resistencia adicionalmente a Co2*, Niz+ y Mn2*.

Los genes codificantes para proteinas CDF son: RHE_CHo03072 (emnA), RHE _CHo01219
(cepA), RHE_PDoo0193 (PD193) v RHE_PE00218 (nepA); algunos se encuentran formando
parte de posibles operones como ocurre entre los genes nepA-RHE_PEoo0217 y RHE_CH01218-
cepA y que son comparables a algunos operones involucrados con la expulsion de Zn2*, Cd2+,
Ni2+, Co2* previamente descritos (68-71), localizados en el plasmido p42e y en el cromosoma de
R. etli CFN42. La anotacién del genoma los sefiala como bombas de expulsién de cationes, nepA
incluso estaba anotado como una proteina de expulsion de Co2*, Zn2* y Cd2*; sin embargo, no
existe evidencia experimental reportada para ninguna CDF de R. etli ni de otros rizobios.

Adicionalmente, todas las proteinas CDF putativas de R. etli se encuentran en la base de
datos de Pfam (72) para esta familia (numero de acceso PFo01545), y en la base de
transportadores TransportDB (http://www.membranetransport.org/), lo cual confirma nuestros
andlisis comparativos de secuencias. En ambas bases de datos se hallaron las mismas 4 proteinas
CDF putativas identificadas por nosotros las cuales poseen las firmas de secuencia caracteristicas

de la familia en su secuencia primaria de aminoéacidos (Fig. 9).
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Fig. 9. Alineamiento multiple de secuencias de proteinas CDF de Escherichia coli contra las CDF putativas de
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Rhizobium etli. Tanto ZitB, YiiP de Escherichia coli como CzrB de Thermus thermophilus, han sido funcionalmente
caracterizadas (40, 73-74). Las proteinas de Rhizobium etli se identificaron mediante BLASTP usando como templado

de btsqueda las proteinas de E. coli (e-value<0.001, identidad >40%, cobertura del alineamiento >80% de la

secuencia). Estos datos fueron validados buscando desde la base de datos de Pfam (accession PF01545, familia de las
proteinas CDF) usando el identificador RHIEC, especifico del genoma de R. etli CFN42. Los sitios de unién al metal A,
B, C estan identificados por lo puntos rojo, verde y azul respectivamente, mientras que los puentes salinos Lys77-Asp2°7

se representan en color negro.
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3.3. Sensibilidad a Ni2* de la cepa Rhizobium etli CFNX185

La cepa CFNX185 es una mutante, derivada de la cepa CFN42, (42) que sufrié una delecion
espontanea la cual carece de ~200 genes (genes RHE_PE00074-PE00265) incluidos los genes
RHE_PEo00215-nepA, codificantes para un homologo de RcnA de E. coli involucrado con la
expulsion de Ni y Co (22) (22% identidad, 80% cobertura, e-value=3X1072) y para una proteina
CDF (Fig. 9), respectivamente. La cepa CFNX185, nos permiti6 evaluar de forma indirecta si
dicha regi6on estaba involucrada con la resistencia a alguno de los metales que habiamos
predicho anteriormente. Como se muestra en la Fig. 10B, al comparar el crecimiento de la cepa
silvestre CFN42 con la cepa mutante CFNX185 en presencia de Ni2*, esta dltima mostré un
crecimiento disminuido en al menos 6 unidades logaritmicas con respecto a la cepa silvestre.

De la basqueda de clonas complementantes de la resistencia a Ni2* en una libreria
gendmica de R. etli se obtuvo un cé6smido (denominado pL.313) conteniendo un inserto de ~25kb
de DNA de R. etli, a partir del cual se subclon6 una banda de 77.1kb (Fig. 10A) que portaba, entre
otros, los genes RHE__PE00215 y nepA y que permitia recuperar el crecimiento en presencia de
Ni2*. De esta banda de 7.1kb se subclonaron dos fragmentos: una banda EcoRI-BamHI de 4.9kb,
que contenia el bloque nepA-RHE_PE00214; mientras que el segundo, EcoRI-PstI de 3.7kb
contenia los genes RHE PEo0o0217-RHE_PE00214 pero no a nepA codificante para la proteina
CDF. De este modo podriamos discriminar cual gene estaba involucrado con la resistencia a Ni2*,
si es que alguno de ellos lo estaba.

El analisis de complementaciones mostr6 que solamente el fragmento de 4.9kb y no el de
3.7kb complementaban la resistencia (Fig.10). A partir de estos datos, y teniendo en mente que el
gene nepA codifica para una bomba de expulsion de metales, fue clonado y movilizado al fondo
génico de la mutante CFNX185. Como resultado se determin6 que el gene nepA, es el
responsable de la resistencia a Ni2+ en R. etli (Fig. 10). Este hallazgo es de gran relevancia ya que

no habian sido descritas proteinas CDF confiriendo resistencia especifica a Ni2* en bacterias.
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Fig. 10 El gene nepA (PE218) est4 involucrado con la tolerancia a Ni2* en Rhizobium etli CFN42. A) Mapa genético de
los genes codificantes para transportadores presentes en el plasmido p42e, PE218 (nepA). B) Crecimiento de cepas de
R. etli con fragmentos que llevan genes codificantes para diferentes transportadores en placas de MM con y sin 100
uM Ni2* (diluciones sucesivas 1/10). Puede verse la complementacién del crecimiento en presencia del cosmido pL313,
la banda de 4.9kb y con el gene nepA pero no con la banda de 3.7kb.
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CAPITULO 4. Phylogenomic analysis of Cation Diffusion Facilitator proteins

uncovers Ni2*/Co?* transporters

Con base en los principios previamente propuestos (46), se obtuvo una nueva clasificacion
funcional de la familia de transportadores CDF usando inferencia filogenémica. A partir de la
filogenia se hizo una prediccion global de la especificidad de sustrato de las proteinas CDF de los
rizobios, se definieron nuevos clados conteniendo transportadores de Zn2?*, Fe2+, Cd2+, Mn2*, Ni2*
y Co2*y se identificaron residuos grupo especificos de algunos de los nuevos clados descubiertos.

Los resultados de este anélisis se reportan en el articulo anexo:

Cubillas C., Vinuesa P., Tabche ML., and Garcia-de los Santos Alejandro. Phylogenomic analysis

of Cation Diffusion Facilitator proteins uncovers Ni2+/Coz2* transporters. Metallomics. 5: 1634

Ademés, se incluye una seccidon de resultados adicionales en donde se muestran resultados
complementarios para entender mejor los procesos relacionados con la homeostasis de metales

de transicion en Rhizobium etli CFN42.
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Introduction

Transporters of the Cation Diffusion Facilitator family (CDF,
also known as cation-efflux or SLC30, TC 2.A.4.)" are distributed
across the three domains of life. They maintain the cellular
homeostasis of metal ions mainly Mn**, Fe**, zn**, and Cd**
through extrusion, by means of a proton-dependent antiport
mechanism conserved from bacterial to mammalian CDFs.”>™*

Detailed structural studies of the complete Escherichia coli
Zn”*/Cd*" transporter YiiP protein and of the Zn-bound Thermus
thermophilus CzrB cytoplasmic domain revealed the presence of
six transmembrane domains containing three metal binding
sites (MBS) involved in metal transport (site A), stabilization of
the Y-shaped homodimer (site B) as well as a metallochaperone-
like fold where site C (involved in the turnover rate) is located.>®

One of the most important challenges in metalloprotein
research is to establish structure-function relationships by
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clade-specific residues Asn®® and Arg

197 whose mutations produce a non-functional protein.

defining group-specific sequence motifs involved in metal
binding, metal specificity or protein structure. Phylogenomic
inference of protein function involving selection of homologs
(with or without known function), multiple sequence alignment
(MSA) and phylogenetic tree construction is a reliable approach
which provides not only the evolutionary history of functional
changes in a protein family, but also a rational basis for
identifying molecular determinants of substrate specificity
and characterizing protein structure.””® Thus, the estimation
of a highly resolved phylogeny of the CDF family could represent
a key approach to achieve a functional classification of CDF
transporters into substrate-defined groups.

The pioneering phylogenetic study classified CDF proteins
according to substrate specificity rather than species taxonomy
and proposed that homologous proteins grouped into a clade
are expected to share the same set of target metals. This study
classified CDF proteins into three substrate-defined groups:
Zn**, Fe**/zn** and Mn>" (ref. 9) but did not discern substrate-
defined clades for Ni**, Co**, Cd*" and Cu*" transporters even
though several CDF conferring resistance to these metals have
been described.'®™** The aim of our study was to update and
improve the phylogeny of CDF proteins in order to identify
additional clades containing proteins with potentially new
metal specificities using a phylogenomic approach. The
inferred maximume-likelihood (ML) tree sorted CDF proteins
into eighteen clades, contrasting with the most recent reported

This journal is © The Royal Society of Chemistry 2013



neighbor-joining (NJ) phylogeny that classified CDF proteins into
just three major groups: Zn-, Fe/Zn- and Mn-CDFs.’ We found a
correlation between Mn?', Fe**, Co?*, Ni**, Cd** and Zn** substrates
of CDF proteins and their corresponding phylogenetic clades. We
propose the Ni** and Co*" specificities for group III, based on the
functional characterization of NepA (formerly RHE_PE00218);
this protein confers Ni*" resistance to the symbiotic nitrogen
fixing bacteria Rhizobium etli CFN42, whose metal resistance
mechanisms have been analyzed in our laboratory to determine
its metal homeostasis machinery. The putative Co*"* specificity of
group XII, deduced by the presence of Cupriavidus metallidurans
CmDmeF, was supported by the functional characterization of
its ortholog CepA (formerly RHE_CHO01219), which specifically
confers Co®" resistance to R. etli CEN42. We also found that the
NepA ability to confer Ni**/Co** resistance is dependent on clade-
specific Asn®® and Arg"®” residues whose mutations produce a non-
functional protein.

Results

Phylogenetic analysis classifies CDF proteins into 18 groups
and uncovers novel clades with undefined substrate specificity

The data set analyzed in this study consisted of the previously
reported 273 CDF homologs® plus 56 not previously analyzed
CDF proteins. These 329 proteins were collected from 116
species: 64 bacteria (119 proteins), 8 archaea (21 proteins)
and 44 eukarya (189 proteins) (Table S1, ESIT). To define the
most representative domain in our CDF sample containing
proteins ranging in length from 209 to 991 amino acids, the
329 proteins were aligned with the Pfam Cation_efflux
(PF01545.16) Hidden Markov Model domain which contains
structural and functionally relevant residues (Fig. S1, ESIT).
From the resultant alignment 11 proteins were removed
because they lack of key structural elements such as the metal
binding site (MBS) (indicated in Table S1, ESIt). The final 318-
protein alignment, subsequently named the Pfam HMM-CDF
domain, contained 22 putative CDF proteins from members of
the order Rhizobiales which have not been previously analyzed
as well as 44 characterized CDF proteins (Table S1, ESIT). Since
the accuracy of the alignment is a critical step for the phylogenetic
analysis, the Pfam HMM-CDF domain was additionally aligned
with high-ranked alignment methods (MAFFT, MUSCLE, MSA-
probs, Clustal Omega and Clustalw) and evaluated using
MUMSA." For comparison purposes, we used Clustalw"*
which was the same previously reported aligner.’ The aligners
used in this study gave better alignment accuracy than Clustalw
with exception of MSAprobs (Table S2, ESIt). The selection of the
most accurate alignment is a very important difference between
our study and Montanini’s work because it will affect the
inferred phylogeny. The best-scoring alignment was obtained
with the ClustalO (Table S2, ESIT) and used for the ML tree
search. Intensive tree searching was performed on this align-
ment using PhyML,"® as detailed in Methods.

The best phylogenetic tree was constituted by 18 clades (Fig. 1A),
16 of them are supported by p-values > 0.90 whereas clades II
and XI are supported by p-values = 0.80 and 0.88 respectively.

This journal is © The Royal Society of Chemistry 2013

The substrate specificity for each clade was predicted by the
presence of the 44 characterized CDF proteins (Table S1, ESIT)
in different clades. Twelve clades had at least one characterized
member (clades I, II, IV-XIII), 6 clades comprised only uncharac-
terized CDFs (III, XIV-XVIII clades) and 8 clades (V-XI and XIII) had
at least one Zn”* transporter, making Zn>* transport polyphyletic
and the most widespread feature of the CDF protein family
(Fig. 1A). Characterized proteins in clades I and IV from bacteria
and plants, respectively, transport Mn>*, while members of clade II
share Fe** as a substrate. Group III had not been identified in
previous phylogenies; it only comprises uncharacterized proteins,
being unique because of the inclusion of archaeal CDF members.
Archaeal and mycobacterial proteins predominate in this group;
the putative R. etli CFN42 CDF protein NepA (RHE_PE00218) was
also included in this clade as well as its only two orthologs found in
the order Rhizobiales: CIATCH3409 from R. phaseoli CIAT652 and
RL1175 from R. leguminosarum 3841 (Table S3, ESIY).

The characterized protein of group XII is CmDmeF, involved
in Zn>*/Cd*/Fe*/Co®*/Ni** resistances in C. metallidurans."* Our
phylogeny grouped CmDmeF together with the uncharacterized
CDF protein of R. etli CepA (RHE_CHO01219). The broad spectrum
of metals recognized by CmDmeF precludes the assighment of the
metal specificity to homologs from the same clade, which may also
be of a broad spectrum.

The R. etli protein RHE_CHO03072 was located in clade VI,
together with Mn**, Zn>*/Cd** and Fe*' characterized trans-
porters, whereas RHE_PD00193 was included in clade XVII with
uncharacterized transporters. Both putative CDF proteins were
not further analyzed.

Clades III and XII contain proteins involved in Ni** and Co**
resistances

It has been previously reported that the expression of Mycobacterium
tuberculosis Rv2025¢ gene, whose product is grouped into clade 111, is
specifically de-repressed by Ni** and Co®* but not by Fe*", Mn**,
Zn**, €d** or Cu®" and controlled by the high-affinity Ni**/Co**
sensor KmtR.'"® Rv2025¢ is unable to complement the Zn>*
sensitivity of the M. smegmatis zitA mutant'’ and M. smegmatis
expressing Rv2025c¢ in trans does not significantly increase Zn>*
efflux compared to control cells without Rv2025c¢."® These data
suggest that Rv2025¢ may use Ni*" and Co’" as substrates, but
not Zn".

A synteny analysis of archaeal genes encoding protein
members of clade III revealed that the putative CDF proteins
Mpal_2329, Mbar_A1220, and Mbar_A2147 are encoded next to
the previously reported CbiMNQO-type Co*" transport systems'®
(Fig. 1B). In fact, the Mpal 2330-Mpal_2333 and Mbar_A1216-Mbar_
A1219 genes encoding for putative CbiMNQO proteins overlap with
the putative CDF-encoding genes Mpal 2329 and Mbar A1220,
respectively. Thus, the phylogeny, gene context analysis and tran-
scriptional activity of Rv2025¢ under Ni** and Co®" stress, strongly
suggests that clade III groups Ni**/Co®* transporters.

To validate the above hypothesis we generated a recombina-
tion-based mutation in the nepA gene (RHE_PE00218) encoding
a putative R. etli CDF protein grouped into clade III. The mutant
was tested for sensitivity to 100 uM Co?*, 100 uM Ni**, 200 uM

Metallomics, 2013, 5,1634-1643 | 1635
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1kb

Phylogenetic tree of CDF protein family and gene synteny of proteins grouped into clade IIl. (A) Unrooted, ML-based tree of the CDF family generated from

characterized proteins (in bold) and their uncharacterized homologues. A key number as well as the shared metal substrate(s) by proteins per clade are indicated.
Additional metal substrate(s) for characterized proteins with one or more non-shared substrates compared to the other proteins from the same clade are in black
parentheses. Shimodaira-Hasegawa-like p-values for bipartitions indicating substrate-defined clades are shown in red, p-values (only >0.90) for bipartitions subtending
two or more substrate-defined clades are marked in black. The scale bar indicates the expected number of amino acid substitutions per site under the LG + G + f model.
Colors represent proteins from eukarya (green), bacteria (red) and archaea (blue). Putative CDF proteins from R. etli are located in clusters Ill (NepA), VI (CH3072), XII
(CepA) and XVII (PD193) (black bold). Proteins with asterisks in group Il may be part of putative Co?* transport systems (see the text for details). (B) Proteins belonging to
clade Ill located next to metalloregulators of the RenR/CsoR and ArsR/SmtB families (in gray) or close to putative ChiMNQO-type Co?* transporters (in black) are shown.
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Fig. 2 R. etli nepA and cepA genes are essential for Ni** and Co?* resistances.
Cation sensitivity plate assay showing the growth of wild type CFN42, nepA~ and
cepA~ mutants, and their derivatives complemented with the wild type genes
nepA~/nepAc, and cepA~/cepAc in the presence or absence (control) of metals.
Overnight cultures (ODg, = 0.7) of each strain were serially diluted (107'-107%,
left to right) and 20 pl spotted onto MM plates with or without the indicated
metals.

Zn**, 100 pM Cd**, 2.5 mM Fe**, and 15 pM Cu®*, which were
determined to be sub-lethal concentrations for R. etli CFN42.
Fig. 2 shows growth inhibition of the nepA mutant only in the
presence of 100 uM of Ni**, indicating that this gene is essential
only for Ni** resistance, supporting the hypothesis that clade III
groups Ni** transporters.

Substrate specificity for clade XII proteins is difficult to
predict. C. metallidurans CmDmeF, the only characterized
member of this clade, which is essential for Co** detoxification,
also mediates resistance to a wide variety of divalent cations
such as Zn**/Cd**/Fe**/Ni*"."! In addition, phylogenetic analyses
positioned CmDmeF together with the Zn**-CDF transporters
ZnTs and ZitB.”?° To understand the metal specificity of group
XII, we determined the role of CepA (RHE_CHO01219) in R. etli
CFN42 metal homeostasis. For this purpose, we constructed a
second recombination-based mutant in the cepA gene which
showed growth inhibition only in the presence of 100 uM Co**,
but was resistant to 100 pM Ni*" and other metals (Fig. 2),
indicating that this gene is only essential for Co®" resistance.
These findings support the hypothesis that CDF proteins grouped
into clade XII share Co®" as a substrate.

The nepA and cepA mutants, complemented with their
respective genes, recovered the wild type levels of tolerance
toward Ni** and Co”*, confirming their essential role in resistance
to these metals, discarding possible polar effects of these mutations
on downstream genes.

The nepA and cepA gene expression in R. etli CFN42 is
differentially induced by Ni**, Co®>" and Cd** but not by Zn**

As a part of the functional characterization of R. etli CDF proteins
belonging to groups III and XII, we explored if the CDF-encoding
genes are metal responsive by measuring the influence of Ni*",
Co”", Zn*" and Cd*" ions on gene expression (Fig. 3) through
quantitative reverse transcription-PCR (qRT-PCR). The increased
relative expression of nepA gene averaged 9.2-, 4.7- and 11.9-fold by
the addition of Ni**, Co®", and Cd*", respectively (Fig. 3).

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 The R. etli nepA and cepA CDF-encoding genes are differentially induced
by Ni?*, Co** and Cd?* but not by Zn?*. The data represent the fold induction
defined as the ratio between the mRNA levels of nepA and cepA genes in the
presence of 1 mM of NiCl,, ZnCl,, CdCl, and CoCl, and mRNA levels in the
absence of metals (control). Both were normalized to hisCd mRNA levels as
published®® (mean + s.d., n = 4) (t-test, **P < 0.01).

The cepA gene increased its relative expression by the addition of
Co>* (2.4-fold) and Cd** (2.3-fold), whereas no significant increase
was observed by the addition of Ni** or Zn* (Fig. 3). Since cepA has
a 6.85-fold higher expression in Co®* compared to Ni**, while nepA
has 1.93-fold higher expression in Ni** compared to Co®', these
results indicate that Ni** is a better inducer than Co®" for nepA but
Co®" is better than Ni*" for cepA. Interestingly, Zn** is not an
inducer for these CDF-encoding genes; instead, down-regulates
cepA expression as Ni** does.

The heterologous expression of NepA and CepA in E. coli
confirms their specialized role in Ni** and Co”" resistances

Since Ni*" and Co®" have similar physicochemical properties,
we decided to determine whether NepA and CepA are able to
recognize both metals, as happens in other non-CDF proteins
such as RenA or NccA.?"?? For this, the resistance to Ni**, Co*",
Zn>" and Cd*" of E. coli MC4100 cells®" expressing the R. etli
nepA and cepA genes in trans was analyzed. Fig. 4A shows that
the presence of the wild type nepA gene in E. coli increases
10 000-fold the number of CFUs found in the presence of Ni**
and Co>" as compared to cells carrying the empty vector. In
contrast, Zn>* and Cd>" resistances were not significantly
increased under comparable conditions, despite the fact that
NepA has a putative metal binding site A (HD-HD residue
composition) identical to 21 Zn-CDF transporters (Fig. S2,
ESIt). On the other hand, the wild type cepA gene in E. coli
increases 10000-fold the number of CFUs found in the
presence of Co>* but not of Ni** compared to cells carrying
the empty vector (Fig. 4A). As nepA, cepA does not increase Zn>*
or Cd*" tolerances in E. coli. These results indicate that: (i) NepA
recognizes Co”>* and Ni*" in E. coli, which is not observed in
R. etli, (ii) in contrast to its CmDmeF ortholog, CepA has
a restricted Co>" specificity both in E. coli and in R. etli and
(iii) neither NepA nor CepA increase Zn>" or Cd>* tolerances in
E. coli or R. etli under our assay conditions.
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Fig. 4 The nepA and cepA genes increase Ni?*/Co?* and Co?* resistances in
E. coli, respectively. (A) Metal resistance assay plate of E. coli cells transformed
with the empty plasmid PCR2.1-TOPO (control), the plasmids containing the wild
type nepA and cepA genes, and nepA with point mutations in residues H87
(nepA/H87D), N88 (nepA/N88A) and R197 (nepA/R197A). Dilutions 10 " to
10~* are shown (left to right). £. coli cells harboring the mutant nepA genes
showed reduced Ni** and Co®* resistances. (B) A ConSurf analysis reveals three
highly conserved amino acid positions: H87, N88 and R197 (black arrows), near
the putative MBS A (residues H87, D91, H195 and D199) of clade Il proteins,
whose mutations disrupt NepA function. The numbering corresponds to the
NepA protein sequence.

The highly conserved H87, N88 and R197 residues are required
for NepA function

Since amino acids constituting site A of CzeD™ (ref. 23),
YiiP"*® (ref. 24) and ZitB™* (ref. 25) play a crucial role in metal
binding and transport, the question arose whether the homo-
logous residue, NepA™’ (Fig. S2, ESIt), is also functionally
critical. Fig. 4A shows that a NepA™’” mutation suppresses the
ability of this protein to confer Ni** and Co®" resistances to
E. coli, when compared to the wild type gene. This result
suggests that H87 residue could be part of the NepA metal binding
site A. Although the H87D substitution in NepA produced a DDHD
residue composition identical to the YiiP metal binding site A, the
modified protein was unable to increase Zn>* or Cd*" resistances,
compared to the empty vector.

To reinforce the hypothesis that proteins grouped into clade
111 share both Ni** and Co®" as substrates, and bearing in mind
the higher number of coordinating ligands in Ni** and Co”>*
metalloproteins, we focused on the identification of group-
specific residues which potentially act as ligand donors, and
are adjacent to the putative NepA metal binding site A. Since it
was recently shown that a L91M mutation in AtMTP1 (clade VII)
extends the selectivity of this Zn**-transporting CDF to Co*"
(ref. 26), we predicted that either Co** or Ni** specificity could be
determined by residues in the homologous positions in NepA
and conserved among clade III proteins. A ConSurf-analysis®” of
amino acids adjacent to the putative site A of group III proteins
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revealed not only the N88 as a conserved residue, but also R197
both presenting potential N-ligand donors (Fig. 4B) which are
group Ill-specific (Fig. S3, ESIT). To establish their role in protein
function, we examined the effect of N88A and R197A mutations
on the ability of NepA to increase E. coli Ni** and Co®" resistances.
We found that each of these two point mutations suppressed the
ability of NepA to increase Ni** and Co>" E. coli resistances (Fig. 4A).
This result suggests that N88 and R197 residues might play a key
role in protein function reinforcing our hypothesis that proteins
grouped into clade III share Co®>* as a substrate. However, we
cannot discount the possibility that these mutant proteins may
have unspecific structural alterations that affect their proper
function.

This result not only suggests that N88 and R197 residues
play a key role in protein function but also reinforces our
hypothesis that proteins grouped into clade III share Co>* as
a substrate.

Currently, it is not known if the NepA N-terminal His-stretch
or the CepA centrally-located His-stretch which are conserved
in clades IIT and XII (Fig. S3, ESIT), respectively; are functionally
required to recognize their metal substrates.

Discussion

In this study we used a phylogenomic approach”® to improve
the accuracy of the functional classification of CDF proteins by
finding novel groups of CDF transporters. This new classification
increases our capabilities to predict the substrates which are
recognized by groups of ortholog proteins belonging to any given
clade. Our phylogeny revealed several important improvements
over the most recently reported NJ phylogenetic analysis of CDF
transporters.” Below we discuss how these improvements are
supported.

The ML-based phylogeny expands CDF classification into 18
independent clades

Based on the occurrence of characterized proteins, our analysis
predicted the substrate specificity for 12 clades. The six clades
with Zn>" specificity (VII-XI and XIII) and one clade with Mn>*
containing eukaryotic transporters (IV) agree with Zn-CDF and
Mn-CDF groups described in previous phylogenies. In contrast
with the previously proposed Fe/Zn-CDF group,® our phylogeny
separates the transporters grouped in this sole cluster into
independent clades with Zn**/Cd*" (VI), Co**/Ni** (III and XII),
Fe** (11), and Zn>*/Cd*/Fe*"/Mn>" (VI) specificities. Prokaryotic
Mn**-CDF transporters, not deduced from previous phylogenies,
were grouped into clades I and VI separately of eukaryotic
Mn>" transporters (in clade IV). Five clades containing only
uncharacterized CDFs were also identified (XIV-XVIII).

The novel clade III groups Ni** and Co>* transporters from
archaea, actinobacteria and rhizobia

The involvement of R. etli NepA in Ni** tolerance, the enhanced
Ni** and Co”>' resistances of E. coli expressing NepA, the
transcriptional activation of Rv2025¢'® and nepA genes by Ni**
and Co®", as well as the presence of potential operons containing
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CDF NepA orthologs overlapping with putative archaeal
CbhiMNQO-type Co>" transport proteins support the hypothesis
that proteins grouped into clade III share Ni** and Co®" as
substrates. Notably, neither Rv2025” nor nepA genes are induced
by Zn>* (ref. 16). Furthermore, nepA does not confer resistance to
Zn”" in R. etli or E. coli, while Rv2025¢ does not complement the
Zn*"* sensitivity of the M. smegmatis zitA mutant,'” suggesting a
primary role in Ni** and Co** transport. Some of the NepA
uncharacterized orthologs (Cgl2783, SCO1310, AAS20133,
MA4005, MM0167, MA0805) were previously included in the
Fe/Zn-CDF clade;’ however, because group III Rv2025¢ and NepA
transporters are not involved in Zn** tolerance, we propose this
group as a bona fide Ni** and Co®" clade. The previously known
Ni**/Zn®" and Co®"/Zn>" transporters such as Thiaspi goesingense
TgMTP1t2,"* Bacillus subtilis CzcD,'® Saccharomyces cerevisiae
COT12® or C. metallidurans CzcD* are polyphyletic and do not
belong to group III or XII. Currently, we cannot distinguish if
Ni** transport evolved more than once in these clades, or if Ni**
or Co®" specificity was derived from Zn>" transporters. The latter
hypothesis is supported by the observation that Zn>* transporters
are the dominant proteins found in the clades that harbor these
Ni**/Co®" transporters. The metal specificity shared among
members of this clade is also supported by the discovery of three
highly conserved residues required for NepA function (Fig. 4).

Discovery of prokaryotic Mn-CDF clades

The Mn-CDFs reported in previous phylogenetic studies com-
prised exclusively proteins from plants and fungi.” In our data
set we included the recently discovered bacterial Mn-CDF MntE
(clade T) from Streptococcus pneumoniae, Dr1236 (clade VI)
from Deinococcus radiodurans®® and some of their homologs. In
our phylogeny they were recovered in two independent clades
(I and VI). This clustering is consistent with a polyphyletic
origin of Mn-CDF proteins.

The novel clade XII groups transporters sharing Co>" as a
substrate

Our phylogeny separates the broad metal specificity transporter
C. metallidurans CmDmeF,"" conferring Zn**/Co**/Cd>*/Ni*"/
Fe®* resistance into the new and independent clade XII. This
protein was previously grouped with ZitB and ZnT Zn*" trans-
porters.”*® The Co>" specificity of clade XII is supported by the
reported central role of CmDmeF in Co®" homeostasis,"" as well
as the functional characterization of its R. et/i ortholog CepA
(this study), which only confers Co** resistance to this organism.

Rationalized arrangement of Fe>* and Zn”>*-CDF transporters

The Fe/Zn group® was defined based on the presence of Fe**-
transporting CDFs CmFieF/ScMMT1-2 "*! and the Zn>*/Cd>*
transporter EcYiiP*” in the same clade. Our phylogeny separates
EcYiiP in clade V and CmFieF/ScMMT1-2 in clade II. This
phylogenetic divergence is congruent with in vitro EcYiiP studies
showing that this protein is unable to mobilize Fe** and, instead,
transports Zn>" or Cd>* (ref. 33). A key functional difference
between CmFieF and EcYiiP is that CmFieF is able to increase
Fe** tolerance in the heterologous model E. coli AYiiP/AFur
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double mutant'" but EcYiiP is unable to complement Fe>*
uptake in the Synechocystis sp. SI11263 mutant.>® In addition,
disruption of C. metallidurans fieF has only a marginal influence
on Zn** tolerance'! while SCMMT1-2 is clearly involved in Fe**
mitochondrial transport.® In the current state, we do not know
whether CmFieF gained Co, Ni, Zn, Cd specificities or if
ScMMT1-2 lost these 4 specificities; however, we assume their
common ancestor recognized Fe, the shared substrate. This fact
supports clade II as a Fe-CDF group.

The novel clade VI groups proteins with Fe>*/Zn>*/Cd**/Mn>*
specificities

Two CDF transporters belonging to clade VI were recently
characterized: S111263 from Synechocystis sp.>* and Dr1236 from
Deinococcus radiodurans,® they are involved in Fe and Mn
transport, respectively. The independence of these transporters
from CmFieF (Fe, clade IT) and MntE (Mn, clade I) suggests Fe>"
and Mn*" recognition by CDFs evolved at least twice. Clade VI
also includes T. thermophilus CzrB which increases E. coli Zn>**/
Cd*" resistance®® and binds Zn at its cytoplasmic domain.®
Neither S111263 nor Dr1236 are involved in Zn tolerance but the
ability of TtCzrB to bind or transport Mn or Fe is unknown.®>>
The characterization of additional members of this clade will
provide new insights into the predominant specificities, if any,
in this group of proteins.

Absence of single Cd*>* and Cu®" CDF clades

The examination of all known Cd-CDF proteins present in our
data set revealed that they are also Zn-CDF proteins. Most of
them are grouped into clades V, VI and VIII. This distribution is
probably due to the strong preference shared by both metals for
tetrahedral coordination. Using site-directed mutagenesis,
exclusive Cd*" transport could not be generated from the
Zn**/Cd>" transporter YiiP; single Zn>* transport could be
obtained from YiiP by decreasing its affinity for Cd**, but
Cd** transport could be achieved by increasing its affinity for
the Zn>" transporter ZnT5.°

On the other hand, no Cu-CDF clades could be directly
predicted from our phylogeny. Although most transporters with
known Cu specificity belong to the Pip-type ATPases protein
family,”” there is one reported CDF protein (CzcD) that is
related to Cu”*-tolerance in Bacillus subtilis."° In our phylogeny
this protein was grouped together with canonical Zn-CDF
transporters such as CmcCzcD in clade VIII. Perhaps proteins
with separate Cd*>" and Cu®" specificities might be present in
some of the five clades containing only uncharacterized CDF
proteins (XIV-XVIII).

Group specific His-rich stretches influence CDF protein
functional divergence of metal specificity

It has been suggested that N-terminal, or centrally-located
H-rich sequence regions present in CDF proteins such as plant
CDFs from group VII,">*%3° and proteins from clades XII and
III (Fig. S3, ESIT) could play a relevant role in protein function,
narrowing or broadening metal selectivity. In fact, an AtMTP1
chimera containing the HvVMTP1 His-stretch (both proteins
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located in clade VII) modified the AtMTP1 substrate specificity
from Zn”>* to Zn>'/Co™", gaining Co®" recognition.*® In addition,
the removal of the VIVTT motif located in the AtMTP1 His-stretch
allowed acquisition of Co*" specificity to this Zn>" transporter.*®
Since all clade VII proteins have His-stretches, it is difficult to
ascertain whether they evolved from a common Zn**/Co>*/Ni**
ancestor transporter that differentially lost Co®"/Ni** recognition
(as in AtMTP1) or if the ancestor was a Zn>" transporter which
differentially gained Co®/Ni** recognition (as in HvMTP1,
NgMTP1, NtMTP1A/B). Whatever the scenario, it is clear that
Zn** is the ancestral metal specificity shared by all members of
this clade. These His-rich regions have been suggested to act as
metal chaperones which may increase the local metal concen-
tration above the threshold required for selective transport, thus
forcing subsequent non-target metal translocation.*®*° Alterna-
tively, they could modulate protein function acting as cytoplasmic
sensors of metal concentrations probably working as buffering
pockets.”” The presence of a C-terminal Leu zipper motif in
PtdMTP1 and in its orthologs (clade VII), ShMTP1-4/AtMTP8-10
(clade IV) has also been related to functional activity and metal
selectivity of CDFs.>**!

Methods

Dataset and classification of CDF proteins

The data set analyzed in this study contained 329 homolog
proteins, 273 of them represent the complete data set reported
in a previous phylogeny.® As part of our interest in characterizing
the metal homeostasis in rhizobia, the data set also contains 23
putative CDF proteins from six members of the order Rhizobiales,
which have not been previously analyzed. Based on experimental
evidence, we considered 44 CDF proteins as functionally
characterized, with their substrates being known (Table S1,
ESIf). These proteins allowed the correlation of CDF groups
with substrate specificity.

Programs and parameters for multiple sequence-alignment of
the CDF protein signature blocks

The strong evolutionary divergence of the compiled data set is
clearly reflected in its sequence-length heterogeneity, which
ranges from 209 to 991 amino acids. An alignment of the more
conserved regions in the dataset was obtained with hmmalign
from the HMMER 3.0 package,”” in combination with the
HMMER3/b cation efflux family HMM model PF01545.16,
downloaded from Pfam.*® The resulting alignment was named
the Pfam HMM-CDF domain. In an attempt to further improve
this alignment, it was de-gaped and subjected to standard
global multiple sequence alignment (MSA) with some of the best
ranking software in recent comparative benchmark analyses,**
we chose Clustal Omega v1.1.0,"> MAFFT v6.935,'® MSAProbs
v0.9.7," ClustalW v.2.1"* and MUSCLE v3.8.31.*® All programs
were run using accuracy-oriented settings.

Clustal Omega is a new multiple sequence alignment program
that uses seeded guide trees and HMM profile-profile techniques
to generate alignments. We took advantage of this capacity
to perform a model-based global multiple sequence alignment.
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For this purpose we used the above mentioned CDF-HMM (acc.
no. PF01545) to perform the alignment (using —full-iter —full —iter
5 option).

We ran MAFFT using the accuracy-oriented method L-INS-i
(an iterative refinement method incorporating local pairwise
alignment information).

MSAProbs is recently released alignment software.*” It
implements a combination of pair HMMs and partition functions
to calculate posterior probabilities. It also incorporates weighted
probabilistic consistency transformation and weighted profile-
profile alignment strategies to improve alignment accuracy. It was
run using -ir 100. ClustalW was run using default settings.

Finally, we also used MUSCLE, which implements fast
distance estimation using kmer counting, progressive align-
ment using a profile function called the log-expectation score,
and refinement using tree-dependent restricted partitioning.
MUSCLE was run with maxiters = 32 and maxtrees = 5, with 3
refinement rounds.

The quality of the alignments containing 318 CDF sequences
produced by the different software and alignment strategies
described above was evaluated using MUMSA"? (Table S2, ESIY).
The best-scoring alignments were obtained with ClustalO and
MAFTT L-INS-i. We chose the former one for phylogenetic
analysis.

ML-tree search strategies

Only heuristic methods are capable of estimating a phylogeny
with 318 terminals. Due to the hill-climbing nature of the
branch-swapping algorithms, tree searches get stuck in local
optima. To improve phylogeny estimation, we used 100 random
seed trees in addition to a BioN]J tree to start 101 searches. The
random trees were generated by an ad hoc bioperl script. Tree
searching under the maximum-likelihood criterion was per-
formed with PhyML v3.0."® The best-fitting substitution matrix
was selected using ProtTest3*® and a non-redundant subset of
the original data set consisting of 102 proteins with <55%
identity generated with CD-hit.>® The selected model was LG +
G + f (AIC weight = 1). This is the recently derived LG substitution
matrix,>" the gamma distribution to model among-site rate
heterogeneity and estimating aminoacid frequencies empirically
from the data. The “BEST” option for branch swapping was
selected, which keeps the best-scoring tree of either NNI or TBR
moves in each iteration. The bipartition support was evaluated
by the Shimodaira-Hasegawa-like approximate LRT test.>” The
tree searches were performed on a 13 node compute cluster,
each node having 12 x 2.16 GHz x86_64 CPUs with 16GB RAM.
The best tree from each search was identified as the one with the
highest log likelihood score.

Identification of conserved amino acids in the CDF protein
domain

Based on the ClustalO alignment, we analyzed the position-
specific estimated evolutionary rate of amino acids present in
the putative site A and its neighborhood for clade III proteins,
and compared them with known Zn>*'-CDF transporters from
the ones of those from clades V, VII, X, XI and a subset of
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21 characterized Zn>'-specific CDF (Table S1, ESIf) using
ConSurf.””

Bacterial strains, media and conditions

The strains are listed in Table S4 (ESIT). Rhizobium etli strains
were grown at 30 °C in rich PY medium and minimal medium
(MM),>® while E. coli strains were grown in Luria-Bertani
medium at 37 °C. Antibiotics for R. etli were added at the
following concentrations (ug ml~"): nalidixic acid, 20; streptomycin,
100; gentamicin, 5; and tetracycline, 3. For E. coli the antibiotic
concentrations were (g ml~"): kanamycin, 30; gentamicin and
tetracycline 10.

Cation sensitivity assays

Metal sensitivity was determined using a plate assay as follows:
50 mM stock solutions of Co, Ni, Fe, Mn, Cu, Zn and Cd
chloride salts (Sigma-Aldrich, St Louis, MO) were prepared in
Milli-Q water, filter sterilized and added at increasing concen-
trations to solid (1.5% wt/vol agar) MM. The R. etli overnight
cultures were adjusted to ODg,, = 0.7, washed twice with MgSO,
10 mM, serially diluted (10~'-10"*) and spotted (20 pl) on solid
MM with or without metal ions as controls. Growth was
recorded after 7 days of incubation at 30 °C. The MICs of
metals able to reduce, in at least one log-unit, the growth (CFU)
of R. etli wild type and mutant strains were 100 pM Ni**, 100 uM
Co>*, 200 uM Zn>*, 100 pM Cd>*, 15 uM Cu**, 2.5 mM Fe”>* and
30 mM Mn>",

Genetic manipulations

R. etli mutants were generated by recombination-based vector
integration mutagenesis. Internal 0.3-0.5 kbp DNA fragments
of cepA and nepA genes were amplified by PCR with primers C/D,
E/F, respectively (Table S5, ESIf), cloned into suicide plasmid
pPDGm>* and mobilized into R. etli CFN42 by triparental mating.
Disruption of target gene by single crossover was confirmed by
Southern blot hybridization.>® To complement the nepA and cepA
mutants, full-length genes were amplified by PCR using primers
/], M/N, respectively, cloned into pCR 2.1 TOPO, subcloned
into pPBBRIMMCS-3 (cepA) or pRK7813 (nepA) and mobilized by
conjugation to complement the respective mutants. The expres-
sion of the cloned genes was under the control of the vector’s lacZ
promoter. For site-directed mutations at H87, N88 and R197
conserved residues in NepA site A the QuickChange multi site-
directed mutagenesis kit (Agilent) was used along with primers
H87D-P1, N88A-P1 and R197A-P1. The fidelity of single site
mutations was verified by DNA sequencing.

Metal-dependent expression of CDF-encoding genes in R. etli
CFN42

10 ml of mid-log (ODgy, = 0.45-0.55) growing cells were exposed
for 30 min to 1 mM of NiCl,, ZnCl,, CdCl, and CoCl, in PY rich
medium. Control cells unexposed to metals were also included.
Then, mRNA was extracted by using the TriPure isolation reagent
(Roche). The total RNA (DNA free) was reverse transcribed to
c¢DNA by using ReverAid H minus FirstStrand ¢cDNA Synthesis
(Fermentas). Quantitative real-time PCR was performed on PCR
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System 3700 (Applied Biosystems) using Maxima Syber Green/
ROX qPCR master Mix (Fermentas). The nepA, cepA and hisCd
genes were amplified by using primers R/S, T/U and Y/Z,
respectively. Their expression levels in the presence and absence
of metals were normalized to the expression level of house-
keeping hisCd gene. The data represent averages of four inde-
pendent experiments with three technical replicates each. The
fold change in gene expression was calculated using the AACt
method.”®

Heterologous complementation of E. coli cells with R. etli
CDF-encoding genes

The influence of nepA and cepA genes on metal resistance was
determined by transforming chemically competent E. coli
MC4100 cells®® with plasmid pCR2.1 TOPO harboring cepA,
nepA and their respective point mutations as well as the empty
vector as control. The metal resistances of the resultant trans-
formed clones were tested by using a LB plate assay (Fig. 4).
12 h grown cells were adjusted to ODss, = 1, washed twice with
MgSO, 10 mM, serially diluted (10~ *-10"*), spotted (15 pl) on
plates and incubated 24 h at 37 °C.

Conclusions

The combined use of evolutionary and experimental informa-
tion on a phylogenomics framework allowed the inference of a
new functional classification for the CDF protein family where
Ni, Co, Fe, Mn, Zn and Cd could be associated with highly
supported clades.

The ML-based phylogeny assorted the CDF proteins in
18 well supported phylogenetic clades, in contrast with the
previously reported three-group classification, implying that
any given metal could be present in two or more clades.

This thorough phylogenetic analysis enabled the discovery
of two novel clades for Ni**/Co®" and Co*" transporters, experi-
mentally supported by the functional characterization of nepA
and cepA genes of R. etli CFN42. New clades for Zn**, Fe**, Cd**
and Mn”" were also inferred.

The presence of Mn-CDF transporters in bacterial genomes
plus those found in eukaryotic organisms support the idea of a
polyphyletic evolution of this group of transporters.

The comparison of the position-specific evolutionary rate
through Consurf in Zn vs. Ni/Co CDF-transporters allowed
testing of a hypothesis about the association among highly
conserved residues, protein function, and metal recognition.
Two conserved position-specific residues were found in the
novel group of Ni/Co-CDF transporters located in clade III that
are relevant for protein function.
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CAPITULO 5. The emnA gene from Rhizobium etli encodes for a bacterial cation

diffusion facilitator protein involved in Mn?* resistance (in preparation)

Introduction

Rhizobial Mn?* homeostasis comprises an aggregate of uptake, efflux, traffic and
metalloregulatory proteins. In Sinorhizobium meliloti, Rhizobium leguminosarum and
Bradyrhizobium japonicum the Mn?* uptake systems have been shown to be dependent of sitABC
(75-76) and mntH (77), respectively; whose expression is regulated by Mur (76, 78) and Fur (77)
under low Mn?* concentrations. For Rhizobium leguminosarum, also are genome-encoded
uncharacterized Escherichia coli MntH orthologs (76).

In groups other than rhizobia the information about Mn efflux mechanism is still limited. The
other reported non-CDF dependent Mn** efflux systems correspond to Neisseria meningitidis
MntX (79), Xyllela fastidiosa YebN (80) and Escherichia coli MntP efflux protein (18) being all
homologues to each other and belonging to the same family (PF02659). Searches for
MntX/YebN/MntP homologues encoded in the R. etli genome were unsuccessful, supporting the
hypothesis that other transporters could be involved in Mn®* tolerance.

Recently, we reported the functional classification of the R. etli CFN42 CDF transporters using
phylogenomic inference (81). According with this study, in the genome of this organism are
encoded four CDF efflux proteins, two of them, NepA (RHE_PE00218) and CepA
(RHE_CH01219) independently confer Ni?* and Co?" resistance, respectively. The third putative
CDF transporter, RHE_PD00193, was classified in the group XVII of unknown function. We also
described the existence of monophyletic bacterial Mn-CDF clades; in one of them, clade VI,
where was located the fourth putative CDF protein RHE_CHO03072 and its rhizobial orthologs.
The highly-diverse metal specificity clade VI also contains the characterized Zn®*/Cd** TtCzrB
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from Thermus Thermophilus; the Mn®* transporter Dr1236 from Deinococcus radiodurans and
the Fe®" transporter S111263 from Synechocystis sp. It has been previously shown that Zn%*/ Cd?*
resistance relies on SMc04128-encoded Pg-type ATPase in S. meliloti (62) whose ortholog in R.
etli is RHE_CH03719. Since Mn?* or Fe* resistance has not been explored in any rhizobia
species, we decided to explore if the RHE_CHO03072 protein was involved in tolerance to these
metals in R. etli.

Here we report that RHE_CHO03072 as an essential gene required for Mn?* resistance in R. etli.
The RHE_CHO03072 gene is a distant MntE homolog (Streptococcus pneumoniae, clade 1), but a
close DR1236 homolog (Deinococcus radiodurans) (81), the only known bacterial Mn-CDFs
proteins. The RHE_CHO03072 gene it is metal inducible and its homologues occur in multiple

rhizobial genomes. We propose emnA (efflux of Mn?*) as new denomination for RHE_CH03072.
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RESULTS

The RHE_CHO03072 (EmnA) protein shares identical metal binding sites as Fe**, Mn*",
Zn**/Cd** CDF transporters. For clade VI proteins in general (81), and for RHE_CH03072 in
particular, substrate prediction is difficult since characterized TtCzrB (Zn**/ Cd®*) (40, 82),
DR1236 (Mn*") (83) and SI11263 (Fe®*) (84) proteins share very close identity values to each
other: RHE_CHO03072 /DR1236 (55%, 89% coverage), RHE_CHO03072/SI11263 (44%, 90%
coverage), and RHE_CHO03072 /TtCzrB (51%, 95% coverage), all they have different substrates
and they belong to the same phylogenetic clade.

Accordingly to YiiP and TtCzrB crystal structures (40-41), metals (Zn** or Cd**) are bound in
three different metal binding sites (MBS) denominated A, B or C, where site A is the active one,
B is involved in dimer formation and site C is implicated in turnover rate. The YiiP site A is
involved in metal translocation, metal discrimination and has a residue composition of DD-HD
(Fig 1); so in order to explain the observed differences in the recognized metal substrates we
expected that clade VI proteins would have pronounced differences to each other and particularly
in their putative MBSs. A multiple sequence alignment of these proteins did not reveal
differences at MBS A, B or C among TtCzrB, SlI1236, Dr1263 and RHE_CHO03072 proteins
when are compared to each other (Fig. 11). This alignment contrast with that previously reported
(83) where the DXXXD commonly found in plant Mn-CDF proteins were assumed to be present
in their bacterial counterparts. In addition, this alignment gives some insights about the
composition of putative MBS A for all clade VI proteins under analysis, which is ENHD,

differing form de DDHD composition of YiiP-like (clade V) proteins (81).
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Fig. 11. The alignment of characterized clade VI CDF proteins shows they have identical MBS
A, B and C in spite of having different metal substrates. The red, blue, green and black dots
indicate the MBS A, B, C and the interlocked Lys’’-Asp®®’ salt bridge, respectively as reported
for E. coli YiiP (PDB 3H90) and T. termphilus CzrB (PDB 3BYR) Zn-bound protein structures.
This representative alignment compares the conserved HMM CDF-domains of proteins under

analysis as we published (81).

Phylogenetic analysis of EmnA and its homologues reveals that is part of its own subfamily
and uncovers two additional subgroups of uncharacterized CDF proteins. Recently we
determined that clade VI, where EmnA belongs, has the most variable substrates in the CDF
family (81), where the 3 characterized proteins recognized different metals. The absence of
variation in MBS ABC and the observed closed BLASTP values among clade VI proteins, led us
to investigate protein divergence by using a phylogenetic approach. For this, we reconstruct a
phylogeny of 197 CDF homologues (see methods) in order to establish whether EmnA was close
to any given characterized protein or if it formed part of its own subfamily of uncharacterized
proteins. As a result, this analysis allowed to uncover that EmnA was part of its own subfamily

(p-value=0.99) (Fig. 12) and hence its substrate may not predicted based on the sequence identity
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values when compared to the characterized proteins. Interestingly, our phylogeny showed that
DR1236 and EmnA groups are monophyletic to each other (p-value=0.99) suggesting that both
subgroups of proteins could share Mn?* as substrate. In addition, it was observed that the other
three previously known CDFs are divided into three subfamilies, one protein by subfamily. Two
additional uncharacterized subgroups were also identified but their substrates are currently

unknown (Fig. 12).

own subgroup. Maximum-likelihood based tree of group VI proteins reveals the existence of
multiple subfamilies accordingly to substrate. Shimodira-Hasegawa-like p-values for bipartitions

indicating substrate-defined clades (p-values >0.9) are shown in blue. The p-value in red indicates
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the monophyletic origin of EmnA and DR1236. The scale bar indicates the expected number of

amino acid substitutions per site under the LG model.

The emnA gene is responsive to divalent metals. To determine metal-responsiveness of emnA
gene in R. etli cells we measured the expression values of Zn?*, Cd**, Fe?* and Mn?* -exposed
cells in MM by using qRT-PCR. Under our tested conditions, emnA gene was responsive to all

tested metals, having Zn and Cd the strongest and weakest responses, respectively (Fig. 13).
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Fig. 13. The R. etli emnA gene is metal responsive to Fe?*, Zn**, Cd**, and Mn*". The data
represent the fold induction, defined as the ratio between the mRNA levels of emnA gene in the
presence of 5 mM of FeCls, ZnCl,, CdCl, and MnCl, and mRNA levels in the absence of metals
(control). Both were normalized to hisCd mRNA levels as published (81) (mean £ s.d., n = 3) (t-

test, **P<0.01).
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EmnA is essential for Mn?" resistance in R. etli. To directly validate what metal(s) were the
actual substrates of RHE_CH03072, we obtained a mutant in this gene by vector-integration
mutagenesis and tested its growing abilities in minimal medium (MM) plates containing metals.
Our results indicate this mutant is only sensitive to Mn®* but it was as resistant as the wild type in
the presence of other metal ions such as Zn?*, Cd?*, Cu**, Ni** or Co?". In addition, this mutant
showed a one-log unit inhibition in the presence of Fe?* (Fig. 4). The fact that this gene is a
critical component of Mn?* tolerance in R. etli prompted us to rename it as emnA (efflux of Mn

protein A).

DILUTION DILUTION
102 B 101 102 103 104

" CIEIEIET
O

MM 1mM Mn
103 104

DILUTION

101 102 103 10

MM 100pM Ni MM 100pM Co MM 15pM Cu

101 102 103 10* 01 0-2

e 00 O Il oo it
-OSeEmEaEnoo-

MM 100pM Cd MM 200pM Zn MM 2.5mM Fe

103

Fig. 14. R. etli emnA gene is essential for Mn?* resistance. Cation sensitivity plate assay showing
the growth of wild type CFN42, emnA-, and its derivative complemented with the wild type gene
in the presence or absence (control) of metals, as indicated. Overnight cultures (ODg0=0.7) of
each strain were serially diluted (10™-10 left to right) and 20 pl spotted onto MM plates with or

without the indicated metals.
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DISCUSSION

Our recent work describing Ni?* and Co?*-CDF transporters also uncovered the presence of Mn-
CDF clades in bacteria (81). Here, we analyzed one bacterial Mn-CDF clade and show that Mn,
Zn/Cd and Fe-CDF proteins from the same group share identical MBS A, B or C suggesting
alternative metal binding residues to discriminate between ions, since all of them are identical.
Simultaneously, clade VI proteins differ in their MBS compositions when compared to other
bacterial Mn-, Zn/Cd-CDFs, such as MntE or YiiP, in spite they share Mn?*, Zn** and Cd** as
substrates. Since our phylogeny uncovered new subgroups in group VI proteins we cannot
discard the recognition of other substrates by them. This phenomenon is similar to that previously
observed by us for Ni’*- and Zn**-CDFs which also shared the same MBS A but still have
different substrates.

Based on the observed group-metal substrates relationships in this and previous phylogenies (1,
49, 81, 85), we can figure that metal selectivity variations in CDF proteins occur at 3 different
levels. 1) Metal specificity among clades. The evolutionary divergence among CDF clades is the
most evident feature observed in all reported CDF phylogenies. In this case, variations are seen
along over all the protein sequences. In this level we found the MntE vs EmnA protein groups
CepA, NepA, SCMMT1/2 or ZnT clades, whose identity values to each other are around 30-35%.
2) Metal specificity variations among CDF proteins from the same clade. In this class we found
two different examples, a) monophyletic clades such as clade VI studied here, and proteins from
the clade X which recognize Co®* and Zn** as COT1 and ZRC1 (81) in spite of having identical
MBS A, B and C all they have different metal specificities, in these cases the molecular basis of
selectivity are completely unknown; b) the clade VII proteins (81) HYMTP1 and AtMTP1which
share identical MBS A but discriminate between Zn** and Co®* by the use of short non-conserved

motifs like His-rich tracts or the presence of the VTVTT motif in AtMTP1 whose removal allows
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Co?* recognition (86). Proteins of above examples have around >50% identity 3) Multispecificity
or promiscuity. This category encompasses all those proteins having 2 or more substrates. There
are several examples of this: CmDmeF, CmFieF, BsCzcD, CzcD, OsMTP1; however, nothing is
known about how metal selectivity for chemically different metals (i.e. Fe?* and Zn?*) is achieved
in the same protein. Phylogenetic and multiple sequence alignment analyses coupled to
biochemical and genetic approaches of every kind of variations in this family of proteins could
help in determining the molecular basis of metal selectivity in CDF proteins.

Rhizobial Mn?* homeostasis has been focused mainly on metal uptake, several systems are
currently known as responsible for transport into B. japonicum (77), S. meliloti (75) and R.
leguminosarum (76) cells; however, the opposite process was unknown. The characterization of
EmnA offer insights about the Mn®* efflux mechanism in this bacterial group. It is particularly
interesting that EmnA orthologs are present in almost all analyzed rhizobial genomes by
exception of B. japonicum.

The EmnA subgroup contained 50% of all proteins under our analysis and it is monophyletic
relative to DR1236 which suggest that Mn®" transport is probably the most predominant metal
substrate for clade VI proteins. Unfortunately, there is not published information about TtCzrB
specificities beyond Zn?* or Cd?*, since other metals were not tested. The TtCzrB orthologs are
restricted to Thermus species while EmnA/DR1236 ones are widespread in at least 3 different

genus.
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CAPITULO 6. Hipertolerancia a Cu?* de la cepa Rhizobium etli CFNX185

Como parte de la identificacion de los mecanismos de homeostasis de metales en R. etli CFN42,
se analizo el crecimiento de la coleccion de mutantes de R. etli curadas o con deleciones de
plasmidos previamente reportadas (87). Descubrimos que la mutante CFNX185, cuyo plasmido
p42e carece de ~200 kb, mostraba un aumento en la resistencia a Cu2* (Fig. 9). Ya que mutantes
con caracteristicas de hipertolerancia a Cu2+ no habian sido descritas desde hace mas de 30 afios
(88) y que este fenotipo no habia sido reportado en rizobios, decidimos investigar qué gene(s), al
estar ausentes en la mutante CFNX185, provocan un aumento en la tolerancia a cobre.

La busqueda de dicho gene(s) se vio facilitado por 2 razones: 1) El aislamiento de un
césmido, proveniente de una libreria genémica de R. etli CFN42, conteniendo aproximadamente
20 Kb del pladsmido p42e, que complementd la resistencia a Ni2* (por contener al gene nepA)
pero no disminuyo la resistencia a Cu2+ de la cepa CFNX185 al nivel de la cepa silvestre CFN42,
indicativo de que los fenotipos de Ni2* y Cu2* eran independientes entre si (Fig. 15A, peA/pL313).
2) Mutantes con deleciones del pldsmido p42e de menor tamafio que permitieron localizar una
region con menor cantidad de genes que nos aproximara a encontrar el gene responsable de la
observada hipertolerancia a Cu2*. Los fenotipos de estas dos deleciones: peA11 y peA10o (89) en
20 uM Cu?*, mostro que la cepa peA10 tiene un fenotipo comparable al de la CFNX185 (Fig 15B).

Ya que la cepa peA10 aun carece de ~100 genes, el analisis individual de cada uno de ellos
era complejo, por lo que a partir de esta mutante se construyeron un conjunto de deleciones (Fig.
15A) cuyo proposito final era reducir a una regién minima (de 25 o menos genes) (Fig. 15C) el
fenotipo de hipertolerancia a Cu2*.

La localizacion, identificacion y caracterizacion del (los) gene (s) responsables de tal

hiperresistencia se estan investigando actualmente en nuestro laboratorio.
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Fig. 15. Efecto de las deleciones del plasmido p42e en la tolerancia a cobre de R. etli CFN42. A) Representacion lineal

de las 505kb del plasmido p42e (tal como esté en la cepa CFN42) y sus deleciones representadas como espacios en

blanco. B) Efecto de la delecién sobre el crecimiento en presencia de cobre. Los controles de MM sin metal crecen en

diluciones 10 (no mostrado). C) Regién minima responsable de la hipertolerancia a Cu2+, inferida a partir del analisis

de deleciones y de los genes contenidos en el cosmido pL313 aislado de la libreria genémica de R. etli CFN42

(conteniendo ~25kb de p42e, que complementan la resistencia a Ni2+ pero no afecta la resistencia a Cu2+).
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6.1. Identificaciéon de una mutante Tns afectada en la homeostasis de Cuz+*

Paralelamente a la estrategia de deleciones en p42e, se efectu6 una mutagénesis con el
transposén Tn5 en el fondo de la cepa CFN42, cuyo propdsito era obtener mutantes
hipertolerantes a Cuz*. Se utiliz6 medio minimo 20uM de Cu2* como medio de seleccion positiva,
concentracion totalmente inhibitoria del crecimiento de la cepa silvestre CFN42.

Se obtuvo una mutante que denominamos cur201, cuya DOQOs,o después de 16hrs (tiempo
requerido para que la cepa CFN42 alcance su tope maximo de crecimiento exponencial) es ~10
veces menor al de la cepa silvestre (Fig. 16A) y muestra una alta resistencia a Cu2* semejante al

de la mutante CFNX185 (Fig. 16B).
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Fig. 16. Comparacion de fenotipos de la mutante cur201 con la cepa parental CFN42. (A) Crecimiento de la cepa
mutante R. etli cur201 comparado con el de la cepa silvestre CFN42 en medio rico PY (promedio de 3 replicas). (B)

Crecimiento de la mutante cur201 en presencia de Cu. Se muestran las diluciones 10! — 1075 (de izquierda a derecha).
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Para identificar el (los) genes afectados por la mutaciéon en la cepa cur201 se siguieron
dos estrategias: 1) clonar y secuenciar un fragmento EcoRI que contuviese una seccion del
genoma, el Tn5 completo y que fuese susceptible a ser clonado y secuenciado y 2) complementar
esta mutante con el banco genémico de R. etli, en cuyo caso se secuenciarian fragmentos
derivados de los cosmidos identificados obtenidos por clonacién en los vectores adecuados para
tal fin.

La estrategia de complementacion fue la primera en dar resultados. Debido a que el
crecimiento deficiente de la mutante cur201 en medio rico y la hiperresistencia a Cu2+ parecian
estar asociados, buscamos clonas complementadas a partir del banco genémico que mostraran
un crecimiento mas rapido en PY. De aquellas que lo lograron (4 clonas), establecimos si
contenian un coésmido extra y si recuperaban el fenotipo de la cepa CFN42 en Cu2*. Con esta
estrategia determinamos que las 4 clonas que denominamos cur201/pLi1-pL4, mostraban
crecimiento silvestre en PY (no mostrado), crecimiento silvestre en MM con 20uM Cu2* (Fig.
17B) asi como la presencia del cosmido extra observable mediante geles tipo eckhardt (Fig. 17C).

Los cosmidos pLi-4 se movilizaron hacia la cepa E. coli DH5a desde cada una de ellas, se
purificaron y se establecio el patréon de restriccion con EcoRI. Dicho patrén revel6 que cada uno
de los cuatro césmidos compartian exactamente las mismas bandas EcoRI entre si (Fig. 17D),
por lo que asumimos que se trataba del mismo c6smido en los 4 casos.

Para identificar la region involucrada con la complementaciéon decidimos subclonar
algunas bandas PstI hacia pBC-SK para secuenciar un fragmento del DNA del c6smido que nos
permitiera posicionarnos en el genoma. La secuenciaciéon de 4 fragmentos entre 0.2-2kb, el
analisis de restriccion de los cosmidos, mas la hibridacion del cosmido pLi en un gel tipo
Eckhardt nos permiti6 identificar la region que comprende los primeros 25 genes del plasmido

p42f (Fig. 17A).
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Fig. 17 Anélisis de complementacién de la mutante cur201. A) Genes contenidos en las primeras 25kb del plasmido
p42f, indicando los sitios de restriccién EcoRI (lineas rojo). B) Crecimiento de las cepas silvestre, mutante cur201y
mutantes complementadas con los cosmidos pL1-pL4 en diferentes concentraciones de Cu2*. Se muestran las
diluciones 107 - 10°5. C) Geles tipo Eckhardt indicando la presencia de los cosmidos pL1-pL4 en las cepas usadas en B.
D) Analisis de restriccion de los cosmidos pL1-pL4 obtenidos de cada una de las mutantes cur201 complementadas
(noétese el patrén idéntico de restriccion)

El anélisis de restriccion EcoRI del cosmido pLi1 (Fig. 17D) mostr6 que era idéntico al
pCos24 previamente reportado (90). Entre los genes contenidos en este cosmido se encontraban
panCy panB involucrados con la sintesis de pantotenato (Fig. 17A). Mutantes en los genes panC-
y panB- no crecen en MM debido a su incapacidad para sintetizar pantotenato, una vitamina
esencial, pero capaces de crecer en medio rico (91).

El crecimiento deficiente de la mutante cur201 como el de las mutantes panCB (91) y la

complementacion de ambas con cosmidos idénticos, sugiere una relacion entre todas ellas. La
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diferencia mas notable entre la mutante cur201 y las mutantes panCB es que éstas crecian a
niveles silvestres en medio rico, mientras que la mutante cur201 no lo hace [(91), este trabajo].
Respecto a la estrategia experimental a seguir con el analisis de esta segunda mutante, se planea
movilizar bandas EcoRI derivadas de pL1 para determinar cual de ellas complementa los niveles
de resistencia silvestre a Cu2*.

El Cu2* libre intracelular afecta el ensamble de proteinas que poseen grupos Fe-S, como
resultado, el Cu reemplaza al Fe y el Fe libre promueve la generacion de especies reactivas de
oxigeno por reaccion de fenton, las cuales dafian membranas, DNA y proteinas (92-93). Ya que
entre los genes presentes en pL1 se encuentra el gene oxyR, un sensor de estrés oxidante que
modula la expresion génica de un alto nimero de genes, su ausencia en la mutante cur201 podria
disparar la expresion de proteinas de expulsion a Cu2+, lo que explicaria la hipertolerancia a Cu2*
observada en esta mutante.

Los resultados obtenidos del cosmido pL1, la complementaciéon de la mutante cur201 con
él y su relacion con la homeostasis de Cu2* indican que al menos hay dos loci involucrados con la
hiperresistencia a Cu2*, uno en el plasmido p42e y otro en el pg2f. Actualmente estamos

investigando la relaciéon de oxyR y la hipertolerancia a Cu2* en nuestro laboratorio.
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CAPITULO 7. CONCLUSIONES

Como resultado de las investigaciones desarrolladas a lo largo de esta tesis doctoral, he llegado a

las siguientes conclusiones:

El analisis filogen6mico de las proteinas CDF provee de una estrategia para
identificar y predecir funciones no solo al interior de esta familia de
transportadores, también en la identificacion de residuos clado-especificos

potencialmente involucrados con la selectividad de sustrato.

La resistencia a metales en R. etli involucra miultiples transportadores tipo CDF
con sustratos asociados a clados no previamente caracterizados e independientes,

como es el caso de NepA, CepA y EmnA para Ni2*, Co2* y Mn2?*, respectivamente.

La hipertolerancia a Cu?* dependiente de pérdida de genes en R. etli es un fenotipo
interesante para identificar funciones relacionadas con la homedstasis de cobre,

pero independientes de proteinas de expulsion.

En suma, los resultados de esta tesis contribuyen a entender los mecanismos de
resistencia a Niz+, Co2*, Mn2*y Cuz* en Rhizobium etli cepa CFN42 y la contribucion
de las proteinas CDF en este proceso. Esto representa un avance en el area de la
homeostasis de metales en Rhizobiaceae, ya que no habia estudios de CDF en

ninguin otro rhizobio.
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CAPITULO 8. HOMEOSTASIS DE METALES DE TRANSICION EN Rhizobium etli:

PERSPECTIVAS.

La busqueda de mecanismos de resistencia en Rhizobium etli, nos permitié identificar a
miembros de la familia de transportadores CDF como responsables de la resistencia a 3 metales
distintos: Ni2*, Co2* y Mn2*. El enfoque filogenémico utilizado ha permitido establecer relaciones
funcionales entre grupos de proteinas ortélogas y ha facilitado la identificacion de residuos
grupo-especificos involucrados con la funcion proteica.

En este sentido, es claro que ain quedan por describir los mecanismos moleculares de
selectividad que expliquen por qué unas proteinas reconocen Ni2* y Co2* pero no Zn2* y
viceversa. Dichos mecanismos, actualmente desconocidos, podrian implicar el uso de
aminoacidos que no solo sean capaces de unir metales, como cisteinas, histidinas o acidos
aspartico y glutamico, sino que sean conservados entre proteinas reconociendo los mismos
metales. Cuales y como estos residuos afectan las cinéticas de transporte de una proteina CDF
dada, es un tema emergente de investigacion.

Por otro lado, ya que la homeostasis de un metal tiene influencia sobre otros en un mismo
citoplasma, atin es necesario responder el coémo la expresion de los genes codificantes para CDF
es regulada y cuél es su influencia en la movilizacion intracelular de iones que no son blancos. La
identificacion de metaloreguladores, sus regiones de uniéon a DNA y sus ligandos son asuntos
pendientes en el estudio de la homeostasis de metales en R. etli.

En R. etli el mecanismo de resistencia a Cu?* fue previamente reportado en nuestro
laboratorio (89) y mostr6 ser dependiente de ActP, una ATPasa Tipo Pis; sin embargo, la
mutante obtenida en el gene codificante es sensible a Cu. Nuestras observaciones con respecto a
la hipertolerancia a Cu?*, no involucran directamente a ActP, por lo que es posible que los
fenotipos observados en las mutantes CFNX185 y cur201 nos den indicios sobre nuevas rutas de

trafico intracelular de Cu2* en R. etli CFN42.
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