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s tentador para un biologo, el comparar la evolucion de las ideas a la de la biosfera.
Puesto que si el reino abstracto trasciende la biosfera mas aun que este universo no
viviente, las ideas han conservado ciertas propiedades de los organismos. Como éstos,
ellas tienden a perpetuar y a multiplicar su estructura, como ellos, ellas pueden fusionarse,
recombinarse, segregar su contenido, como ellos, en fin, ellas evolucionaran y en esta
evolucion, la seleccion sin duda alguna juega un papel. No intentaré proponer una teoria
de la seleccion de las ideas. Pero podemos por lo menos...”

Monod J.

“En la naturaleza el papel de lo infinitamente pequerio
es infinitamente grande”

Pasteur L.
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RESUMEN

Los rhizobia se caracterizan por la presencia de plasmidos muy estables y de gran tamaio,
sin embargo se conoce poco acerca de los mecanismos que regulan su inicio de replicacion.
En este trabajo, se describe la region minima para la replicacion estable del plasmido
RmeGR4a de Sinorhizobium meliloti GR4. El fragmento minimo posee solo dos genes: uno
que codifica para la proteina de inicio de replicacion (RepC) y otro, que codifica para un
RNA antisentido de 67nt. Se identificaron los promotores y los inicios de la transcripcion

de ambos genes.

El RNA antisentido se localizé dentro de la region lider del RNA mensajero de repC'y tuvo
un efecto negativo sobre la expresion del repC. Ademas, se demostré que el RNA
antisentido completo es un fuerte determinante trans incompatible. La Unica estructura
secundaria presente en el RNA antisentido, es un terminador transcripcional independiente
de Rho. La ausencia del RNA antisentido provocd un efecto negativo en la replicacion del
plasmido. En éste trabajo se plantea una hipotesis del mecanismo de accion del RNA

antisentido.

Los replicadores minimos de los plasmidos pSym de Rhizobium tropici y pRmeGR4b de
S.meliloti tienen la misma organizacion que el pRmeGR4a. Basados en similitudes
funcionales y estructurales entre los miembros de las familias de plasmidos repC'y repABC,

se propuso un modelo que explica sus relaciones evolutivas.



ABSTRACT

A characteristic of the rhizobia is the presence of stable and large plamids. However, little
is known about the mechanisms that regulate the replication initiation. Here we describe the
minimal region required for stable replication of the Sinorhizobium meliloti plasmid
RmeGR4a GR4. The minimal fragment contains only two genes: one encoding the initiator
protein (RepC) and the other, encoding an antisense RNA of 67nt. The promoters and the

transcriptional start sites of both genes were identified.

The antisense RNA was located within the repC mRNA leader region and it had a negative
effect on repC expresion. Furthermore, we demostrated that the complete antisense RNA
was a strong frans-incompatibility factor. The antisense RNA forms only a secundary
structure that acts as an intrinsic rho-independent terminator. The absence of the antisense
RNA provoked a negative effect in plasmid replication. In this work we propose a

hypothesis about of the antisense RNA action mechanism.

The pSym Rhizobium tropici and the pPRmeGR4b S. meliloti minimal replication plasmids
have the same organization than the pPRmeGR4a. Based on structural and fuctional
similarities between members of the repC and repABC families we propose a model of their

evolutionary relationship.
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INTRODUCCION

Izquierdo J.

1.- IMPORTANCIA BIOLOGICA DE LOS PLASMIDOS

Las bacterias tienen organizado su
genoma en dos compartimentos: el
cromosoma y los plasmidos. Los
elementos

plasmidos son

extracromosomales de DNA bicatenario

con replicacion autobnoma.
Tradicionalmente se les ha asociado con
fenotipos que, bajo ciertas circunstancias,

le confieren ventajas selectivas a la

bacteria que los posee (Summers 1996).

1.1 Informacion genética codificada en plasmidos.

Después de la segunda guerra mundial, el
uso indiscriminado de los antibidticos
propici6 la proliferacion de cepas
bacterianas mutantes resistentes a estos
farmacos. En la década de los cincuentas
y principios de los sesentas se descubrid
que algunos de los plasmidos son en gran
parte, los  responsables de la
multiresistencia a los antibidticos. Poco
después, se demostr6 que las cepas
multiresistentes pueden transferir algunos
de los plasmidos responsables de esta

propiedad a cepas sensibles por medio de

la conjugacion (proceso mediante el cual

las bacterias adquieren informacion
genética de otras mediante un contacto

célula-célula).

Ademas de la resistencia a los
antibidticos y la conjugacion, los
plasmidos codifican una enorme variedad
de funciones que incrementan la
capacidad de las bacterias para colonizar
nuevos nichos, y/o para adaptarse a
ambientes poco favorables. Algunos
ejemplos son: la resistencia a metales
pesados, las adhesinas (proteinas que le

permiten a las bacterias adherirse a



superficies para una Optima
colonizacion), la resistencia a radiaciones

ionizantes, la degradacion de

1.2 Plasmidos y evolucion

Puesto que una de las cualidades que
caracterizan a los pldsmidos es su
permanencia en las células, uno pensaria
que su transmision estd confinada a sus
células hijas (transferencia vertical). Sin
embargo, por medio de la conjugacion
algunos plasmidos se pueden transferir de

una célula a otra sin importar la especie,

Izquierdo J.

hidrocarburos, la fijaciéon de nitrégeno,

etc. (Summers 1996).

fendbmeno que se conoce como
transferencia horizontal. La movilidad de
los plasmidos contribuye de manera
importante a la evolucion de las especies
bacterianas, debido a que pueden conferir
una adaptacion instantdnea a ambientes
con cambios constantes (Amabile-Cuevas

y Chicurel 1992; Kado, 1998).

1.3 Plasmidos como herramientas moleculares

Algunos plasmidos son utilizados como
herramientas moleculares para clonar
material genético, debido a que poseen
propiedades que los hacen ttiles para éste
fin. Estas propiedades incluyen: Su
tamano pequefio (que facilita su
manipulacién), su alto nimero de copias

(lo que ocasiona una mayor cantidad de

DNA por célula), la presencia de
marcadores seleccionables (tales como
genes de resistencia a antibidticos) y
sitios Unicos de restriccion (que permite
insertar DNA fordneo); ademas, muchos
plasmidos se han modificado para atender
necesidades particulares tales como: la

expresion de proteinas, la movilizacion a



otras cepas, la recombinacidon genética
etc. Por otro lado, los plasmidos también
se utilizan como sistemas modelo para el

estudio de la replicacion, la conjugacion,

Izquierdo J.

la particion, la recombinacion y la
incompatibilidad por su dispensabilidad
en la célula que los posee (Sambrook et

al., 1989).

2.- ANATOMIA DE LOS PLASMIDOS.

Los plasmidos tienen caracteristicas
propias, es decir, pueden variar en su
forma, en su tamafio y en su numero de
copias. La mayoria de los plasmidos,
hasta ahora descritos, son circulares,
aunque  también  existen = muchos
plasmidos lineales reportados en géneros
tan diversos como: Borrelia,
Streptomyces, Thiobacillus, Nocardia,
Rhodococcus, Escherichia, etc.
(Summers, 1996). En cuanto a su tamafio
podemos encontrar ejemplos: desde
pequefios, de tan solo unas pocas
kilobases, hasta muy grandes como los

megaplasmidos de Sinorhizobium meliloti

de 1.7 y 1.4 Mb (Honeycutt et al., 1993,

Margolin y Long, 1993). Algunos incluso
llegan a ser del tamafio del genoma
completo de algunas bacterias, como por
ejemplo Haemophilus influenzae de 1.8
Mb (Fleischmann et al., 1995) o el de
Mycoplasma genitallium de 0.58 Mb

(Fraser et al., 1995).

Otras de las caracteristicas particulares de
los plasmidos es sin duda su numero de
copias. En condiciones normales de
crecimiento cada plasmido controla su
numero de copias, que puede ser: bajo,
mediano o alto, esto se debe a un estricto
control en sus sistemas de replicacion

(ver mas adelante).



3.- TIPOS DE REPLICACION.

A la fecha, se han descrito solo tres tipos
diferentes de replicacion plasmidica: la

replicacion tipo theta, la replicacion tipo

3.1 Replicacion tipo theta

En replicones bacterianos, la replicacion
tipo theta es la que se encuentra mas
cominmente. Esta comienza con la
apertura de la doble cadena en la region
del origen de replicacion (ori), semejando
una estructura que recuerda a la letra
griega theta (8), de aqui el nombre de este
modo de replicacion (figura 1). En este
proceso, un primero de RNA sirve como
iniciador para que dé comienzo la
replicacion, la cual puede proceder en una

o en ambas direcciones. En el primer

3.2 Replicacion circulo rodante

A la fecha, se han identificado alrededor

de 200 plasmidos que se replican por el

Izquierdo J.

circulo rodante, y la replicacion por
desplazamiento de cadena (del Solar et

al., 1998).

caso, una sola horquilla de replicacion se
mueve alrededor de la molécula
plasmidica hasta que ésta retorna al punto
de inicio. En ese momento las dos hebras
de DNA (la molécula molde y la recién
replicada) se separan. En el otro caso
(replicacion  bidireccional) las  dos
horquillas de replicacion se mueven a
partir del origen de manera divergente
hasta que se encuentran en un punto de la
molécula diametralmente opuesto al
origen de replicacion (del Solar et al.,

1998; Summers 1996).

mecanismo conocido como circulo

rodante. La mayoria de ellos pertenecen



al grupo de las Gram positivas, aunque
también se han encontrado en Gram
negativas y en Arqueas (Barran et al.,

2001; del Solar et al., 1993; Khan, 2005).

Los plasmidos pT181 y pCl194 de la
bacteria Gram positiva S. aureus, son los
ejemplos clasicos de este tipo de
replicacion. Utilizaremos el caso del
pT181 para ejemplificar el proceso. La
replicacion de este plasmido requiere de
la sintesis de la proteina de inicio de
replicacion llamada RepC, la cudl se une
al origen de replicacion y corta el DNA
en cadena sencilla, RepC queda
covalentemente unida a su extremo 5°. El
extremo 3'OH terminal sirve para que la
DNA polimerasa comience la replicacion

de la cadena lider a lo largo de toda la

Izquierdo J.

molécula. La replicacion de la cadena
retardada, se inicia por desplazamiento de
cadena. Esto sucede, cuando la RNA
polimerasa reconoce una estructura de
tipo tallo-asa en la cadena retrasada que
se forma en el locus palA (conocido como
ori de cadena retardada), y forma un
primero de RNA. El extremo 3'OH del
primero permite para que la DNA
polimerasa comience la replicacion. Si la
sintesis de la cadena retardada comienza
después que se completo la replicacion de
la cadena lider, los intermediarios de
cadena sencilla pueden acumularse. La
deteccion de moléculas de cadena sencilla
puede servir como diagnostico de la
replicacion circulo rodante (figural) (del

Solar et al., 1993, Khan 2005).

3.3 Replicacion por desplazamiento de cadena

El ejemplo clasico, es el plasmido

RSF1010 del grupo de incompatibilidad

IncQ. El pRSF1010 requiere tres

proteinas codificadas por el plasmido para



iniciar la replicacion del DNA: RepA que
es una proteina con actividad helicasa;
RepB que es una proteina con actividad
de primasa; y RepC que es la proteina

iniciadora (del Solar et al. 1998).

La replicacion en el plasmido RSF1010
ocurre a partir de dos origenes de
replicacion adyacentes de cadena sencilla
(ssid y ssiB) posicionados en diferentes
cadenas de DNA. La replicacion
comienza, cuando un dimero de RepC
con ayuda de la helicasa RepA,
interaccionan con el ori. Esto induce la
desnaturalizacion de los sitios ssi

dejandolos como DNA de cadena

Izquierdo J.

sencilla; RepB aprovecha esta situacion y
sintetiza el primero necesario para iniciar
la replicacion. La sintesis de cada una de
las cadenas ocurre continuamente y
provoca el desplazamiento de la cadena
complementaria. Debido a las actividades
de las tres proteinas codificadas por el
plasmido (RepA, RepB y RepC), la
replicacion es independiente de la de las
proteinas del huésped que actian en las
primeras etapas de replicacion (DnaA,
DnaB, DnaC y DnaG). Esta
independencia, podria ser la razon por la
cual los plasmidos de este tipo son de
amplio rango de hospedero. (Sakai et al.,

1996; del Solar et al, 1998).
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Replicacion tipo theta

Replicacion por
desplazamiento de
cadena

Replicacion por circulo
rodante

Figura 1.- Tipos de replicacion. Tomada y modificada de Kornberg y Baker 1992.

4.- CICLO BIOLOGICO DE LOS PLASMIDOS.

El éxito de los plasmidos para mantenerse
establemente en las células que los

poseen, se debe a que cumplen con tres

4.1 Replicacion.

La replicacion se define como el proceso
mediante el cual, una molécula de DNA
se duplica para formar una copia idéntica
a la original. El proceso puede dividirse
en tres etapas; la iniciacion, la elongacion
y la terminacién. Para que un plasmido

pueda mantenerse estable en una linea

propiedades bdsicas: La replicacion, la
resolucion de los dimeros y la

segregacion.

celular, es necesario que tenga un estricto
control en sus rondas de replicacion por
ciclo celular (ver mas adelante), este
control, se regula en la etapa de inicio de
replicacion (Kornberg y Baker 1993).
Nuestro estudio se centra solamente en la

etapa de inicio,
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4.1.1 Inicio de replicacion y el replicador basico

El fragmento mas pequefio de un
plasmido que es capaz de replicarse con
el mismo nimero de copias que el
plasmido completo se le denomina
replicador basico y debe contener todos lo
elementos necesarios para que dé inicio la
replicacion, es decir, un origen de
replicacion (ori); al menos una proteina
involucrada en el inicio de la replicacion
(cabe mencionar que el pColEl de

Escherichia coli no requiere de una

4.1.1.1 Origen de replicacion (ori)

El ori puede se puede definir como: (i) La
region en donde la doble cadena de DNA
se desnaturaliza para que dé inicio el
proceso de replicacion; (ii) la primera
base que incorpora la DNA polimerasa en
la cadena lider; (iii) toda aquella region
necesaria para que las proteinas de inicio
se unan al DNA vy recluten a Ila
maquinaria de replicacién para formar el

replisoma (complejo de proteinas de

proteina de inicio de replicacion, ver mas
adelante) y uno o mas fragmentos de
DNA que llevan la informacién genética
involucrada en el control de Ia
replicacion. La mayoria de los plasmidos
presentan Unicamente un replicador
basico; sin embargo, se han descrito
plasmidos que tienen dos o mas
replicadores basicos a los cuales se les
conoce como plasmidos compuestos

(Mazaitis et al 1981; Bartosik et al 1997).

inicio de replicacion y DNA). El ori
considerado como la ultima definicion
presenta elementos comunes en algunos
de estos sitios como son: regiones ricas
en Adenina-Timina; secuencias directas
repetidas llamadas iterones; uno o mas
sitios blanco para la proteina de inicio de
replicacion del hospedero (cajas DnaA),
secuencias de metilacion multiple (Dam

metilasas) y sitios de unidon para las



proteinas IHF y Fis (proteinas encargadas

de hacer el doblado del DNA) (Helinski

4.1.1.2 Proteinas de inicio de replicacion
Las proteinas de inicio de replicacion
(proteinas Rep’s) reconocen secuencias
especificas en el origen de replicacion
para generar el complejo de inicio, e
inducen un conjunto de interacciones
macromoleculares que traen como
consecuencia el inicio de la replicacion
(Rep-DNA, Rep-Rep, y Rep-con otras
proteinas iniciadoras del huésped).
Ademads, muchas proteinas Rep, pueden
generar  complejos  que  regulan
negativamente su sintesis por lo tanto la

frecuencia con que inician la replicacion

(del Solar et al., 1998).

En muchas proteinas de inicio se han
localizado la(s) region(es) de la proteina
involucrada(s) con el contacto con el
DNA. En algunos casos, esta region es un

motivo denominado hélice vuelta hélice

Izquierdo J.

et al., 1996).

(HTH), presente en muchas de las
proteinas que se unen a DNA (del Solar et

al., 1998).

Las proteinas de inicio se encargan de
reclutar al replisoma. En el caso particular
de la proteina de inicio de replicacion
Ttdel plasmido R6K, se localizaron las
regiones de la proteina, que contactan con
proteinas del aparato de replicacion del
huésped, como la helicasa, DnaB, la
primasa, DnaG y la proteina de inicio de
replicacion cromosomal de E.coli, DnaA
(Tougu et al, 1994., Ratnakar et al.,

1996).

Algunas proteinas de inicio regulan su
funcion de reprimir o de iniciar la

replicacion, dependiendo de su estado de



oligomerizacion, el cual fluctia entre
mondmero-dimero (P1, F, R6K, pSC101).
En este sentido, se ha localizado el
dominio de la proteina responsable de la
dimerizacion, a este motivo se le conoce
como cierre de leucinas. En la proteina de

inicio de replicacion (RepA) del plasmido

Izquierdo J.

pPS10 se sustituyeron las dos primeras
leucinas por valinas en el motivo cierre de
leucinas y como resultado se evitd la
formacion de dimeros, con ello, se
disminuy6 13 veces la constante de
asociacion de RepA con su oriV (del

Solar et al., 1998).

4.1.1.3 Inicio de replicacion que utiliza un primero de RNA: el caso ColE1.

El pladsmido multicopia ColE1 de E.coli,
no requiere de una proteina de inicio de
replicacion, pero necesita la sintesis de un
preprimero de RNA llamado RNAII, el
cudl es el blanco para el control del
numero de copias (ver mdas adelante).
Inicialmente la RNA polimerasa sintetiza
un preprimero de 550nt de longitud
(RNAII), durante este proceso el
preprimero adopta una conformacion

especifica, requerida para su actividad. La

conformacion activa forma un hibrido de
DNA-RNA muy estable dentro de la
region de origen de replicacion.
Posteriormente la proteina RNasaH actua
sobre este hibrido y libera un extremo
OH-3" en el RNA al cual se une la DNA
polimerasa I para iniciar la sintesis de
DNA (figura 3) (Tomizawa et al., 1981;
Novick et al, 1987; Cesareni et al,

1991).
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4.2 Resolucion de dimeros

La resolucion de dimeros es el proceso
mediante el cudl se efectua la conversion
de dimeros plasmidicos recién replicados
a mondémeros. La importancia de este
proceso se ha evaluado en pldsmidos de
alto numero de copias (como ColE1). Las
mutaciones que impiden la resolucion de
los dimeros, con llevan a wun alto
porcentaje de pérdida de plasmidos por
generacion. Se sabe que una correcta
resolucion de los dimeros favorece la
estabilidad de los plasmidos de alto y de
bajo niimero de copias (Summers et al.,
1993). Por ejemplo: el plasmido ColE1
contiene un sitio de 240 pb llamado Cer,

en este sitio se lleva a cabo una

4.3 Particion

El proceso de particion depende en gran
medida del nimero de copias en el que se
encuentre el plasmido dentro de la célula,

es decir, los pladsmidos de mediano o alto

Izquierdo J.

recombinacion  intramolecular, esta
recombinacion la efecta una
recombinasa heterodimérica (XerC vy
XerD). Esta recombinasa, se une al sitio
cer 'y hace el corte de una de las cadenas
del DNA y la wunién durante Ila
recombinacion. El resultado de esta
recombinacion, es la conversion de los
dimeros de DNA a monémeros (Summers
y Sherratt 1984). La remocion del sitio
cer promueve la formacion de oligdmeros
y la inestabilidad del plasmido. Esta
misma recombinasa (XerC y XerD) actua
en el sitio dif del cromosoma de E. coli

para resolver dimeros del cromosoma

(Blakely et al., 1991).

numero de copias (50 a 100) no requieren
de un mecanismo activo de particion ya
que la segregacion ocurre basicamente al

azar (Summers et al., 1996). Sin

11



embargo, los plasmidos de bajo numero
de copias necesitan un mecanismo activo
que asegure su permanencia durante la
segregacion a las células hijas (Austin y
Nordstrom  1990). Los  sistemas
encargados de asegurar la segregacion de

los plasmidos pueden agruparse en dos

categorias: la primer categoria son los

4.3.1 Sistemas de muerte post-segregacional

Los sistemas de  muerte  post-
segregacional, funcionan por un sistema
conocido como Toxina-Antitoxina (TA).
Este mecanismo se basa en la accion
antagonista de una molécula letal (toxina)
y una capaz de neutralizar la accion de la
primera (antitoxina). La toxina es
quimicamente estable, mientras que la
antitoxina no lo es. De esta manera,
cuando se produce una célula sin
plasmido por algln error en la replicacion
o en la particion, la nueva célula hereda el
complejo TA. Las enzimas del huésped

degradan rapidamente a la antitoxina

Izquierdo J.

sistemas killer o de muerte post-
segregacional, encargados de eliminar de
la poblacion a las células libres de
plasmidos, y la segunda categoria son los
sistemas de particion activa, que
distribuye especificamente una copia del

plasmido a cada una de las células hijas.

mientras que la toxina permanece intacta.
Puesto que la toxina no se inhibe
nuevamente, interactia con un blanco
esencial en el huésped produciendo la
muerte celular o la inhibicion del
crecimiento. El blanco con el cual la
toxina interactua varia dependiendo del
sistema de cada plasmido. En el caso de
los pldsmidos F y RP4/RK2 la toxina
tiene como blanco a la DNA girasa del
huésped, en cambio la toxina (Hok) del
plasmido R1 causa dano a la membrana
celular (Hayes y Barrilla, 2003; Gerdes,

2000).
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De acuerdo a la naturaleza quimica de la
antitoxina, se han identificado dos tipos
de sistemas TA: En el tipo I, la antitoxina
es un RNA antisentido, en este sistema la
traduccion del RNA mensajero de la
toxina la impide un RNA antisentido que
se une al extremo 3’ del mensajero, como
el sistema hok/sok del plasmido R1 6 el
del pADI1 de Enterococcus faecalis. En
ambos casos el RNA antisentido es

menos estable que el RNA mensajero de

4.3.2 Sistemas de particion activa

El sistema de particion activa se refiere al
movimiento dirigido de los replicones
recién replicados hacia las células hijas.

Hasta ahora, se han descrito solo tres

4.3.2.1 El sistema ParAB

Los genes que codifican para las
proteinas de particion se expresan a partir
de un mismo operdn, que esta sujeto a la
autorregulacion transcripcional por la

accion conjunta de los dos productos

Izquierdo J.

la toxina (Jensen y Gerdes 1999, Weaver
et al., 2004). El tipo II: cuando la toxina y
la antitoxina son dos proteinas que
antagonizan entre si formando un
complejo muy labil, debido a la menor
vida media de la antitoxina, como en el
plasmido F (Bernard y Couturier 1992;

Jonson et al., 1996).

sistemas de particion activa: los sistemas
tipo ParAB los sistemas tipo ParMR y los

sistemas tipo ParFG

(Friedman y Austin 1988). El primer gen
del operdn (A), codifica para una proteina
que se asocia a membrana y que hidroliza
ATP cuando se encuentra unida al DNA

(Watanabe et al., 1992; David et al,
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1996; Bignell et al., 2001). Esta proteina
tiene una fuerte tendencia a formar
dimeros en soluciéon, y en dicha
configuracion, reprime la expresion del
operén mediante su unidén a secuencias
inversas repetidas que sobrelapan al
promotor. Esta actividad se estimula por
la interaccion con la proteina B (Mori et
al., 1986; Friedman y Austin, 1988).
Ademas, en E.coli, se demostrd que esta
proteina forma estructuras helicoidales
para posicionar al plasmido en el centro
de la célula (Ebersbach y Gerdes, 2004).
El gen B, codifica para una proteina que
se une como dimero a una region en el
DNA conocida como centromero (el
centrémero se define como: una region en
el DNA que tiene secuencias repetidas
que reconoce la proteina B). La
interaccion de la proteina B con el DNA,
provoca que el DNA se doble alrededor
de la proteina B. La union al centrémero
de un dimero de B, produce un complejo

de particion que se piensa pudiera

Izquierdo J.

reconocer una maquinaria capaz de dirigir
a los plasmidos hacia las células hijas
(Bignell y Thomas 2001; Ebersbach y

Gerdes 2004).

Se ha propuesto que la funcién de
particion opera mediante el siguiente
mecanismo: La uniéon de la proteina A
con el ATP, promueve su dimerizacion y
la adquisicion de una conformacion que
le permite a la proteina A, interactuar con
el complejo de particion a través de su
unién con la proteina B. Posteriormente,
A puede facilitar el movimiento de B a lo
largo de las superficie interna de la
membrana citoplasmatica la cual permite
posicionar  especificamente a  los
complejos de particion (Bignell vy
Thomas, 2001). Tras la hidrélisis del ATP
necesaria para la particion, el dimero de
la proteina A adquiere una nueva

conformacion que le permite unirse a la

region operadora y actuar como regulador
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negativo; esta uniébn al operador se

favorece con la proteina B (Hiraga 1992;

4.3.2.2 El sistema ParMR

El plasmido R1 de E.coli se ha estudiado
ampliamente debido a la capacidad que le
proporciona a las bacterias para resistir a
los antibioticos. El sistema de particion
consiste en dos genes parR y parM y una
secuencia que sirve como centromero
(parC). La proteina ParR, se wune
cooperativamente a la region

centromérica parC, éste complejo a su

Izquierdo J.

Bounet y Funell 1999; Bignell y Thomas

2001).

vez lo reconoce la proteina ParM. Esta
ultima  proteina  forma  filamentos
dependientes de ATP, y se cree que
genera la fuerza motriz para arrastrar a los
nucleoides a los polos celulares.
Posteriormente, los filamentos de ParM

se despolimerizan y el ciclo vuelve a

comenzar (figura 2) (Mpgller-Jensen, et

al., 2003; Gerdes et al., 2004).

Figura 2. Modelo de particion del plasmido R1 por el sistema ParMR. Los pladsmidos se representan en rojo, los puntos
verdes son la proteina ParR, los puntos azules son la proteina ParM. 1. Plasmidos recién replicados, 2. Movimiento de los
plasmados hacia los polos por la polimeraciéon de ParM, 3. Despolimeracion de ParM, 4. Division celular. Figura tomada

de Gerdes et al. 2003.
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4.3.2.3 El sistema ParFG

El plasmido de E.coli de bajo nimero de
copias TP228, posee un sistema de
particion diferente a los antes descritos.
Este sistema estd compuesto por dos
genes organizados en operdn (parFG) y
un region tipo centromero que se localiza
rio arriba de la corriente del operon
parFG (Hayes 2000). La proteina ParF
es miembro de la superfamilia de
ATPasas ParA que parece estar mas
relacionada filogenéticamente con la
proteina de division celular MinD que
con las proteinas de particion de los
plasmidos.  Esta  proteina  forma

filamentos in vitro dependientes de ATP

(Barrilla et al., 2005). La proteina ParG,

5. CONTROL DE LA REPLICACION

Los plasmidos no son moléculas del todo
independientes, debido a que deben

sincronizar su replicacion con el

Izquierdo J.

no esta relacionada a la familia de
proteinas ParB descritas en la seccion
4.3.2.1, sin embargo, tiene homologia
con la proteina CopG que es un represor
trancripcional involucrado en el control
del numero de copias del plasmido
pMV158 de Streptococcus (seccion 5.3)
(Hayes 2000 Barrilla y Hayes 2003). El
homodimero ParG se une a la region tipo
centrodmero, posteriormente, a este
complejo se le une ParF. El mecanismo
de accion todavia no es claro, pero se
especula que los filamentos formados por
ParF en el complejo son los encargados
de dirigir al complejo de particion hacia

los polos celulares (Barrilla et al 2005).

crecimiento y la division de la célula
huésped. Un plasmido que se replica

menos de una vez por generacion sufrira
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una disminucioén en su nimero de copias
hasta que termine por perderse. Si un
plasmido replica mds de una vez por
generacion su numero de copias se
incrementard de tal manera que la carga
metabolica que imponen al huésped
provocard tal desequilibrio metabdlico
que disminuira la viabilidad. Es por ello
que en esta seccion hablaremos de los
mecanismos que regulan el inicio de la

replicacion.

La mayoria de los sistemas que se

encargan de controlar el inicio de

5.1 Los RNA antisentido

Las interacciones entre RNA pequeios,
jugan un papel clave en la regulacion de
funciones importantes en los plasmidos
bacterianos, tales como: la replicacion, la

segregacion y la conjugacion.

Izquierdo J.

replicacion utilizan un inhibidor que
regula la concentracion de la proteina de
inicio. Los sistemas de control del inicio
de la replicacion se clasifican de acuerdo
a la naturaleza de su inhibidor, el cual
puede ser: un RNA antisentido pequeno,
una secuencia corta de DNA repetido
(iterones), un represor transcripcional y
un RNA antisentido, una proteina
inhibidora o, una proteina que secuestra el
origen de replicacion hemimetilado para

prevenir una nueva ronda de replicacion.

Los RNA antisentido son moléculas
pequefias no traducibles, con estructuras
secundarias (de uno o cuatro estructuras
tallo-asa) que se unen a sus RNA blancos
(RNA con sentido) para controlar la
expresion ciertos genes (Euguchi et al.,

1991).
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La estructura secundaria de los RNA
antisentidlo es  esencial para su
funcionamiento, ya que si este carece de
una adecuada conformacion, podria no
interaccionar con su RNA blanco y
degradarse rapidamente. Un andlisis
comparativo  entre  diversos RNAs
antisentido reveld una secuencia de
reconocimiento denominada 5"YUNR
(donde Y es una pirimidina, U es un
uracilo, N es cualquier base y R es una
purina) la cual se localiza en la misma

posicion relativa en los RNA antisentido

y los RNA blancos. Esta secuencia forma

Izquierdo J.

una estructura U-furn que media el
apareamiento  rdpido  entre = RNA
complementarios (Franch y Gerdes 2000).
También, se ha observado que las
estructuras que forman el “tallo”, suelen
estar interrumpidas por “burbujas”
(Regiones en la estructura secundaria del
RNA que no forman puentes de
hidrogeno) mismas que se sugiere
previenen su degradacion por RNasas de
doble cadena y facilitan la apertura de la
estructura para su interaccion con el RNA

blanco (Brantl, 2002a).

5.1.1 Inhibicion de la formacion del primero (ColE1).

Como ya se menciond en la seccion
4.1.1.3, el plasmido multicopia ColE1 de
E.coli, no requiere de una proteina de
inicio de replicacion, en lugar de ello,
utiliza un preprimero de RNA (RNAII)
que sirve como sustrato para que la
proteina RNasaH, corte el hibrido RNA-

DNA vy deje el extremo 3'OH listo para

que la DNA polimerasa comience la
sintesis de DNA. El control de Ia
replicacion lo media una molécula de
RNA de 108nt llamada RNAI (compuesta
por tres estructuras de tipo tallo-asa, y
una pequena cola de cadena sencilla en su
transcribe

extremo 5’), que se

constitutivamente de la cadena
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complementaria en la region del
preprimero. La union del RNAI al RNAII
impide la conformacion activa evitando la
formacion estable del hibrido DNA-RNA
dentro de la region de origen. Por
consiguiente no hay maduracion del
preprimero y como consecuencia no hay
1981;

replicacion (Tomizawa et al.,

Novik et al., 1987; Cesareni et al., 1991).

Izquierdo J.

Adicionalmente existe otro sistema de
control que consiste en una proteina
moduladora llamada Rom, la cual se
codifica por un gen ubicado rio abajo del
origen de replicacion. El dimero Rom
incrementa la interaccion entre RNAI y
RNAII y favorece la inhibicion de la
replicacion (Cesareni et al., 1991, Brantl

2002b).
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Figura 3.- Control de la replicacion del pColEl. Estructuras en rojo RNA antisentido (RNAI), estructuras en Azul rey
RNAIL, circulos verdes proteinas Rom, circulo gris, horquilla de replicacion Tomada y modificada de Brantl., 2002

5.1.2 Inhibicion traduccional
Los plasmidos de la familia incFII (R1,

NRI1/R100, R6-5) y aquellos con una

organizacion genética similar (incFlla,

inclFc, incFII, incFVII) son plasmidos de
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bajo numero de copias de enterobacterias
(Summers 1996). El sistema principal de
control es una molécula de RNA de 90
ribonucledtidos. El  ejemplo  mejor

estudiado es el del plasmido R1.

El replicador bésico de este plasmido esta
constituido por: un origen de replicacion
(oriR1), dos promotores (Peops Y Prepa), un
sitio blanco para el RNA antisentido
(copT) y cuatro genes estructurales (copB,
tapA repA y copA). CopB, es el represor
transcripcional de uno de los dos
promotores encargados de transcribir a
repA (Preps), TapA es un péptido lider de
24aa, RepA es la proteina limitante para
el inicio de la replicacion y copA es un
gen que codifica para un RNA antisentido
de 90 nt que se transcribe en la cadena
complementaria al gen repA (figurada)

(Olsson et al., 2004).

La regulacion ocurre a dos niveles: el

primer elemento de control es CopA y su
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blanco CopT (figura 4 a y b). La union de
CopA a CopT bloquea estéricamente el
inicio de traduccion de fapA (el gen que
codifica para el péptido lider). La
traduccion de tapA se requiere para la
traduccion de repA (traduccion acoplada)
debido a que si tap4A no se traduce,
entonces se forma una estructura
secundaria en el lider repA-mRNA que
oculta el sitio de union a ribosoma (RBS)
de repA (figura 4b). Por lo tanto el RNA
antisentido CopA, inhibe la traduccion de
repA indirectamente, al impedir que tapA
se traduzca. El segundo elemento de
control, es el represor transcripcional
CopB. El control se da como sigue: el gen
repA se transcribe a partir de dos
promotores, Pcop ¥ Prepa El primero, es
constitutivo y el segundo lo regula
negativamente CopB. Debido a la
represion que ejerce CopB en el P4, €l
transcrito de repA se genera a partir del
P.opp, como consecuencia, el RNA

mensajero es  policistronico  (RNA
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mensajero copB-tapA-repA). Sin
embargo, cuando el niimero de copias del
pR1 disminuye, también se reduce la
concentracion intracelular de CopB. Esto
ocasiona que se libere la represion
transcripcional que ejerce CopB sobre el
promotor Py, y que con ello se

incremente la concentracion intracelular

de RepA, de éste modo, se ejerce una
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interferencia parcial con la expresion
transcripcional de copA (transcripcion
convergente). De esta manera resulta una
incremento en la tasa de replicacion y un
rapido aumento en el nimero de copias de
R1 hasta que la represion por CopB se
reestablece y el niimero de copias se
estabiliza (Figura 4a) (Brantl 2002b,

Olsson et al., 2004).
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Figura 4.- Control de la replicacion del plasmido R1. Para detalles ver el texto. A) Tomada y modificada de Olsson ef al.,

2004, B) Tomada y modificada de Brantl, 2002b.
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5.1.3 Pseudonudo

Los plasmidos de bajo nimero de copias
del grupo inc B e inca de las bacterias
Gram negativas, son similares al pR1, sin
embargo, poseen otro mecanismo de
regulacion. Los dos ejemplos mejores
estudiados son Colb-P9 (incl) y pMU720
(incB). Aqui un RNA antisentido de 70 nt
es el responsable de inhibir la formacion
de una estructura llamada pseudonudo
(pseudoknot) en el RNA blanco que se
requiere para una traduccion eficiente de
la proteina limitante para la replicacion
RepZ (Asano et al., 1991; Wilson et al.,
1993). Como en el plidsmido R1, un
péptido lider RepY debe de ser traducido
para permitir la sintesis de RepZ. Dos
estructuras tipo tallo-asa en el RNAm-
repYZ que se localizan por arriba de la
corriente del RBS repY (estructura I) y en
medio del gen repY (estructura III) son

necesarias para el control de la
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replicacion (Figura SAy B). La estructura
III oculta al RBS repZ y a una secuencia
pequefia que complementa con el asa de
la estructura I. La terminacioén correcta de
la traduccion de repY impide que la
estructura III se forme. En consecuencia,
el asa de la estructura I reconoce su
secuencia complementaria localizada muy
cerca del RBS-repZ formando de esta
manera el pseudonudo. La formacion del
pseudonudo permite la unién del
ribosoma al RBS repZ (Figura 5) (Brantl

2002b, Wagner et al., 1994).

El RNA antisentido (RNAI) que se
encuentra codificado rio arriba de la
corriente del repY, tiene una funcion dual:
secuestra al RBS-repY bloqueando
directamente la traduccion de repY. Esto
impide la activacion de la traduccion de
repZ, debido a que el sitio de interaccion

del RNAI/ RNAm-repZ involucra los
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nucledtidos  comprometidos en la
formacion de la estructura I (estructura

que se requiere para la formacion del

pseudonudo).

En el caso del los plasmidos incl, un
hexanucleotido, en la secuencia de la
estructura I (involucrada en la interaccion
inicial), tiene un motivo “U-turn”. Los
primeros pasos referentes a la formacion
del pseudonudo y a la uniéon del RNA I

son similares. Sin embargo, el RNA I
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reprime la traduccion de repY de una
manera menos eficiente que la traduccion
de repZ. La represion de la expresion de
repZ y repY esta acoplada a diferentes
pasos durante el apareamiento entre el
RNA I y el RNAm-repZ (Asano y
Mizobuchi, 2000). Esta represion
diferencial, permite que el RNA I
mantenga los niveles de expresion de
repZ iguales, asegurando un nimero de

copias constante (Brantl 2002b; Wagner

et al., 1994).
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Figura 5.- Regulacion de la traduccion de la proteina RepZ del plasmido pColb-P9. A) Estructuras secundarias en el
RNAmensajero-repYZ (azul) y en el RNA antisentido (rojo). B) Inhibicion de la traduccion por la formacion de la
estructura III que oculta el SD del repZ. C) En ausencia del RNA antisentido, se forma un pseudonudo en el RNA
mensajero-repYZ que evita que se forme la estructura III. Nota: un pseudonudo es una estructura secundaria que se puede
formar en algunos RNA mensajeros, a partir de una estructura secundaria tipo tallo asa que hibrida con un fragmento rio
arriba de la corriente, en la misma molécula del RNA mensajero. Tomada y modificada de Brantl 2002.
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5.1.4 Atenuacion transcripcional

La atenuacion de la transcripcidon mediada
por un RNA antisentido, se describié por
primera vez en el plasmido de
Staphylococcus pT181 (Novick et al,
1989) y poco después en los plasmidos de
Streptococcus  pIP501 'y pAMf1. El
mecanismo funciona de la siguiente
manera: El RNA mensajero que codifica
para la proteina Rep (RNAm-rep) puede
adoptar dos conformaciones, dependiendo
de la presencia o ausencia de un RNA
antisentido. En presencia del RNA
antisentido (85 nt RNAI o 145 nt RNAII
en el pT181, 136nt RNAIII en el pIP501),

se forma un terminador tipo tallo-asa en
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el RNAm-rep, debido a ello la
terminaciéon de la transcripcidn ocurre
prematuramente y la proteina RepR no
puede sintetizarse. En ausencia del RNA
antisentido, el RNAm-rep, se estructura
de una manera tal, que no se forma el
terminador transcripcional, la elongacion
transcripcional continfia hasta terminar de
sintetizar el mensajero rep, el cudl se
traduce adecuadamente formando la
proteina RepR. En otras palabras, el RNA
antisentido afecta la expresion genética
por impedir la transcripcion del
mensajero que codifica para la proteina
de inicio de replicacion (figura 6) (Brantl

2002a; Brantl 2002b).
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Figura 6.- Regulacion de la traduccion de la proteina RepR del plasmido IP501. RNAantisentido se representa en rojo,
RNA mensajero-repR se representa en azul A y B secuencias inversas repetidas. Tomada y modificada de Brantl 2002b.
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5.1.5 El caso de los RNAs antisentido de los plasmidos de rhizobia y bacterias

relacionadas.
Algunos plasmidos de las
O—proteobacterias

(Sinorhizobium,

Rhizobium, Parococcus, Rugeria,

Rhodobacter,  Agrobacterium,etc)  se
encuentran una familia de plasmidos
denominada repABC, por los genes que
componen su replicador basico (ver mas
adelante). En tres miembros de esta
familia de replicadores (pRetCFN42d de
Rhizobium etli, pSymA de Sinorhizobium
meliloti 'y pTiR10 de Agrobacterium
tumefaciens), se han encontrado RNAs
antisentido que regulan negativamente la
expresion de la proteina limitante de la
replicacion RepC (Venkova-Canova et

al., 2004, MacLellan ef al., 2005, Chai y

Winans 2005).

Los elementos involucrados en la

regulacion son cuando menos tres: 1) El

RNA antisentido, 2) una estructura
secundaria presente en la region lider del
RNA mensajero de RepC que oculta su
sitio de union al ribosoma (elemento S)
que es un atenuador transcripcional y 3)
un pequefio péptido codificado entre el
promotor del RNA antisentido y el inicio
de traduccion de repC. Todos estos
elementos son indispensables para la
replicacion del plasmido (figura 7)

(Venkova-Canova, et al., 2004).

El RNA antisentido mide entre 55 y 59
nt de longitud, su promotor es
constitutivo y se localiza en la region rio
arriba  de repC, ¢éste RNA es
complementario con el RNA mensajero
lider de repC. La presencia del RNA
antisentido es capaz de desplazar al
plasmido silvestre, es decir, actua como

un factor frans incompatible (ver mas
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adelante). También se demostré que una
estructura de tipo tallo-asa presente en el
RNA antisentido, funciona como
terminador transcripcional rho-
independiente. El mecanismo por el cual
el RNA antisentido, el elemento S, y el
pequefio péptido regulan la transcripcion
de repC, todavia no es claro, es mds, es
particularmente  interesante, que la
ausencia del RNA antisentido afecte de
manera negativa la replicacion, mientras
que en los otros sistemas, la ausencia del
RNA antisentido incrementa el nimero de
copias. Cabe mencionar que la secuencia
codificante del RNA antisentido, y su
posicion relativa en el replicador, estan
conservadas en otros plasmidos de la

familia repABC (Venkova-Canova et al.,

2004; MacLellan, et al., 2005).

Recientemente se caracterizd el RNA

antisentido del pldsmido Ti de
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A.tumefaciens Los autores proponen que
el RNA antisentido es un inhibidor
transcripcional del repC. El modelo de
accion propuesto con base en la
prediccion de estructuras secundarias, es
el siguiente: Cuando el RNA antisentido
estd presente, se une a una region
complementaria del RNA mensajero
repABC que se localiza rio arriba de la
corriente del inicio de traduccion del
repC, esta accidn provoca que se generen
tres estructuras secundarias en el mRNA-
repABC en la region que abarca al SD y
el codon de inicio del repC. Una de las
estructuras se propone como un
terminador transcripcional Rho-
independiente, en consecuencia, repC no
se transcribe. En ausencia del RNA
antisentido, estas estructuras no se forman
y el mensajero de repC se puede

transcribir (Chai y Winans, 2005).
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Figura 7.- Esquema que representa a el replicador basico del pRetCFN42d de R.etli.

5.1.6 Otros

El plasmido R1162 del grupo de
incompatibilidad incQ es de amplio rango
de hospedero, mide 8.75 Kb, tiene alto
numero de copias en E.coli. Su
replicacion necesita de la proteina ReplA
cuya expresion se regula
postranscripcionalmente por un RNA
antisentido de aproximadamente 75 nt de
longitud, que es complementario a el
RBS del RNA mensajero que codifica
para el replA (RNAm repl4). La
ausencia del RNA antisentido, incrementa
el nimero de copias en un 35%, de tal
modo que el papel bioldgico de este RNA
antisentido no queda claro (Kim y Meyer

1985).

Los RNA antisentido no regulan
exclusivamente proteinas de replicacion,
también se han encontrado en muchos
organismos. Por ejemplo, recientemente
se hizo una busqueda de pequefios RNA
no codificantes en E.coli 'y se
identificaron mas de 50, muchos de ellos
pertenecen a una clase de RNA que
utilizan a la chaperona de RNA Hqf.
Todos éstos actian apareandose con un
RNA mensajero. Entre los miembros de
esta clase estan DsrA y RprA los cuales
regulan positivamente la traduccion de
RpoS (el factor sigma de fase
estacionaria), OxyS (regula la traduccion
de rpoS'y fhiA), RyhB ( tiene que ver con
el equilibrio de Fe usado en la célula por

regular negativamente la traduccion de
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muchos genes que codifican proteinas que

contienen Fe) y Spot42 ( cambia la

5.2 Iterones

En muchos casos los origenes de
replicacion tienen secuencias directas
repetidas llamadas iterones, los cuales son
sitios de unidon para las proteinas Rep.
Los  iterones  generalmente  estan
arreglados en “tandem” es decir, que
estan dispuestos uno a continuacion del
otro, y estan situados a una distancia que
es, en general, multiplos de 11 pb. Esto
implica que el complejo Rep-iteron se
encuentra alineado en la misma cara del
DNA (del Solar 1998).

El control de la replicacion mediado por
iterones, se lleva a cabo mediante un
llamado

mecanismo esposado
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polaridad de la traduccion del operon gal

) (Gottesman 2004).

(handcuffing), que ocurre cuando hay una
interaccion entre las proteinas iniciadoras
que estdn unidas a los iterones. Esta
interaccion puede ocurrir de manera intra
o intermolecular; es decir, una interaccion
entre proteinas que estan unidas en la
misma molécula de DNA, o dos
moléculas de DNA unidas a través de la
interaccion proteina-proteina, impidiendo
asi la formacion del complejo necesario
para dar inicio a la replicacion. (Chattoraj

et al., 1997).

5.3 Control por un represor transcripcional y un RNA antisentido.

El control del inicio de replicacion por la

accion conjunta de un  represor

transcripcional y un RNA antisentido se

ha reportado para varios plasmidos como:

28



el R1, el MV158 y el IP501, sin embargo,
el mecanismo de accidon en cada caso es

diferente.

Recordemos el ejemplo de la regulacion
del plasmido R1 descrito en la seccion
5.1.2, En ese caso, el principal regulador
es un RNA antisentido llamado CopA,
mientras que CopB, es un represor
transcripcional del promotor P.,.. Este
represor transcripcional juega un papel
auxiliar en el control de la replicacion del
pR1, de hecho, una remociéon del gen
copB, provoca solo un incremento
moderado en el numero de copias, y copB
expresado a partir de un plasmido
compatible, no ejerce incompatibilidad
hacia el plasmido R1, sin embargo, la tasa
de pérdida por generacion se incrementa
siete veces (Olsson, ef al., 2003).

El plasmido MV158 de Streptococcus,
también se regula por un sistema dual, es
decir, por una proteina represora y un

RNA antisentido, su sistema de
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regulacion se compone de los siguientes
elementos: tres genes (copG, repB 'y
rnall), dos promotores (P, y P.q) y un
origen de replicacion de doble cadena
(dso). CopG es un represor
transcripcional, RepB es la proteina de
inicio de replicacion de doble cadena, y el
RNAII es un RNA antisentido. Por otro
lado, copG y repE son co-transcritos a
partir del promotor P., mientras que el
rnall se transcribe a partir del P,y (Figura

8) (del Solar et al., 1998; del Solar y

Espinosa 2000).

La regulacion se efectua de la siguiente
manera: El represor transcripcional
CopG, se une a una region en el DNA que
incluye al promotor P., de esta manera,
inhibe la transcripcion del operdén copG-
repB, en consecuencia, la proteina de
inicio de replicacion no se transcribe (del
Solar et al., 1989). Las mutaciones o
remociones en copG, ocasionan un

incremento en el nimero de copias,
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ademas, CopG ejerce una débil
incompatibilidad hacia el pMV158
cuando se provee en frans, en un vector
de alto niimero de copias (Acebo et al.,

1996; del Solar y Espinosa 1992).

Un segundo elemento involucrado en el
control del niimero de copias es el
RNALIL el cual se transcribe a partir del
P.y.. E1 RNAII, es complementario a la
region del RNA mensajero copG-repB
que se localiza entre los genes copG y
repB (figura 8), probablemente inhibe la
expresion de la proteina de inicio por

aparearse directamente con el inicio de la
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traduccion del RNAm-repB, ademads, el
RNAII es un fuerte determinante de
incompatibilidad (para mas detalles sobre
el fendmeno de incompatibilidad ver
seccion 6) cuando se provee en frans en
un vector compatible de alto nimero de
copias. Las mutaciones que eliminan la
sintesis del RNAII también incrementan
el nimero de copias pero ain CopG
controla la replicacion (del Solar et al.,
1995). Una organizaciéon similar se
encuentra en los pldsmidos de la familia
pMV158 (del Solar et al., 1998; del Solar

y Espinosa 2000).

(= ptllaEs
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ﬁgrﬁsﬁ
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Figura 8.- Modelo de replicacion del plasmido pMV158 para detalles ver el texto. Tomada y modificada de del Solar y

Espinosa 2000.
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La  regulacion del pIP501  de
Streptococus, muestra caracteristicas muy
parecidas a las presentes en los plasmidos
R1 y MVI158, y similar a los del pR1: la
proteina CopR del pIP501 no autorregula
su transcripcién, pero reprime la
transcripcion del promotor rep, que se
localiza abajo de la corriente del gen

copR. Sin embargo, a diferencia del
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sistema del pR1, CopR solo reprime
parcialmente el promotor rep, situacion
que recuerda al sistema del pMV 158 (del
Solar et al., 1998). El segundo elemento
de regulacion es un RNA antisentido que
inhibe la expresion de RepR por
atenuacion transcripcional que ya se

describi6 en la seccidon 5.1.4.

5.4 Control de la replicacion por una proteina inhibidora

La regulacion por medio de una proteina
inhibidora es poco comun, un ejemplo es
la regulacion del replicon de A-dv. Este
replicon requiere la sintesis de las
proteinas O y P para iniciar la replicacion.
Estas dos proteinas se transcriben en un
mismo RNA mensajero, que contiene,
ademads, la region codificante para otra
proteina llamada Cro. Esta tltima se une
a la region operadora Or del promotor Pr

y actta como un inhibidor de la

transcripcion  (Murotsu 'y Matsubara

1980).

También se reportd un pldsmido criptico
de E. coli, llamado pKL1 que parece estar
regulado principalmente por la proteina
iniciadora de la replicacion (RepA). El
replicon basico del plasmido contiene la
region codificante para RepA, dos sitios
de union para RepA (BD1 y BD2), y una
secuencia de reconocimiento para la

proteina IHF. Como un primer paso para
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iniciar la replicacion, RepA se une como
dimero a BD1 y BD2, (esta union se
favorece por la union de IHF) lo que
induce el ensamblaje del primosoma.
Cuando la concentracion de RepA se

incrementa, los dimeros  forman
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hexameros, los cuales se unen a BD2 y
regulan la transcripcion de RepA. De esta
manera, la concentracion de RepA y la
formacion de oligdbmeros o los dimeros
determinan el namero de copias del

plasmido. (Burian et al., 1999)

5.5 Regulacion de la replicacion y DNA hemimetilado.

Algunos plasmidos son objeto de la
regulacion del inicio de la replicacion, a
través del control del estado de metilacion
del ori. Este tipo de control sucede en los
plasmidos P1 y pSC101 (Bramhill y
Konberg 1988; Brendler et al., 1991). El
ori recién replicado se halla hemimetilado
y la proteina SeqA, lo secuestra dentro de

la membrana celular, para prevenir el

6.- INCOMPATIBILIDAD

La incompatibilidad se define como la
incapacidad de dos plasmidos para
coexistir establemente en la misma linea

celular. Esto como consecuencia de

inicio de una nueva ronda de replicacion
(Chattoraj 'y Schneider 1997), la
metilacion de las dos cadenas de DNA
incrementa la eficiencia de inicio de
replicacion, quizd favoreciendo la
apropiada interaccion entre las proteinas
que participan en replicacion del DNA
(Abeles et al., 1993; Chattoraj y

Schneider 1997).

compartir uno o mas elementos
relacionados con la replicacion y/o con la
particién y/o con la regulacion de alguno

de estos procesos. La principal virtud de
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las pruebas de incompatibilidad es la
localizacion del o los elementos claves en
la regulacion de la replicacion y/o de la
particion, es decir, plasmidos
incompatibles  estan

genéticamente

relacionados (Summers 1996).

Generalmente, si dos plasmidos son del
mismo grupo de incompatibilidad la
introduccién de uno de ellos a la célula

huésped provoca la desestabilizacion del

6.1 Incompatibilidad por replicacion

Los origenes de replicacion que poseen

iterones  expresan  incompatibilidad
(Abeles et al., 1984, Shafferman et al.,
1981, Tsutsui et al., 1983), ejemplo de
ello son los origenes de replicacion de los

plasmidos  pT181 'y pLS32 de

Streptococcus y Bacillus respectivamente
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plasmido residente, si es que se ejerce una
presion selectiva para el plasmido

entrante (Summers 1996).

Existen cuando menos tres mecanismos
bien caracterizados de como se ejerce la
incompatibilidad: La incompatibilidad
por replicacion, la incompatibilidad por
particion y la incompatibilidad por

regulacion.

(Novik et al., 1984, Tanaka et al., 2005),
Sin embargo, los origenes de replicacion
de los plasmidos regulados por RNA
antisentido no ejercen incompatibilidad,
por ejemplo: los pldsmidos ColEl e
IncFII  (Hashimoto-Gotoh; Inselburg

1979; Timmis et al., 1978).
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6.2 Incompatibilidad por particion
El principal determinante de
incompatibilidad en los sistemas de
particién es el centrémero o sitio “par”.
Como por ejemplo sopC para el plasmido
F (Kline, 1985); o parS para P1 (Austin y
Abeles, 1985). En algunos plasmidos,
como el F y P1 se ha observado que la
sobreproduccion de las proteinas de
particion también provocan
incompatibilidad (Tolmasky et al., 1992).
En el caso de la proteina A, no se sabe
con claridad el motivo por el cual se

produce la incompatibilidad. Se cree que

la proteina A se une al complejo de

6.3 Incompatibilidad por regulacion

La incompatibilidad se debe
principalmente a la interferencia entre los
sistemas de  replicacion.  Muchos
plasmidos producen represores de accion

trans que interfieren con el inicio de la

replicaciéon, cuya concentracion  es
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particion de manera que modifica la
estructura del complejo y con ello, impide
una correcta particion. La razén por lo
que la proteina B causa incompatibilidad
es porque el exceso de la proteina B se
incorpora alrededor del complejo de
particion, de tal manera que se forma una
estructura  compleja en el  sitio
centromérico, lo que también ocasiona
silenciamiento de los genes de replicacion

aledafios al modulo de particion (Lynch y

Wang 1995).

proporcional al nimero de copias del
plasmido. La interaccion del represor con
su blanco, inhibe el inicio la replicacion
y se establece un control por

concentracion del inhibidor llamado

retroalimentacion o “feedback loop” el
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cual regula el nimero de copias. Cuando
el nimero de copias y la concentracion
del represor son altas, la replicacion
plasmidica se inhibe, pero cuando el
numero de copias y la concentracién del

represor es baja, la replicacion procede.

En el caso de que una célula tenga dos
plasmidos compatibles, cada plasmido
produce su propio inhibidor de Ila
replicacion, el cual no afecta la
replicacion del otro plasmido. Esto
provoca que ambos plasmidos mantengan
su numero de copias y que ambos sean
independientes uno del otro. En contraste,
dos plasmidos incompatibles producen
cada uno su inhibidor, el cual no solo
regula su propia replicacion, sino también
la replicacion del otro plasmido. Una
consecuencia de la inhibicién cruzada, es
que el nimero total de copias de ambos
plasmidos incompatibles en la célula, es
menor que la suma individual de nimero

de copias de cada uno de ellos, debido a
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que cada plasmido responde a la
concentracion  total del  inhibidor,
ajustando la replicacion y el niimero de
copias, en consecuencia cuando la
segregacion ocurre el sistema de control
del numero de copias falla en distinguir
entre dos plasmidos los cuales
constituyen una sola poza. Ambos
plasmidos se distribuyen azarosamente a
las células hijas. Los plasmidos heredados
se utilizan como moldes para la
replicacion, en este caso, el mecanismo
de replicacion, no distingue diferencias
entre los dos plasmidos. Ademads, la
distribucion azarosa puede generar mas
moléculas de uno o de otro pldsmido en
cada célula huésped. Esta desproporcion
puede amplificarse en subsecuentes
rondas de replicacion, puesto que los
plasmidos con mayor copias en la célula
tienen mayor probabilidad de ser
seleccionados como templados, en la
siguiente  ronda de  replicacion,

eventualmente conducird a la aparicion de
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lineas celulares con un solo tipo de
plasmidos (Summers 1996).

Como ya se menciond en la seccion 5.3,
los RNA antisentido que regulan la
traduccion de las proteinas de inicio de
replicacion son fuertes determinantes de
incompatibilidad. En el caso ColEl, el
RNA antisentido (RNAI) es el
determinante de incompatibilidad.
(Tomizawa e Itoh 1981). En el caso del
pT181 y pMVI158, el determinante de
incompatibilidad es el RNAII (Projan y
Novick 1986, del Solar et al., 1995), y

para el pR1 copA induce incompatibilidad

(Olsson et al., 2004).

Wagner y Simons (1994) proponen que la
mayoria de las mutaciones que alteran el
numero de copias y las propiedades de

incompatibilidad se localizan en el asa del
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la estructura secundaria del RNA
antisentido, o del RNA blanco.

En el caso de los plasmidos regulados por
iterones, el grupo de secuencias repetidas
localizadas en el ori, y las regiones de
autorregulacion y control del nimero de
copias, son los principales determinantes

de incompatibilidad.

Por otra parte, no todos los represores
transcripcionales de los promotores
encargados de transcribir las proteinas de
inicio de replicacion, son determinantes
de incompatibilidad, por ejemplo: el
represor CopB del plasmido R1 no ejerce
incompatibilidad hacia el pR1, mientras
que el represor transcripcional CopG del
plasmido  MVI158 si  ejerce

incompatibilidad con el plasmido parental

(seccion 5.3).
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ANTECEDENTES

Las bacterias que pertenecen a los

géneros  Sinorhizobium,  Rhizobium,

Bradyrhizobium, y Azorhizobium
(cominmente conocidas como rhizobia),
crecen en vida libre y tienen la capacidad
de formar nodulos fijadores de nitrégeno
cuando se asocian a las raices de plantas
de las leguminosas. Estos géneros de
bacterias se caracterizan por la presencia
de plasmidos que varian en tamafio y en
numero de copias (Zahran et al., 2001).
De hecho, la mayoria de los genes cuyos
productos estan relacionados con el
establecimiento de la bacteria en la
planta, la fijacion de nitrégeno y la
competencia, residen en plasmidos
(Garcia de los Santos et al., 1996). Hasta
ahora se han encontrado solo tres familias
diferentes de replicadores  basicos
plasmidicos en éstas bacterias, los de la

familia pRml1132f, los de la familia

repABC y los de la familia repC. La
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primer familia incluye solo un miembro
el pRm1132f de 7.2 Kb, este replicon se
aislo de la cepa 1132 de S.meliloti y
pertenece al grupo III de los plasmidos
que replican por el mecanismo circulo
rodante. El replicador basico se compone
de los siguientes elementos: dos
probables origenes de replicacion (dso y
§s0) y un gen rep, cuyo producto proteico
tiene de 30 a 34% de identidad con
proteinas de inicio de replicacion de
plasmidos que replican por un mecanismo

de circulo rodante (Barran et al., 2001).

La segunda familia llamada repABC, es
quizé la mas ampliamente distribuida y se
encuentra representada en plasmidos de
Shinorhizobium, Rhizobium,
Mezorhizobium, Agrobacterium (Kaneko
et al., 2000; Li y Farrand 2000;
Nishigushi et al., 1987; Suzuki et al.,

1998; Tabata et al., 1989), en uno de los
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dos cromosomas del patdégeno Brucella
suis y B. melitensis (Paulsen et al., 2002;
DelVecchio et al., 2002), en Rhodobacter
sphaeroides, Oligotropha
carboxidovorans, Gluconobacter
oxydans (Prust et al., 2005), Nitrobacter
hamburgensis, en bacterias del suelo
como Paracoccus versutus 'y P.
pantotrophus 'y en la bacteria marina
Ruegeria cepa PR1b. (Fuhrmann, et al,
2003; Bartosik et al., 1998; Bartosik et

al., 2002; Zhong, et al., 2003).

Como se mencioné en la seccion 5.1.5, la
familia de replicadores repABC, se
compone de tres genes dispuestos en
operon llamados repA, repB y repC, un
sitio par ubicado rio abajo de repC y de
un gen que codifica para un RNA
antisentido ubicado entre repA y repB
(Ramirez-Romero et al., 2000; Bartosik
et al., 2001; Pappas and Winans 2003a;

Soberon et al., 2004; Venkova-Canova, et
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al., 2004; MacLellan, et al., 2005, Chai y

Winans, 2005).

Las proteinas RepA y RepB estan
involucradas en la estabilidad del
plasmido, debido a que una remocidon que
pierde gran parte de los genes repA y de
repB aiun es capaz de replicar, pero se
pierde  rdpidamente.  Estos  datos
correlacionan con el hecho de que RepAB
son homodlogos a las proteinas da la
familia  SopA/ParA 'y  SopB/ParB
requeridas para la particion de los
plasmidos F y P1 (Tabata et al., 1989).
Ademas, experimentalmente se demostro
que la proteina RepB se une a su sitio par
localizado rio abajo del gen repC en los
plasmidos pCFN42d de R.etli y en uno de
los dos replicadores basicos del pTAV1
de P. versutus (Bartosik et al., 2001;
Soberon et al., 2004). Por otra parte,
RepA, o RepA con ayuda de RepB son
reguladores transcripcionales negativos

del operon (Ramirez-Romero et al., 2000;

38



Ramirez-Romero et al., 2001; Pappas and
Winans 2003b). Asimismo, se ha descrito
que RepC es la proteina que limita la
replicacion debido a que mutaciones
como: inserciones, remociones, O
cambios de marco de lectura del gen
repC, impiden que el pldsmido replique
(Ramirez-Romero et al., 2000). Un gen
localizado entre repB y repC cuyo
producto es un ctRNA, actua
postranscripcionalmente como regulador
negativo de la expresion de repC y
también se requiere para la replicacion

(seccion 5.1.5) (Venkova-Canova et al.,

2004; Chai y Winans, 2005).

Algunos plasmidos de la familia repABC,
regulan su numero de copias en respuesta
a densidad celular. La primera evidencia
de ello, la sugiri6 Li y Farrand, al
encontrar cajas tra (las cajas tra se han
descrito con detalle para promotores que
responde a respuesta en quorum) en la

region rio arriba del inicio de traduccion
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de RepA en el plasmido pTiC58 de A.

tumefaciens (Liy Farrand, 2000).

Pappas y Winans reportaron que en el
plasmido TiR10 de A. tumefaciens,
existen dos cajas fra rio arriba de repA y
cuatro  promotores  encargados de
transcribir el operon repABC, tres de
ellos, se inducen por la expresion de TraR
y su inductor asociado, la acil-homoserin
lactona (AAI) y el restante lo regula
RepA. El nimero de copias del plasmido
aumenta de cinco a siete veces en cepas
que expresan fraR, pero solo si esta
presente su inductor AAI. La arquitectura
del plasmido TiR10 también se ha
encontrado en otros plasmidos Ti: pTi-
SAKURA y pTiC58. El plasmido pRL8JI
de R. leguminosarum tiene una estructura
similar, pero solo posee una caja tra (Liy
Farrand 2000; Papas y Winans 2003a y

2003b).
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Con respecto a la incompatibilidad en los
plasmidos de la familia repABC, podemos
mencionar que existen dos determinantes
trans incompatibles, RepA y el ctRNA
(counter-transcribed RNA), y solo un
determinante cis, el sitio par (Ramirez-
Romero, et al., 2000; Venkova-Canova,

et al., 2004; MacLellan, et al., 2005).

La tercera familia la conforman los
plasmidos llamados repC, los cudles estan
evolutivamente relacionados con los
repABC, ya que tienen a RepC como
proteina de inicio de la replicacion, pero a
diferencia de éstos carecen de las
proteinas RepA y RepB (Mercado-Blanco

y Olivares, 1994a).

El primer miembro de esta familia se
aisl6 del plasmido criptico pPRmeGR4a de
S.meliloti cepa GR4 'y después se
demostr6 que la familia estd ampliamente
distribuida en S.fredii, en un conjunto de

cepas de S. meliloti aisladas de suelos de

Izquierdo J.

Granada (Espafia) y al menos en el pSym

de R.tropici (Burgos et al., 1996).

S.meliloti GR4 ademas de sus dos
megaplasmidos (pSymA y B), tiene dos
plasmidos cripticos altamente estables
(Toro y Olivares 1986), el pPRmeGR4a de
175 kb sujeto de nuestro estudio, y el
pRmeGR4b de 205 kb. EI pRmeGR4a es
autotransferible 'y  responsable de
cootransferir al pRmeGR4b (Mercado-
Blanco et al., 1993; Herrera-Cervera et

al., 1996).

En 1993 Mercado-Blanco y Olivares
aislaron un fragmento Ps:I de 4.8Kb
(oriV) del pRmeGR4a capaz de replicar
en S. meliloti, en R. etli, en A. tumefaciens
y en R. leguminosarum, con el mismo
numero de copias que el plasmido
silvestre (2-3 por cromosoma). El andlisis
de secuencia de esta region revela seis
ORF’s. Solo el ORF3 es indispensable

para la replicacion debido a que una
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mutacion en un sitio Mlul que cambia el
marco de lectura provoca que el plasmido
no replique (figura 8). Este ORF tiene
29.47% y 26.20% de identidad total a la

proteina RepC del plasmido RiA4b de 4.

Izquierdo J.

(Nishigushi et al., 1987), por ésta razén al
ORF3 se le llamo repC. También se
encontrd un probable motivo HTH acorde
a Chou y Fasman (1978) entre la posicion

85 a 105 aa. (Mercado Blanco y Olivares

rhizogenes y a la RepC del plasmido de 1993).
A. tumefaciens pTiB6S3 respectivamente
ORF2 ORF6
 ——
ORF1 ORF3 (repC) C—ORF4  ORFS
— | — ——>—
PN X H Rv St Rv Sp H P
Milu
\ 4
pIMB40 repC
p4512-2
p4010-3
200pb

Figura 9.- Mapa fisico de la region oriV del plasmido RmeGR4a de S.meliloti. Los seis ORF se encuentran representados
por flechas huecas. Las contrucciones p4512-2 y p4010-3 se obtuvieron por remociones de la clona parental pJMB40. P.-
Pstl, N.- Notl, X.-Xhol, H.- Hindlll, Rv.- EcoRV, St.- Sstl, Sp.- Sypl. Tomada y modificada de Mercado-Blanco y

Olivares 1994.

Por otro lado, a la regioén rio arriba de
repC, en especial al ORF2, se le asign6
un probable papel en la estabilizacion del
plasmido,

debido a que cuando se

eliminaron 1980 pb, rio arriba de repC

del fragmento Pstl (p4512-2 figura 9), el
plasmido replica, pero el porcentaje de
estabilidad 10

disminuye veces

(Mercado-Blanco y Olivares, 1994b).
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PLANTEAMIENTO Y JUSTIFICACION

La presencia de plasmidos de gran
tamafio, es una de las principales
caracteristicas de los rhizobia. Los
principales genotipos asociados a los
plasmidos de este grupo de bacterias son:
la fijacion de nitrogeno, la produccion de
melalina, la competencia, la eficiencia y
formacion del nodulo, las diferentes
crecimiento en

velocidades de

condiciones de vida libre, etc.

El interés por estudiar los replicadores
basicos de los plasmidos de los rhizobia,
comenz6 desde 1986 (Neilan ef al., 1986)
con la finalidad de utilizarlos como
vectores de clonacion aprovechando su
gran estabilidad. Hasta la fecha, se han
aislado y caracterizado mas de una
veintena de replicadores basicos de este
grupo de bacterias. Sin embargo, todavia

falta mucho por conocer acerca de los

mecanismos que gobiernan la regulacion

en el inicio de replicacion.

Shinorhizobium meliloti es una bacteria
Gram negativa que pertenece al grupo de
las a-proteobacterias y es capaz de fijar
nitrogeno atmosférico en asociacién con
raices de las plantas de alfalfa (Medicago
y Melilotus spp.). La cepa de S.meliloti
GR4, posee ademds de sus plasmidos
simbidticos, dos plasmidos cripticos, el
pRmeGR4a y el pRmeGR4b, ambos
pertenecen a la familia de replicadores
repC. Como ya se menciond, la mayoria
de los replicadores basicos de los rhizobia
pertenece a la familia de replicadores tipo
repABC, recordemos que esta familia de
replicadores tienen el modulo de
replicacion y particion en el mismo
operon, ademas tienen varios mecanismos
para regular la expresion su proteina de

inicio (repC) (Pappas y Winans, 2003a y
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2003b; Ramirez-Romero et al., 2000;
Venkova-Canova et al., 2004; MacLellan
et al., 2005; Chai y Winans, 2005). En
contraste, el replicador minimo del
plasmido RmeGR4a, aparentemente solo
necesita a RepC para poder replicar lo
que lo convierte en un modelo de estudio

atractivo.

Izquierdo J.
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OBJETIVOS

OBJETIVO GENERAL

Caracterizar el replicador basico del plasmido RmeGR4a de S.meliloti GR4

OBJETIVOS PARTICULARES
1. Delimitar la region minima encargada de la replicacion
2. Definir la(s) region(es) minima(s) de incompatiblidad.
3. Identificar y analizar los elementos involucrados en la regulacion de la proteina de
inicio RepC
4. Analizar y discutir el origen evolutivo de los plasmidos de la familia repC'y

repABC.
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RESULTADOS
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Abstract

The widespread replicons of repABC and repC families from a-proteobacteria share high similarity in their replica-
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genes: one encoding the initiator protein RepC (46.8 kDa) and other, an antisense RNA (67 nt). Mapping of transcrip-
tional start sites and promoter regions of both genes showed that the antisense RNA is nested within the repC mRNA
leader. The constitutively expressed countertranscribed RNA (ctRNA) forms a single stem—loop structure that acts as
an intrinsic rho-independent terminator. The ctRNA is a strong trans-incompatibility factor and negative regulator of
repC expression. Based on structural and functional similarities between members of the repC and repABC families we
propose a model of their evolutionary relationship.
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1. Introduction

Three families of extrachromosomal basic repli-
cons have been isolated from a group of native
strains of the a-proteobacteria, collectively known
as rhizobia, which are able to induce nitrogen-
fixing nodules on roots of legume plants.

The first family includes only one member, plas-
mid pRm1132f (7.2kb). This plasmid was isolated
from Sinorhizobium meliloti 1132, and belongs to
group III of rolling-circle-replicating (RCR) plas-
mids (Barran et al., 2001).

The repABC family, probably the most widely
distributed, is commonly found in plasmids of
Rhizobium, Mesorhizobium, and Sinorhizobium
(Freiberg et al., 1997; Ramirez-Romero et al., 1997;
Turner and Young, 1995). It is also present in plas-
mids and in the linear chromosome of the plant
pathogen Agrobacterium (Kaneko et al., 2000; Li
and Farrand, 2000; Nishiguchi et al., 1987; Suzuki
et al., 1998; Tabata et al., 1989), and in one of the
two chromosomes of the animal pathogens
Brucella suis and Brucella melitensis (DelVecchio et
al.,, 2002; Paulsen et al., 2002). The repA BC plasmid
family has been also found in Rhodobacter sph-
aeroides, Oligotropha carboxidovorans, in the soil
bacteria Paracoccus versutus and Paracoccus pan-
totrophus and in the marine bacterium Ruegeria
isolate PR1b, all belonging to the a-proteobacteria
subdivision (Bartosik et al., 1998, 2002; Fuhrmann
et al., 2003; Zhong et al., 2003).

The repABC basic replicons consist of an
operon of three protein-encoding genes repA, repB,
and repC, a par-site situated downstream of the
latter gene, and a highly conserved small antisense
RNA (ctRNA) gene located between repB and
repC (Bartosik et al,, 2001; MacLellan et al., 2005;
Pappas and Winans, 2003a; Ramirez-Romero
et al,, 2000; Soberon et al., 2004; Venkova-Canova
et al, 2004). The repA and repB products are
involved in the partitioning of the plasmids. RepC
is essential for replication and it is considered as
the initiator protein (Bartosik et al., 1998; Ram-
irez-Romero et al., 2000; Tabata et al., 1989).

The replication of repABC plasmids is influ-
enced by both negative and positive regulatory
mechanisms. Negative regulation at transcriptional
level was described in the repABC replicons since

RepA or RepA and RepB are repressors of the
transcription of the operon (Pappas and Winans,
2003b; Ramirez-Romero et al., 2000; Ramirez-
Romero et al.,, 2001). An antisense RNA encoded
by the repB-repC region acts post-transcription-
ally as a negative regulator of repC expression, but
unexpectedly is also required for plasmid replica-
tion (Venkova-Canova et al., 2004). RepA and the
ctRNA were found to be strong incompatibility
determinants (MacLellan et al., 2005; Ramirez-
Romero et al., 2000; Venkova-Canova et al., 2004).
The copy-number of some repABC plasmids is
positively regulated by a quorum-sensing mecha-
nism mediated by TraR and its associate autoin-
ducer (Li and Farrand, 2000; Pappas and Winans,
2003a).

The third family of basic replicons or repC-
plasmids is evolutionary related to the repABC
family because they share RepC as an initiator
protein but, in contrast to the repABC organiza-
tion, repC plasmids are not associated with repA
and repB genes (Mercado-Blanco and Olivares,
1994b). The first member of this family was iso-
lated from pRmeGR4a, an auto-transferable
cryptic plasmid of S. meliloti GR4, and later it
was shown that this family of replicons is widely
spread in S. meliloti, Sinorizobium fredi, and
Rhizobium tropici natural populations (Burgos
et al., 1996; Mercado-Blanco and Olivares, 1993;
Villadas et al., 1995). However, little is known
about the regulatory mechanism of replication of
the repC family.

In this work, we identified the regulatory ele-
ments involved in the replication control of the
repC plasmid pRmeGR4a. An antisense RNA
plays a central role as a negative regulator of the
expression of repC and is a trans-incompatibility
determinant of this plasmid. We also propose a
model explaining the evolutionary relationships
between repC and repABC plasmids.

2. Methods
2.1. Bacterial strains and growth conditions

The bacterial strains and plasmids used in this
work are listed in Table 1.
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Table 1
Bacterial strains/ Relevant characteristics Source/references
plasmids
Strains
Sinorhizobium meliloti
GR4 Wild-type Casadesus and
Olivares (1979)
GRMS8SR A GR4 derivative cured of plasmid pPRmeGR4a and pRmeGR4b. Mercado-Blanco and
Spontaneous resistance to Streptomycin and Rifampicin. Olivares (1993)
Rm1021 Streptomycin-resistant derivative of 2011. Meade et al. (1982)
Escherichia coli
DH5a Host strain for plasmids Hanahan (1983)
S17-1 Donor strain for plasmids Simon et al. (1983)
Plasmids
pUX19 Derivative of pUK21 with an oriT from pSUP202. Suicide vector for Zhang et al. (2001)
S. meliloti. Kanamycin-resistant
pBBRIMCS-5 GmR cloning vector replicable in Rhizobium Kovach et al. (1995)
pBBMCSS53 pBBRIMCS-5 derivative carrying a promoter-less B-glucuronidase Corvera et al. (1999)
gene (gusA gene)
pRK415 Derivative of pRK290 Tetracycline resistant Keen et al. (1988)
pR2 pUX19 derivative carrying a 6726 bp fragment containing the This work
replication region of pPRmeGR4a
pXKR2 pUX19 derivative containing a 4182 bp PCR product of pR2. The This work
insert carries the repC gene, 1702 bp upstream from the start codon of
repC and 1202 bp downstream from the stop codon of repC
pXKR4 pUX19 derivative containing a 2402 bp PCR fragment of pR2. The This work
insert carries the repC gene, 1702 bp upstream from the start codon of
repC and 338 bp downstream from the stop codon of repC
pXKR4-M10 pXKR4 derivative, but with mutated —10 element from P2. The —10 This work
element was changed from [GAGAAA] to [GCCTCG]
pXKR4-M35 pXKR4 derivative, but with mutated —35 element from P2. The —35 This work
element was changed from [TTGACA] to [GCTTTG
pXKRS5 pUX19 derivative carrying a 1735 bp PCR fragment from pR2. The This work
insert contains the repC gene and 290 bp upstream from the start
codon of repC
pXKR6A pUXI19 derivative carrying a 1891 bp PCR fragment from pR2. This This work
insert contains, the repC gene, 275 bp upstream from the start codon
of repC and 338 bp downstream from the stop codon of the same gene
pXKR6A-M35 pXKRG6A derivative carrying a mutation in the —35 element of P1. This work
The —35 element was changed from [TTGCAC] to [GCTTTG
pXKR7 pUX19 derivative carrying a 1851 bp PCR fragment of pR2. This This work
insert contains the repC gene, 235 bp upstream the start codon of
repC and 338 bp downstream from stop codon of the same gene
pSR2 pRK415 derivative carrying the basic replicon from pRmeGR4a This work
(6.7 kb fragment)
pB2 pRK415 derivative carrying a 450 bp BamHI restriction fragment This work
from pR2
pHBI pRK415 derivative carrying a 2640 bp BamHI-HindllI restriction This work
fragment from pR2
pB7 pRK415 derivative carrying a 1055 bp BamHI restriction fragment This work

from pR2

(continued on next page)
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Bacterial strains/
plasmids

Relevant characteristics

Source/references

pB7

pRM1

pNHI
pORFB

pMUPI

pREPC

pCT186

pCT138

pCT186-M10

pCT186-M35

pPT138

pPT138-M10

pPT138-M35

pPT207

pFT4

pFT6

pFTS4

pFTSS

pFTS6

pRK415 derivative carrying a 1055 bp BamHI restriction fragment
from pR2

pRK415 derivative carrying a 1798 bp PCR product. The insert
contains the repC gene, 184 bp upstream from the start codon of repC
and 338 bp downstream from the stop codon of repC

pRK415 derivative carrying a 2112 bp Nsil-HindIII restriction
fragment from pR2

pRK415 derivative carrying a 2253 bp PCR product. The insert
contains the complete ORFB

pRK415 derivative carrying a 424 bp PCR product. The insert
contains 185 bp upstream from the start codon of repC and 239 bp of
the 5’ coding region of repC

pRK415 derivative carrying a 1278 bp PCR product with the repC
coding region

pRK415 derivative carrying a 146 bp PCR product. The insert
contains 164 bp upstream from the start codon of repC and 22 bp of
the 5’ coding region of repC

pRK415 derivative carrying a 137 bp PCR product. The insert
contains 115 bp upstream the start codon of repC and 22 bp to the 5’
coding region of repC

pCT186 derivative carrying a mutation in the —10 element of P2. The
—10 element was changed from [GAGAAA] to [GCCTCG]

pCT186 derivative carrying a mutation in the —35 element of P2. The
—35 element was changed from [TTGACA] to [GCTTTG]
pBBMCSS53 derivative carrying the same insert as pCT138
pBBMCSS53 derivative carrying a similar insert to pCT138 but with a
mutated —10 element of P2. The —10 element was changed from
[GAGAAA] to [GCCTCG]

pBBMCSS53 derivative carrying a similar to insert pCT138 but with a
mutated —35 element of P2. The —35 element was changed from
[TTGACA] to [GCTTTG]

pBBMCSS53 derivative carrying a 207-bp PCR product. The insert
contains 185 bp upstream from the start codon of repC and 28 bp of
the 5’ coding region of repC

pBBMCSS53 derivative carrying a 1093-bp PCR product. This insert
contains 786-bp upstream the from start codon of repC and 307 bp of
the 5’ coding region of repC

pBBMCSS53 derivative with a 597-bp PCR product, containing 29 bp
upstream from the start codon of repC and 307 bp of its 5’ coding
region

pBBMCSS53 derivative with a 640-bp PCR product, spanning from
146 bp upstream from the repC start codon to 786-bp upstream to the
repC start codon

pBBMCSS53 derivative with a 311-bp PCR product, spanning from
146-bp upstream from the repC start codon to 457-bp upstream from
repC start codon

pBBMCSS53 derivative with a 144-bp PCR product, spanning from
146 bp upstream from the repC start codon to 290-bp upstream from
to repC start codon

This work

This work

This work
This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

(continued on next page)
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Table 1 (continued)

Bacterial strains/ Relevant characteristics Source/references

plasmids

pFTS6A pBBMCSS53 derivative with a 129-bp PCR product, spanning from This work
146-bp upstream from the repC start codon to 275-bp upstream from
to repC start codon

pFTS7 pBBMCSS53 derivative with a 89-bp PCR product, spanning from This work
146-bp upstream from the repC start codon to 235-bp upstream from
to repC start codon

pFT6-M10 pFT6 derivative carrying a mutation in the —10 element of P2. The This work
—10 element was changed from [GAGAAA] to [GCCTCG

pFT6-M35 pFT6 derivative carrying a mutation in the —35 element of P2. The This work
—35 element was changed from [TTGACA] to [GCTTTG]

pFT6A-M10 pBBMCSS53 derivative with a 582-bp PCR product. This insert This work
contains 275-bp upstream from the start codon of repC and 307-bp of
its 5" coding region. The P2 —10 elements was changed from
[GAGAAA] to [GCCTCG]

pFT6A-M1035 pFT6A-M10 derivative carrying a mutation in the —35 element of P1. This work

The P1 —35 elements was changed from [TTGCAC] to [GCTTTG]

Escherichia coli strains were grown at 37°C in
Luria—Bertani medium, and S. meliloti strains were
grown at 30°C in PY (Peptone/Yeast) medium
supplied with ImM CaCl, (Noel et al, 1984).
When needed antibiotics were added at the follow-
ing concentrations (in pg/ml): nalidixic acid, 20;
gentamicin, 30; and tetracycline 10. Kanamycin
was used at 30 for E. coli and 180 for S. meliloti.

2.2. Bacterial mating

Constructs based on pRK415, pUXI19, and
pBBMCS53 were introduced into S. meliloti using
E. coli S17-1 as donor strain (Simon et al., 1983).
Strains were grown in liquid medium to stationary
phase, mixed in a donor-recipient ratio of 1:2 on PY
plates, and incubated at 30°C overnight. Cells were
resuspended in PY medium and serial dilutions were
plated on the appropriate selective medium.

2.3. Plasmid profiles
Profiles of high-molecular-weight plasmids were

obtained by the in-gel lysis procedure described by
Wheatcroft et al. (1990).

2.4. DNA isolation and manipulation

Plasmid DNA was isolated as described by
Sambrook et al. (1989) Ligase and restriction reac-

tions were carried out under the conditions speci-
fied by the enzyme manufacturer. Tag polymerase
High fidelity or ThermalAce DNA Polymerase
(Invitrogen) were used for PCR. The amplified
products were cloned using TOPO vector kit
(Invitrogen).

2.5. Site-directed mutagenesis

The method described by Ito et al. (1991) was uti-
lized to obtain constructs carrying mutations in the
P2 promoter: construct pXKR4-M10 contained a
mutation in the —10 box and pXKR4-M35 in the
—35 box. Two sets of complementary primers JM 10
[5'-T AAGCCGAATCCCGAGGCGCAGACCC
-3'], IMIOR [5'-GGGTCTGCGCCTCGGGATT
CGGCTTA-3'], and JM35 [5'-CCCTTCCCCAA
AGCTTGCAAAAGCACCT-3'], IM35R [5'-AG
GTGCTTTTGCAAGCTTTGGG GAAGGG-3'],
covering the —10 and —35 boxes, respectively, were
used as a source of mutations. Two external prim-
ers: XKR4 [5'-GCTCTAGAGGTACCGAACTT
TCGGTGGCCG-3'] and QEB-1 [5'-GAATTCG
GATCCTTCACCATCG CAAGGC-3'], encom-
passing the incl region (from 786-bp upstream of
the start codon of repC to 338 bp downstream of
the stop codon of repC) were used in the PCRs.
The final PCR product of each reaction was uti-
lized as a template for synthesizing the desired
fragments for cloning into vector pUX19.
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2.6. RN A isolation and determination of the
transcriptional start site

Total RNA was isolated using the High Pure
RNA Isolation Kit (Roche). For primer extension
analysis 10 pg of total RNA isolated from S. melil-
oti Rm1021 harboring pPT138 or pFTS4 was
denatured at 90°C for 3min, and then slowly
cooled to 45°C. The RNA was annealed with a
[**P]-labeled primer [5'-GTAACATAAGGGAC
TGACCTGC-3'], complementary to the gusA4
mRNA. The primer was extended with Moloney
murine Leukemia virus reverse transcriptase
(Invitrogen) at 37°C for 2h, and the extended
products were collected with a Microcon-30 micro-
concentrator (Amicon) and analyzed by electro-
phoresis in 8% urea-containing polyacrylamide
gels.

2.7. Construction of the gusA fusions

To determine the position of the repC promoter
(P1), two collections of PCRs products were
obtained. The first collection contains repC
upstream regions of several lengths, and the first
307 bp of the repC-coding region. The second one
consists of PCR products that share their 3’ end,
located 146 bp upstream of the repC initial codon,
but differing in their 5’ end. All these PCR prod-
ucts were transcriptionally fused to the promoter-
less gusA gene of plasmid pBBMCS-53. To
measure the activity of the P2 promoter, a PCR
product of 137 bp containing P2 was cloned in the
adequate direction into pBBMCS-53. To evaluate
the transcription termination efficiency of the
stem—loop structure of the ctRNA a PCR product
including P2 and the putative terminator were
cloned in the proper orientation into pBBMCS-53
to obtain pPT207.

The insert of plasmid pFT6A-M1035, carrying
mutations in the P1 and P2 promoter was obtained
by PCR using as a primer MUTP1 [5’-TAGCAC
GTTGGCTTTGCTTTTTGG-3'], carrying a
mutation in the —35 box of the Pl promoter
(underlined) and primer FRM3 [5'-GCGTCGAC
ATAGCATGCGGCTGAC-3']. This amplifica-
tion product was obtained using as template con-
struct pXKR4-M10, containing a mutation in the

—10 box of the P2 promoter. The insert of pFT6-
M35 was obtained by PCR using primer XKR6
[5'-GCTCTAGAACAGGCTTTTGCGTG-3'] and
primer FRM3, and construct pXKR4-M35 as a
template. Construct pFT6-M10 was obtained in a
similar way but using pXKR4-M10 as a template.
The insert of pFT6A-M10 was obtained by PCR
using primers WTPl [5'-TAGCACGTTGTT
GCACCTTTTTG G-3'] and FRM3 and pXKR4-
MI10 as a template.

All the primers used to construct these fusions
contain, at their 5’ ends, an Xbal restriction site,
and at their 3’ ends a Sall restriction site. The
amplification products were cloned into plasmid
pBBMCSS53 utilizing the introduced Xbal and Sall
restriction sites, which are also present in the vec-
tor. The gusA fusions were introduced into S.
meliloti Rm1021 by conjugation and their -glucu-
ronidase activities determined as described below.

2.8. FGlucuronidase activity measurements

Overnight cultures of the strains carrying the
desired constructs were grown in the presence of
gentamicin. Cultures were diluted in fresh PY
medium to ODsy,,, 0.01 and grown to a final
ODsypnm 0.4. One milliliter of culture was centri-
fuged and resuspended in a salt wash solution sup-
plemented with chloramphenicol (100 pg/ml).
Quantitative B-glucuronidase assays were per-
formed with p-nitrophenyl glucuronide as a sub-
strate as described previously (Wilson et al., 1992).
Data were normalized to total cell protein concen-
tration by the Lowry method (Sambrook et al.,
1989). The results shown here are the means of
three independent experiments.

2.9. Plasmid stability

Plasmid stability was calculated according to
the procedure described by Durland and Helinski
(1987). Overnight cultures grown in the presence of
the appropriate antibiotic were diluted in fresh
medium without selection to give an initial optical
density of 0.01 at 620nm and cultivated for 30h
(15 generations). Samples taken at this time was
serially diluted and plated onto solid media in the
absence of selective drugs. One hundred colonies
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were chosen and picked onto plates with and with-
out the selective antibiotic.

2.10. Calculation of theoretical efficiency of
transcription termination

Free energy of the hairpin RNA structure forma-
tion was calculated following the method of Freier
et al. (1986) meanwhile the theoretical efficiency of
termination was calculated using the algorithm
reported by d’Aubenton-Carafa et al. (1990).

2.11. Plasmid incompatibility

To identify regions involved in incompatibility,
a collection of PCR products and restriction frag-
ments that covered the basic replicon of
pRmGR4a and its surrounding regions was cloned
in pRK415, a vector carrying a tetracycline resis-
tance determinant. The resultant constructs were
introduced into S. meliloti GRMS8SR carrying a
construct with the basic replicon of pRmGR4a
and a kanamycin resistance determinant (pR2). It
is important to point out that the replication of
pR2 in S. meliloti depends on pRmGR4a basic
replicon. Transconjugants were obtained selecting
the incoming plasmid. The plasmid profiles of at
least four transconjugants from each cross were
analyzed. The incoming plasmid was considered to
carry an incompatibility determinant if it was able
to displace pR2 and lost its capacity to grow on PY
kanamycin plates.

2.12. Plasmid replication in S. meliloti

To determine the minimal region able to repli-
cate in S. meliloti, a collection of PCR products
of different lengths, but all containing the com-
plete repC gene, was cloned in pUX19, a vector
unable to replicate in Sinorhizobium. These con-
structs were mobilized into S. meliloti GRM8SR
and the plasmid profiles of at least four transcon-
jugants of each cross were analyzed. A recombi-
nant plasmid was considered to have the ability
to replicate in S. meliloti if the plasmid profile of
the transconjugants showed a new band of the
expected size, and if the new band hybridized
with repC.

2.13. Computer work

Searching for Shine-Dalgarno sequences inside
the repC leader region was done using the program
RBSFinder (ftp://ftp.tigr.org/pub/software/R BSfin
der/) available from TIGR (http://www.tigr.org/)
(Suzek et al., 2001).

The RepC protein sequences were aligned using
the Clustal-W program, using default values
(Thompson et al., 1994) at the WWW Service of the
European Bioinformatics Institute (http://www2.
ebi.ac.uk/clustalw). The phylogenetic analysis was
made using PHYLIP (Phylogeny Inference Pack-
age) Version 3.5¢ created by Joseph Felsenstein
(Department of Genome Sciences) at the University
of Washington, Seattle (http://evolution.genetics.
washington.edu/phylip/oldversions.html).

To construct the phylogenetic tree with bootstrap
(1000 replicate trees), the Protein Sequence Parsi-
mony Method (PROTPARS) and SEQBOOT pro-
gram were used. The tree was built utilizing only the
regions in the alignment without gaps. Trees were
drawn using the TREEVIEW program (Page, 1996).

3. Results

3.1. Sequence analysis of the region surrounding the
repC gene of plasmid pRmeGR4a

It has been shown that the basic replicon of the
S. meliloti GR4 cryptic plasmid pRmeGR4a is
located within a 4.8kb PstI restriction fragment
(Fig. 1A). A recombinant plasmid, pJMB40, carry-
ing this insert is capable of autonomous replication
in S. meliloti (Mercado-Blanco and Olivares,
1993).

During our initial analysis of the pJMB40 insert
we found data suggesting the presence of some
DNA sequencing errors. To identify and correct
these possible differences, the 4.8 kb PstI fragment
was re-sequenced. To extend the analysis of the
region surrounding the basic replicon, we cloned
and sequenced a 3.6kb Apal fragment from plas-
mid pRmeGR4a that overlaps with the 4.8 kb Pstl
fragment (GenBank Accession No. AY682089).
The Fig. 1A shows a map generated with the most
recently obtained DNA sequence.


ftp://ftp.tigr.org/pub/software/RBSfinder/
ftp://ftp.tigr.org/pub/software/RBSfinder/
ftp://ftp.tigr.org/pub/software/RBSfinder/
ftp://ftp.tigr.org/pub/software/RBSfinder/
ftp://ftp.tigr.org/pub/software/RBSfinder/
http://www.tigr.org/
http://www.tigr.org/
http://www2.ebi.ac.uk/clustalw
http://www2.ebi.ac.uk/clustalw
http://www2.ebi.ac.uk/clustalw
http://evolution.genetics.washington.edu/phylip/oldversions.html
http://evolution.genetics.washington.edu/phylip/oldversions.html
http://evolution.genetics.washington.edu/phylip/oldversions.html
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Fig. 1. Replication and incompatibility properties of plasmid derivatives containing different regions of the basic replicon of
pRmeGR4a. (A) Map of pPRmeGR4a fragment carrying its replicator region. The black line is a restriction map containing PstI and
Apal restriction sites. The shaded thick arrows represent the open reading frames (ORFs), and the shaded rectangle the truncated
ORFS5. A small black box represents the minimal region able to exert incompatibility (inc). (B) Delimitation of the minimal fragment
capable of autonomous replication. The open boxes represent the DNA insert contained in each construct. In the column labeled
“Replication” the symbol + indicates that the plasmid derivative has the ability to replicate in the GRMS8SR strain, and the symbol —
indicates that the plasmid is unable to do so. Plasmid names are listed in the column on the right. The thick black two-head arrow
demarcates the minimal region capable of autonomous replication. (C) Delimitation of the minimal region able to exert incompatibil-
ity against the pR2. In the column labeled “Incompatibility” I indicates that the derivative plasmid is incompatible against pR2 and C
indicates that the construct is compatible. The small black box shows the position of the incompatibility determinant.

3.2. Determination of the minimal DNA region of To delineate precisely the boundaries of the mini-
pRmeGRA4a able to replicate autonomously mal replicon of plasmid pRmeGR4a, a collection of
PCR products containing the repC gene and differ-

Previously, it has been shown that repC is essen- ent sequences of its upstream and downstream
tial for replication and that the genes located regions were cloned into a vector unable to replicate
upstream of repC have a role in plasmid stability in S. meliloti (pUX19). These constructs were intro-

(Mercado-Blanco and Olivares, 1994a,b). duced by conjugation into S. meliloti GRMS8SR to
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test their replication ability. The results, summarized
in Fig. 1B, show that two small overlapping clones,
pXKRS5 and pXKR6A, retain the ability to replicate.
The minimal region able to confer autonomous rep-
lication must lie within the shared region between
these two constructs. This means that the minimal
region includes the complete repC gene and 275 bp
of its upstream region. In agreement with this obser-
vation, plasmid pXKR7 that contains an insert 40-
bp smaller in its 5’ end than the insert of pXKR6A is
incapable to replicate. These results suggest that the
repC promoter reside within the 275-bp upstream
the repC initial codon (see Section 3.5).

3.3. The basic replicon of plasmid p RmeGR4a
contains one incompatibility region

Plasmid incompatibility, or the inability of two
replicons to coexist in the same cell line is the result
of sharing some elements involved in plasmid repli-
cation, plasmid partitioning or their control (Nov-
ick, 1987). Thus, incompatibility tests can be used
to map regions relevant for plasmid maintenance.
For this reason a collection of PCR products and
restriction fragments covering different parts of the
pRmeGR4a minimal replicon was obtained and
cloned in pRK415, a vector able to replicate in
Sinorhizobium. Constructs were introduced by con-

-35 -10

pRetCFNﬂIZdTTGACGAGGkTTCEIAGGAAATGCGATTCTGTTCEI

pSymB TTeAcCCT/GAlTTClEcloamasiTeEsarTcTCTAS
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G

pRmeGR4a [TTGACAGGGAAGG
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pSymB GTTCGGGCCTTTTTCTTTTGC- 92
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pRmeGR4a GTTCGGG&GCGGTTTTTCTTTT- 97
pRmeGR4b GTTCGGGAGC|GGTTTT|TC|TT T|TIC)- 95
pRtr2gec CATCGGGAGCIGGITTTT|ITCIITTITTC 9
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jugation into S. meliloti GRMS8SR containing
pR2, a plasmid with the basic replicon of
pRmeGR4a (see Fig. 1C). The incompatibility
properties of the constructs were determined by
analyzing the plasmid profiles of the transconju-
gants and the presence or absence of the kanamy-
cin resistant phenotype associated with pR2. As
shown in Fig. 1C, the insert of construct pCT186
carries the smallest incompatibility region (186-
bp). This region comprises the first 22-bp of repC
gene and 164 bp of its upstream region, and was
named incl.

3.4. The incompatibility region encodes a small
antisense RNA

The incl region of plasmid pRmeGR4a has
strong DNA sequence similarity with the antisense
RNA gene located between repB and repC of
repABC plasmids (MacLellan et al., 2005; Venk-
ova-Canova et al., 2004), which is responsible of
the strong incompatibility phenotype exhibited by
this region. The sequence alignment of Fig. 2
indicates that incl could contain a ¢70-like pro-
moter [TTGACA(N,y) TGNGAGAAA] with an
extended —10 box and some conserved motifs
found in the repABC ctRNAs (MacLellan et al.,
2005; Venkova-Canova et al., 2004).

ACAGAG-ACAIGA--AG GT'!‘
ACAC-G-AGAGA--AGGIGTTT

AICIGAICIGGCGACGE 70
acclscTaclc e

GAGACTACAGAIGA--AGGITICITT GAACIGCCEG-—-~- 69
ATCAAATCTGAGG - - AAG|GICIT T blcleslcl-TTeTfTlc 7
TATTTATCTAICTCTTT|GAICICC TTIC[CGGAC|TIT 74
TATTTATCTAICT --TTEAICICC TTICICGGAC|TIT 72
AATTTATTCTCT--TACAGAC TTICICGGAT|TG 72

Fig. 2. DNA alignment of the ctRNA genes from some repABC and repC plasmids. Plasmid names are at the left of the figure, and
those in bold letters belong to the repABC plasmid family. The —35 and —10 boxes of the ctRNA promoter gene are shown bellow
thick bars and labeled accordingly. The experimentally determined transcriptional start sites are indicated with are boxed in black, and
the T-track regions are indicated with asterisks. The identities of 65% or higher are shown within yellow boxes. Plasmid pRetCFN42d
belong to Rhizobium etli; plasmid pTiC58 to Agrobacterium tumefaciens; plasmid pSymA and pSymB to S. meliloti; plasmid
pRmeGR4a and pRmeGR4b to S. meliloti GR4; and plasmid pRtr299c to R. tropici. Numbers at the right indicate the size of the

DNA included in the alignment.
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To probe for the presence of an antisense RNA
within the incl region the putative promoter was
cloned in the proper direction in front of a pro-
moter-less gusA gene, in a vector capable of repli-
cating in S. meliloti (pBBMCS53) to generate
pPT138. This construct was introduced into
S. meliloti 1021 and B-glucuronidase activity of the
transconjugant was easily detected (Fig. 3A).

To demonstrate that the proposed promoter
sequence encodes a functional promoter, the —10
and —35 hexameric elements were modified. The
—10 element was changed from [GAGAAA] to
[GCCTCG] and cloned into pBBMCS53 to create
pPT138-M10, and the —35 element was altered
from [TTGACA] to [GCTTTG] and cloned into
pBBMCS53 to generate pPT138-M35. The con-
structs were independently introduced into S.
meliloti 1021, but no B-glucuronidase activity was
detected in the transconjugants, indicating that the
promoter (P2) was identified adequately (Fig. 3A).

The P2 transcription start site (+1) was
identified as a “G” nucleotide located 7-bp imme-
diately downstream of the —10 promoter element
(Fig. 4A").

To determine if products encoded in the paren-
tal plasmid pRmeGR4a regulate the P2 promoter,
the P2::gusA fusion present in pPT138 was intro-
duced into two S. meliloti strains: one carrying the
parental plasmid pRmeGR4a (GR4), and the
other lacking it (Rm1021). The B-glucuronidase
activity of the two transconjugants was the same
(data not shown) indicating that products encoded
on pRmeGR4a do not modulate P2 activity, and
suggesting that this promoter is constitutively
expressed.

The predicted folding of the putative antisense
RNA shows only one stem-loop structure resem-
bling a rho-independent transcriptional termina-
tor (Fig. 5A’). The hairpin consists of a stem of
10bp, rich in GC, a loop of eight nucleotides
exhibiting a 5’-YURN-3' consensus U-turn motif,
common in other plasmid-encoded antisense
RNAs and a 3’ U-tail typical for the rho-indepen-
dent terminators (d’Aubenton-Carafa et al., 1990;
Franch and Gerdes, 2000). The free energy
involved in the formation of this structure was esti-
mated in AG=—15.1kcal/mol (Freier et al., 1986).
The parameter d, associated with rho-independent

terminators, was estimated as 32.58, correlating
with 83% theoretical efficiency of termination
(d’Aubenton-Carafa et al., 1990).

To determine the ability of this structure to ter-
minate transcription, two gusA fusions were intro-
duced into S. meliloti Rm1021: one containing the
P2 promoter (pPT138) and the other containing P2
and the stem—loop structure (pPT207). The B-glu-
curonidase activity of the transconjugants was
determined. The results shown in Fig. 3A demon-
strate that the stem-loop structure caused tran-
scription termination with an efficiency of 94.3%.
With these data we can estimate the ctRNA size is
no longer than 67 nt. Absence of activity of the
promoter in E. coli did not allow us to measure the
length of the RNA in vitro by run-off transcription
experiments.

To discern if the incompatibility mechanism of
incl is the result of the presence of a cis acting-site
located within this region, or if the antisense RNA
acts as a trans-incompatibility factor, we intro-
duced into S. meliloti GRM8RS (pR2) three plas-
mids: one carrying the complete and active
antisense RNA gene (pCT186), and the other two
carrying the same region but with mutations dis-
rupting the promoter —10 element (pCT186-M10)
or the —35 element (pCT186-M35). The plasmid
profile analysis of the transconjugants demon-
strated that only plasmid pCT186 was able to exert
incompatibility against pR2, demonstrating the
incl encodes a rrams-incompatibility factor, the
antisense RNA (ctRNA).

3.5. Identification of the repC promoter

The minimal region of plasmid pRmeGR4a
required for replication encompasses the repC gene
and 275bp upstream of its start codon. This
upstream region includes the ctRNA gene and all the
elements required for the proper expression of repC.

To map the repC promoter two gusA transcrip-
tional fusions were made: pFT4 and pFT6. Both of
them carry fragments sharing 307 bp of the repC-
coding region on their 3’ends. However, the first
contains 786 bp upstream of the start codon of
repC and the second 290 bp. The constructs were
introduced into S. meliloti 1021. Unexpectedly, the
B-glucuronidase activities of the transconjugants
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Fig. 3. Transcriptional analysis of the P1 and P2 promoters. The elements involved in the regulation and in the replication of the basic
replicon of pRmeGR4a are represented in the upper part of the figure: the shaded rectangle shows the position of ctRNA gene, and the
gray arrow the repC gene. The black boxes with their associated thin arrows represent the P1 and P2 promoters, and the direction of
their transcription. The triangle at the left shows the 3’ end of ORFB. (A) The transcriptional analysis of the P2 promoter, and (B) the
analysis of the P1 promoter. White arrows labeled with gusA represent the reporter gene. The black boxes show the wild type promot-
ers, and the crossed boxes represent mutations in the —10 or —35 elements of the P1 or P2 promoters. The shaded rectangle represents
the ctRNA gene or fragments of it. Plasmid names are listed in the inner column at the right, and beside it, the B-glucuronidase activity
expressed in nmol min~! mg~! protein, of each construct measured in a S. meliloti 1021 genetic background. The standard deviations
are given as + and represent measurements of at least three independent experiments.
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Fig. 4. Identification of transcriptional start site of ctRNA and repC mRNA by primer extension. (A" and B’) The primer extension
analyses of P2 and P1, respectively. Lanes labeled with A, C, G, and T, are sequencing reactions of the plasmid. White arrowheads
point to the primer extension products. The DNA sequence obtained from the gel and its complementary sequence are shown on the
right side of the figure. Black arrowheads indicate the transcriptional start sites. The —10 and —35 promoter elements are enclosed

within boxes.

were even lower than those obtained with the
empty-vector (pBBMCSS53).

We hypothesized that the ctRNA was masking
the activity of the putative repC promoter, as the
result of convergent transcription between pro-
moters P1 and P2. To avoid these problems, we
constructed five new gusA fusions (pFTS4, pFTSS5,
pFTS6, pFTS6A, and pFTS7). The 3’ends of all of
them were located 146 bp upstream of the repC ini-
tiation codon, eliminating almost completely the
ctRNA gene, and their 5’ ends were increasingly
smaller (Fig. 3B). These constructs were introduced
by conjugation into S. meliloti Rm1021. The activ-
ity of the reporter gene was detected in all trans-

conjugants except one: the strain carrying the gusA4
fusion with the smallest insert, pFTS7. This result
indicates that the complete promoter is contained
in plasmid pFTS6A, a construct containing a 40-
bp larger insert at its 5" end than that in pFTS7. A
summary of the results is shown in Fig. 3B.

To identify the transcription start site of the repC
gene a primer extension analysis was performed
using total RNA from S. meliloti strain 1021 carry-
ing pFTS4. The signal was obtained at a G nucleo-
tide 229-bp upstream the repC initiation codon
(Fig. 4B’). A sequence [TTGCAC (N,g) TAGTTT]
resembling an E. coli 670 consensus promoter was
found 7-bp upstream of the transcription start site.
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Fig. 5. Computer-predicted secondary structure of the ctRNA and of the rep C mRNA leader region. (A") Structure of the ctRNA. The
U-tail on the 3’ end of the ctRNA is underlined. (B") Structure of the repC mRNA leader region. The potential stem-loop structures
present in the region are labeled with SI, SII, SIII, and SIV. The Shine-Dalgarno sequence of repC is indicated with boxed letters, and
the repC start codon with bigger letters. The 5’-YURN-3’ motifs of the ctRNA and the repC mRNA leader region are given in bold.

To determine whether this sequence corre-
sponds to the P1 promoter, the putative —35 ele-
ment of the repC promoter present in plasmid
pFT6A-M10 was mutated from [TTGCAC] to
[GCTTTG] and the resultant plasmid, pFT6A-
M1035, was conjugated into S. meliloti strain
1021. A severe reduction in the B-glucuronidase
activity of the transconjugants was detected, indi-
cating that the introduced changes destroyed pro-
moter activity. Moreover, the same mutations
were introduced in pXKR6A, a plasmid capable
of independent replication, to obtain pXKRO6A-
M35. The later was conjugated into S. meliloti
GRMSSR but transconjugants were never
obtained, indicating that this construct is unable
to replicate. These results indicate that the repC
promoter region was identified correctly, and sug-
gest that repC promoter is negatively regulated
by the ctRNA.

3.6. repC is negatively regulated by the ctRN A

We were unable to detect B-glucuronidase activ-
ity in S. meliloti Rm1021 transconjugants carrying
the pFT6 construct. The insert of this plasmid con-
tains the whole repC promoter, but also the
ctRNA gene. Only by removing the ctRNA gene in
plasmids pFTS4 to pFTS7 it was possible to detect
the activity of repC promoter (Fig. 3B). To prove
that the ctRNA has a negative role in the expres-
sion of the repC promoter, the mutations that dis-
rupted P2 function, described above, were
introduced independently into pFT6, to generate
pFT6-M10 and pFT6-M35, carrying mutations in
the —10 and in the —35 elements, respectively.
These constructs were introduced into S. meliloti
Rm1021 and the B-glucuronidase activities of the
transconjugants were measured. The two types of
transconjugants showed at least a 15-fold increase
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in the reporter gene activity in comparison with
that detected in the strain carrying pFT6 (Fig. 3B).

On the other hand, the introduction of pCT186, a
plasmid carrying a complete ctRNA gene, into these
strains produced a 5.4-fold reduction of B-glucuron-
idase activity. These results demonstrate that the
ctRNA regulates negatively the repC gene, but con-
vergent transcription between P1 and P2 promoters
has a relevant role in regulation.

3.7. Plasmid replication and the ctRNA

To establish the role of the ctRNA in determining
plasmid copy-number and stability of pRmeGR4a,
the mutations that disrupt the P2 promoter
described above, were introduced independently into
plasmid pXKR4, carrying the pRmeGR4a basic
replicon, to generate constructs pXKR4-M10 and
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pTiC58

pTiB6S3

pSymA LC58
pNGR234a
pRiAdD

pRetCFN42d

pAIC58 pRL8JI

pRetCFN42a pRi1724

pSymB
pRetCFN42b

B.m.Chrll

pXKR4-M35. These construct were conjugated into
S. meliloti GRMS8SR but transconjugants were
never recovered. In contrast, transconjugants of
pXKR4 were easily obtained. This observation can
be interpreted in two ways: first, the lack of the
ctRNA, a negative regulator of the repC expression
conduces to a runaway replication, which is lethal or
second, the ctRNA is required, some how, in the for-
mation of the initiation complex.

3.8. Comparative structural analysis of other
members of the repC plasmid family

During two independent plasmid sequencing
projects two new members of the repC plasmid-
family were identified: one of them was found in
the symbiotic plasmid of R. tropici 299 (pRtr299c¢),
and the other in pRmeGR4b, the second cryptic

pTAV320

pHG16-a

pTAV203
pSD25

pRtr299¢

pRmeGR4a

pMLa

pMLb
B.s.Chrll

- 100

Fig. 6. Phylogenetic relationships among RepC proteins. An unrooted phylogenetic tree of RepC, generated by parsimony is presented.
The bar indicates the number of “steps.” Numbers within the trees are the bootstrap values. Cluster encircled in gray contain repC
family members. The RepC sequences of the following molecules were included in the analysis: the A. tumefaciens plasmids pTi-SAK-
URA, pTiC58, pAtCS8, and its linear chromosome LC58. Plasmids pTiB6S3, pRil724, and pRiA4b from A. rhizogenes. Plasmids
pHG16-a, pPAN1, pTAV320, and pTAV203 from P. versutu and P. pantotrophus. Plasmids pRetCFN42a, p42RetCFN42b, and pRet-
CFN42d from Rhizobium etli. Plasmids pMLa and pMLDb from Mesorhizobium loti. Plasmids pSymA, pSymB, pRmeGR4a, and
pRmeGR4b from S. meliloti. Plasmid pRL8JI from Rhizobium leguminosarum. Plasmids Rsphl and Rsph2 from Rhodobacter capsula-
tus. Plasmids pSD25 and pSD20 from Ruegueria sp. Plasmid pRt299c from R. tropici. pPNGR234a from Rhizobium NGR234. The
chromosomes of Brucella suis (B.s.Chrll) and B. melitiensis (B.m.ChrlI).
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plasmid of S. meliloti GR4. The DNA sequence of
repC and their upstream and downstream regions
were obtained for both plasmids and deposited in
GenBank (Accession Nos. AY795967 and
AY677378). A comparative representation of these
two new members and the basic replicon of plas-
mid pRmeGR4a show that they share only repC
and the ctRNA gene, supporting the idea that the
basic replicon of the repC family is restricted to
these elements. In Fig. 6, we present an unrooted
phylogenetic tree constructed using RepC
sequences of members of repABC and repC
plasmid families. The repC members are clustered
in a clade, but associated with members of the
repABC family suggesting a DNA interchange
between members of the two plasmid-families.

4. Discussion

The S. meliolti cryptic plasmid pRmeGR4a
belongs to the repC plasmid family, which is widely
spread in native populations of S. meliloti, S. fredii,
and R. tropici (Burgos et al., 1996; Villadas et al,,
1995). The structure of the pRmeGR4a minimal
replicon consists of the gene encoding the protein
limiting for replication (repC), and a gene encoding
a small antisense RNA which is transcribed in the
opposite direction of repC, and its product is com-
plementary to the leader region of repC mRNA.

A comparative DNA sequence analysis of the
replication region of two new members of the repC
plasmid family (pRmeGR4b and pRtr299c)
showed that they only share repC and the antisense
RNA gene, both organized in the same way, sup-
porting the idea that the basic replicon of the repC
plasmid family is composed exclusively of these
two elements. Moreover, a close inspection to the
DNA sequences around the repC gene located in
plasmid pTAV203 of Paracoccus versutus (Bart-
osik et al., 1997) showed the presence of a ctRNA
gene, upstream of repC and encoded on the oppo-
site DNA strand, indicating that this plasmid also
belongs to the repC family.

Several lines of evidence demonstrated the pres-
ence of a ctRNA within the pPRmeGR4a minimal
replicon: (I) A constitutive 70-like promoter was
located upstream of the repC gene, but transcribed

in the opposite direction (P2). (II) The transcrip-
tional start site of the ctRNA was determined by
primer extension, a method requiring the physical
presence of the ctRNA. (III) The putative rho-
independent terminator present in the ctRNA was
mapped genetically, indicating that the ctRNA is
approximately of 67 nt long. (IV) The introduction
of a DNA fragment expressing the ctRNA gene
but not an equivalent construct with a mutated P2
promoter, exerted incompatibility towards pR2.
This observation also demonstrates that the
ctRNA is a trans-incompatibility factor.

The P2 promoter has a negative influence on the
repC gene promoter activity (P1), because of the
convergent transcription occurring between them.
The presence of product of this gene, the ctRNA in
trans knocks down the expression of the repC pro-
moter, a common property of ctRNAs involved in
the control of initiator-encoding genes of bacterial
plasmids (Brantl, 2002; del Solar et al., 1998).

A computer model of the secondary structure of
the leader region of the repC mRNA shows the
presence of four possible stem-loop structures,
three of them (SI, SII, and SIV) seem to be stable
(Fig. 5B").

The ctRNA is complementary to the mRNA
region embraced in the stem—loop structure SII
(Fig. 5), suggesting that this structure is the target
of the ctRNA, inferring that the interaction of
these two molecules might occur through the for-
mation of a “kissing complex” described in other
plasmid replication systems (i.e., Tomizawa, 1984).
The mechanism of how the ctRNA exerts its regu-
latory role is not clear, however, we can discard
two known possibilities: (i) the ctRNA sequence
does not overlap the sequence complementary to
the repC Shine-Dalgarno as found in other plas-
mids (del Solar et al., 1998; Venkova-Canova et al.,
2003). (i1) The sequence of the repC mRNA leader
does not allow alternative foldings conducting to
the formation of an intrinsic transcriptional termi-
nator as it has been described for the Staphylococ-
cus aureus plasmid pT181 (Novick et al, 1989)
(data not shown).

On the other hand, we cannot rule out that the
mRNA-ctRNA duplex formation indirectly facili-
tates the degradation of the repC transcript (ie.,
Blomberg et al., 1990).
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We were unable to obtain transconjugants
with derivatives of the pPRmeGR4a basic replicon
carrying mutations that abolish P2 activity. This
situation can be explained in several ways: first,
the absence of the ctRNA lead to an uncontrolled
replication of the plasmid (runaway-replication)
eventually killing the cell as found in plasmid R1
(Uhlin and Nordstrom, 1978) and pT181 (lor-
danescu, 1983). This seems the most obvious
hypothesis. However, a construct carrying exclu-
sively the repC gene from plasmid pRetCFN42d
(homologous in structure and function to the
repC gene of pPRmeGR4a), under the control of
the E. coli Plac promoter, replicates in Rhizobium
as a high copy number plasmid. A fact, denying a
deleterious defect to the cell and implying that the
origin of replication most probably resides within
the repC coding region as it has been shown for
plasmids of the repABC family carrying also a
homologous repC gene (Bartosik et al., 1998; R.
Cervantes and M. A. Cevallos, unpublished
results).

The second way to interpret the results is to
consider that the ctRNA gene, its promoter or its
product has a direct influence on the replication of
the plasmid. For example, it has been shown for
the E. coli chromosome that a transcription activ-
ity near or crossing the oriC has a positive effect on
replication (Baker and Kornberg, 1988). The tran-
scription of P2 of the ctRNA gene could change
locally the superhelicity of the plasmid promoting
its replication, as reported in other systems as well
(Leng and McMacken, 2002). Another possibility
is that the ctRNA is involved directly or indirectly
in the formation of the initiation complex.

A ctRNA with sequence and secondary struc-
ture similarities present in the basic replicon of
pRmeGR4a has been found between the repB and
repC genes in all the members of the repABC plas-
mid family. In this family, the ctRNA is a trans-
incompatibility factor that participates in the nega-
tive regulation of the repC gene and is also
required for replication (Venkova-Canova et al.,
2004). The promoter regions of the ctRNAs of
repABC plasmids and pRmeGR4a are similar, and
the relative position of the antisense RNA genes in
relation to the repC gene is equivalent in the two
plasmid-families.

The most important difference between the
repABC and repC families consists in the presence
of an active partitioning system in the former. In
the repABC plasmids the repA and repB genes
encode proteins involved in plasmid partitioning
and in the negative regulation of the transcription
of their operon (Pappas and Winans, 2003b; Ram-
irez-Romero et al, 2001). They also have a
sequence essential for their stability (par site)
located downstream of repC that binds RepB and
also acts as a strong cis-incompatibility factor
(Bartosik et al., 2001; Ramirez-Romero et al., 2000;
Soberdn et al,, 2004). Nether of those genes or a
par equivalent region is present in pRmeGR4a,
however its stability is very high.

The sequence of plasmid pSD20 of Ruegeria
PR1b revealed a replication region consisting of
three genes: the first is similar to initiation protein
from the iteron-containing plasmid pSWS500 of
Erwinia stewartii. The products of the other two,
transcribed in the opposite direction, show similar-
ity to the RepA and RepB proteins of the repABC
plasmids (Zhong et al., 2003). These observations
indicate that the rep4 B genes and the ctRNA-repC
genes are two independent functional cassettes.

The RepA and RepB proteins share homology
with the A and B partitioning proteins (par/sop) of
P1 and F plasmids (Bignell and Thomas, 2001). In
these plasmids the genes that encode the A and B
proteins are organized in an operon and their act-
ing site (par site) is situated downstream of the
gene encoding B. Also, A and B proteins negatively
autoregulate their transcription.

With these observations we propose a hypothe-
sis for the origin of repA BC plasmids: In the ances-
tral situation the repAB genes were encoded in a
negatively autoregulated operon. The RepA and
RepB action site (par site) was located immediately
downstream of the repB, gene as found in active
partitioning systems of other plasmids. Meanwhile,
the ctRNA-repC genes were organized in the same
way as found in pRmeGR4a. Then, the ¢ctRNA-
repC cassette was integrated between the repAB
genes and the par site, separating the repAB genes
from the par-site and their associated transcription
terminator. Finally, the weak promoter of the repC
gene was eliminated by the acquisition of some del-
eterious mutations. In some plasmid lineages (as in
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the case of the tumor-inducing plasmids) a quo-
rum-sensing dependent replication was gained
when a repABC operon was integrated, in the
proper orientation, in the vicinity of a TraR depen-
dent promoter.

The analysis of a phylogenetic tree constructed
with the RepC protein sequences of members of
repC and repABC plasmid families showed that all
members of the repC plasmid family are located in
the same clade, but shared with other members of
the repABC plasmid family, supporting the
hypothesis that the repABC family could have
originated from the fusion of repAB partitioning
cassette with a c¢tRNA-repC replication module,
and that this fusion probably occurred more than
once (Fig. 6).

The architecture of the basic replicon of
pRmeGR4a is very simple: with a gene encoding an
initiator protein that is tightly regulated by the inter-
play of an antisense RNA and a weak promoter and
is surprisingly stable. In this moment we are inter-
ested to determine how a low copy-number plasmid
is stable without the presence of true partitioning
machinery or other stabilization system.
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DISCUSION

En este trabajo delimitamos el replicador
minimo del plasmido RmeGR4a de
S.meliloti. Los elementos que componen
al replicador son dos: un gen repC cuyo
producto proteico es un factor limitante
para la replicacion y un RNA antisentido
que tiene una secuencia complementaria
al RNA mensajero repC y tiene un efecto
negativo sobre la expresion de RepC.

La organizacion de la familia de

replicadores repC se conserva en los

pSym299

Izquierdo J.

replicadores analizados ((pRmeGR4a,
pRmeGR4b y pRtr299) (figura 10) y en
uno de los dos replicadores basicos del
pTAV1 de Paracoccus versutus (Bartosik
et al., 1997). En otros trabajos se han
reportado plasmidos de esta familia en
cepas de R. tropici, S. meliloti, S .fredii,
P. versutus y P. pantotrophus distribuidos
en suelos de Europa y América (Burgos et
al., 1996 y Bartosik et al., 2002), lo que

es prueba de su amplia distribucion.
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Figura 10.- Representacion esquematica de las regiones de replicacién de los plasmidos RmeGR4a, RmeGR4b de

S.meliloti GR4 y del pSym299 de R.tropici.
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El gen repC y el RNA antisentido son
genes ortdlogos presentes en los
plasmidos de la familia repABC. En el
caso del pRetCFN42d, los autores
encuentran por analisis computacional,
una estructura secundaria tipo tallo asa en
el RNA mensajero repABC que oculta el
SD de repC a la que llamaron elemento S.
Por andlisis experimentales se demostrd
que esta estructura, es un regulador
negativo de la transcripcion de repC pero
se requiere para la replicacion y se
sugiere que puede codificar un posible
elemento que ayude a la traduccion de
repC (Venkova-Canova, et al., 2004). En
los tres replicadores aislados en este
trabajo, no se encontré ninguna secuencia
que recuerde al elemento S presente en el
plasmido pRetCFN42d, Sin embargo, en
el RNA mensajero repC del pPRmeGR4a,
encontramos una estructura secundaria
(SIV) que oculta al SD repC (figura 5 del
articulo) que también pudiera ser un

elemento de regulacién negativa para la

Izquierdo J.

expresion de repC. Por otra parte en el
caso del plasmido Ti, los autores
proponen que el RNA antisentido se une
a su region complementaria en el RNA
mensajero repABC, esta interaccion,
favorece que se forme una estructura tipo
tallo asa que pudiera ser un terminador
transcripcional Rho independiente, en
ausencia del RNA antisentido, el
terminador transcripcional no se forma y
repC se puede traducir (Chai y Winans,
2005). E1 RNA lider del mensajero repC,
no forma una estructura parecida a la que
se reportd para el pTi, tampoco existe un
“poly U” caracteristicos de los
terminadores

transcripcionales

independientes de Rho.

La similitud entre los sistemas de los
plasmidos antes mencionados es, sin
duda, que en los RNA mensajeros se
forma una estructura tipo tallo asa que
oculta el SD del gen para la proteina de

1nicio
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El mecanismo de accion del RNA
antisentido no queda claro. Como se
comenta en la discusion del articulo
existen varias hipotesis que se pueden
explorar para explicar su funcionamiento.
Aqui se proponen dos hipotesis
adicionales. La primera es que el RNA
lider mensajero pudiera estructurarse
diferente dependiendo de la presencia o
ausencia del RNA antisentido. Para ello,
se realizd un andlisis in silico del RNA
lider del mensajero repC del plasmido
RmeGR4a. Con base a este analisis,
sugerimos que en ausencia del RNA
antisentido el lider mensajero repC
adquiere una estructura secundaria que
deja al SD libre para que el ribosoma
pueda unirse e iniciar el proceso de
traduccion (figura 11A). En el caso de
que el RNA antisentido se una al RNA
lider del mensajero repC, éste adquiere
una estructura secundaria diferente que
oculta al SD de repC y con ello impide

que el ribosoma se una al SD (figura

Izquierdo J.

11B), con esta vision, el papel del RNA
antisentido seria un regulador negativo
por impedir que repC se traduzca. A
diferencia del modelo propuesto para el
pTi de A.tumefaciens (Chai y Winans,
2005), la regulacion se controlaria a nivel

de la traduccion.

La segunda hipotesis, surge a partir de la
observacion de la distancia que existe
entre la estructura SIV (figura5 del
articulo) y el sitio de accion del RNA
antisentido, lo que hace posible que ahi
pueda codificarse un pequenio péptido que
pudiera favorecer por traduccion acoplada
la traducciéon de repC como se ha
sugerido en otros sistemas (Brantl 2002b,
Olsson et al., 2004). En esta linea,
nosotros hicimos una inspeccion de la
region lider del RNA mensajero repC y
encontramos la presencia de un ORF de
55 a.a. El probable SD (GGGG) y el
posible codéon de inicio de traduccion

(AUA) sobrelapan la region
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complementaria del RNA antisentido. El
codon de término se localiza a 43 pb rio
abajo del codon de inicio de traduccion
repC. Si estd hipdtesis es cierta, el
mecanismo de accion pudiera ser que el
RNA antisentido regule la traduccion del
péptido lider y con ello indirectamente la
traduccion de repC, como en el caso del
sistema cop del pldsmido R1 (Brantl

2002b, Olsson et al., 2004) (figura 12).

Los plasmidos de la familia repABC,
estdn compuestos por dos modulos: el
modulo de replicacion y el modulo de
particion. En el caso de los plasmido de la
familia repC, carecen del modulo de
particion, sin embargo, son muy estables.
Se desconoce el mecanismo por el cual
esta familia de plasmidos es muy estable,.
Una posibilidad es que dentro del
replicador basico exista un sitio par que
sea reconocido por una proteina de
particion codificada en otro replicon que

funcione en frans. Sin embargo, es
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necesario hacer experimentos al respecto

para comprobar esta hipotesis
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Figura 12.- Anélisis de secuencia de la region lider del RNAmensajero repC del pRmeGR4a.
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PERSPECTIVAS

Como se menciond en la discusion, es
posible que en la region lider del RNA
mensajero-repC exista un péptido lider
cuya regulacion postranscripcional se
controle por el RNA antisentido (figura
9). Para probar ésta hipdtesis, nosotros
proponemos hacer una mutacion puntual
en el ORF del probable péptido para
generar un codon de término prematuro
sin alterar ninguna de las estructuras
secundarias (SIII y SIV). Si esta mutacion
puntual altera el fenotipo de replicacion,
es posible que el péptido sea verdadero.
Posteriormente proponemos la
construccion de fusiones traduccionales
para identificar si la regulacion del

péptido ésta dada a nivel

postranscripcional.

Por otra parte, es importante conocer si el
blanco del RNA antisentido es la

estructura II (SII), para ello, se pueden

Izquierdo J.

hacer dos tipos de experimentos: el
primero un ensayo de hibridacion RNA-
RNA (Western blot). El segundo,
mutantes supresoras, para ello, se propone
generar mutantes en el RNA antisentido
que no causen incompatibilidad.
Posteriormente, se  plantea, hacer
mutantes supresoras en el replicador
béasico que restauren la incompatibilidad,

esto nos indicaria donde estan los sitios

de interaccion de ambos RNAs.

Otro aspecto interesante de abordar es la
estabilidad del replicador basico del
pRmeGR4a,

Una posibilidad seria conjugar al
replicador basico, en diferentes cepas de
Sinorhizobium, Rhizobium y
Agrobacterium  para  descartar la
posibilidad de que algun replicon,

suministre en tfrans una proteina de

particiéon. Otra posibilidad es identificar
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por microscopia de fluorescencia la
posicion del pldsmido durante el ciclo
celular y observar si éste plasmido posee

un sistema de particion activa como se ha

Izquierdo J.

demostrado en plasmidos de la familia
repABC de bacterias de los géneros
Agrobacterium y Sinorhizobium (Kahng y

Shapiro, 2003).
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Abstract

In this paper, we report the identification of replication/partition regions of plasmid p42a and p42b of
Rhizobium etli CFN42. Sequence analysis reveals that both replication/partition regions belong to the
repABC family. Phylogenetic analysis of all the complete repABC replication/partition regions reported to
date, shows that repA BC plasmids coexisting in the same strain arose most likely by lateral transfer instead
of by duplication followed by divergence. A model explaining how new incompatibility groups originate, is

proposed. © 2002 Elsevier Science (USA). All rights reserved.

Keywords: repABC plasmid; Plasmid evolution; Rhizobium etli; Incompatibility

1. Introduction

Rhizobium etli is a soil bacterium with the
ability to recognize and induce nitrogen-fixing
nodules on bean plant roots. Most of the genes
involved in this symbiotic interaction reside on a
large plasmid of low copy number called the
symbiotic plasmid or pSym. This plasmid may
coexist with up to 10 large “cryptic” plasmids

* Corresponding author. Fax: +011-7773-11-46-63.
E-mail address: mac@cifn.unam.mx (M.A. Cevallos).

(Garcia-de los Santos et al., 1996). Beside the
pSym (p42d), R. etli CFN42 contains five other
plasmids, of which p42b is also indispensable for
nodulation (Garcia-de los Santos and Brom,
1997). Some of the other plasmids have a role in
the symbiotic process: cured derivatives of plas-
mid p42c or p42f and large deletions of p42e are
drastically affected in competitiveness for nodu-
lation (Brom et al., 1992, 2000). The six plasmids
of R. etli CFN42 are able to replicate in Agro-
bacterium but one of them (p42a) exhibits in-
compatibility towards pTiC58, an Agrobacterium
plasmid harboring pathogenicity determinants

0147-619X/02/$ - see front matter © 2002 Elsevier Science (USA). All rights reserved.
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(Garcia-de los Santos and Brom, 1997). This is
not an exceptional case since incompatibility has
been observed previously between Rhizobium and
Agrobacterium plasmids (Hooykaas et al., 1985;
O’Connell et al., 1987).

Recently, the complete sequence of several
basic replicons of the Rhizobiaceae family have
been reported, most of them belonging to the
emerging repABC family (see Table 1). The re-
PABC plasmids are characterized by the presence
of three genes, repA, repB, and repC encoded in
the same DNA strand, and by the presence of a
conserved large intergenic sequence between the
repB and repC genes (Fig. 1). A genetic analysis of
the replication/partition region of the R. et/li Sym
plasmid showed that the repA4, B, and C genes are
organized as an operon (Ramirez-Romero et al.,
2000). The repA and repB products, which are
homologous to the A and B proteins of the sop/
par partition system of F and P1 plasmids, are
involved in the partitioning of the pSym plasmid
and in the regulation of plasmid copy number.
RepC is essential for replication and is considered
to be the initiator protein (Bartosik et al., 1998;
Ramirez-Romero et al., 2000; Tabata et al., 1989).

The repABC family is not limited to the
Rhizobiaceae, since a new repABC plasmid
(pTAV320) was recently isolated from Paracoccus
versutus which is a member of the Rhodobacter
group (Bartosik et al., 1998).

Two cis-acting incompatibility sites in the same
relative positions have been described for the Sym
plasmid of R. etli and for pTAV320 of P. versutus.
One site is located in the intergenic sequence be-
tween repB and repC genes (inca or incl), and the
other within the first 500 bp downstream of repC
(incB or inc2). Additionally, RepA has been
identified as a trans-acting incompatibility factor
in both plasmids (Bartosik et al., 2001; Ramirez-
Romero et al., 2000).

Two lines of evidence demonstrate that repA BC
plasmids embrace more than one incompatibility
group. First, hybridization studies indicate that
some Rhizobia strains contain more than one re-
PABC plasmid (Rigottier-Gois et al., 1998). Sec-
ond, the analysis of genome sequences of three
members of the Rhizobiaceae family shows that
they encompass more than one replicon of the
repABC type (Galibert et al., 2001; Goodner et al.,
2001; Kaneko et al., 2000). In accordance here, we
show that plasmids p42a and p42b of R etli
CFN42 belong to the repABC family.

To explain how new incompatibility groups
arise within the same plasmid family, two alter-

native models can be suggested. In brief, The first
model propose that plasmids of the same family
but of different incompatibility groups arise
within the same strain through the formation of a
bireplicon intermediary containing two replica-
tion regions of the same incompatibility group. In
this form, one of the replication systems of the
bireplicon can change, until a functional new in-
compatibility group emerges, without risking
other plasmid-encoded functions. Later, the bi-
replicon would be resolved into two plasmids of
the same plasmid family but belonging to different
incompatibility groups (Sykora, 1992). The sec-
ond model proposes that in the first stage, two
strains containing the same plasmid evolve inde-
pendently. Changes in the plasmid sequences in-
volved in replication and/or partition generate
different incompatibility groups by divergent
evolution. Next, a plasmid of one of these strains
is mobilized to another strain already containing
its own member of the involved plasmid family.
The resident plasmid and the incoming plasmid
can then coexist without interference.

The phylogenetic analysis of the collection of
17 sequenced members of the repABC family gives
the opportunity to discriminate between the two
models. This collection includes different incom-
patibility groups and, most important, it includes
the replication/ partition sequences of four strains
with more than one repABC replicon. These
plasmids and strains are: plasmids p42a, p42b,
and p42d of R etli; plasmids pTiC58, pAtCSS,
and the linear chromosome of A. tumefaciens C58;
plasmids pSyma and pSymb of S. meliloti 1021;
and plasmids pMLa and pMLDb of Mesorhizobium
loti MAFF303099 (see Table 1).

To determine which of the models outlined
above describes more realistically the evolution of
the repABC plasmids, phylogenetic trees of each
of the repABC products were constructed and
their topologies compared. In summary, if the
proteins of plasmids belonging to one strain (and
for this reason, of different incompatibility group)
form a tight cluster it indicates that the replication
regions of those plasmids originated in the same
strain or in closely related strains. This tree to-
pology would support the first model described
here (the bireplicon intermediary model). In con-
trast, if the proteins of plasmids of the same
strains do not share the same cluster, and at the
same time plasmids belonging to the same in-
compatibility group are clustered together, this
would indicate that the acquisition of the repli-
cation/partition regions of those plasmids was
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p repA repB repC

= A —

igs (inc a) inc B

Fig. 1. Schematic representation of the replication/par-
tition region of a repABC plasmid. The arrows represent
the position of the repA, repB, and repC genes. Hatched
boxes show the position of the two cis-incompatibility
sites. Black box indicates the position of the promoter
region of the repABC operon.

through horizontal transfer (separately diverging
model).

In this paper, we show that the repABC plas-
mids contained in one strain are not closely re-
lated, indicating that the plasmids were acquired
by lateral transfer from an unrelated strain or
species.

2. Materials and methods
2.1. Bacterial strains and growth conditions

E. coli DH50 (Hanahan, 1983) and S17-1(Si-
mon et al., 1983) strains were grown at 37°C in
Luria-Bertani medium. Two recA derivatives
strains of R. etli CFN42 were utilized: CFNX101
a strain harboring p42d, and CFNX107 lacking
plasmid p42d (Martinez-Salazar et al., 1991).
These strains and their transconjugant derivatives
were grown at 30°C in PY medium (Noel et al.,
1984). Antibiotics were added at the following
concentrations (in pg ml™'): Nalidixic acid 20,
kanamycin 30, chloramphenicol 25, carbenicillin
100.

2.2. Bacterial matings

pSUP202 derivatives were introduced into
Rhizobium using the E. coli S17-1 strain as mating
donor. Strains were grown in the proper liquid
medium to stationary phase, mixed in a donor:
receptor, 1:2 ratio, on PY plates and incubated at
30°C overnight. Cells were resuspended in fresh
PY medium and serial dilutions were plated on
the appropriate selective media.

2.3. Plasmid profiles
High molecular weight plasmids were visual-

ized by the procedure described by Wheatcroft
et al. (1990).

2.4. Plasmid incompatibility assays

Plasmid pAO244 contains a 4.6kb BamHI-
HindIII restriction fragment containing the repli-
cation/partition region of plasmid pRiA4b
(Nishiguchi et al., 1987). This fragment was
cloned into the transferable plasmid pRK7823
digested with the same enzymes (Jonathan and
Gutterson, 1987), to generate plasmid pKRE244.
To test if p42d and pRiA4b belong to the same
incompatibility group, plasmid pKRE244 was
introduced into R. et/i CFNX101 by mating, using
as plasmid donor an E. coli S17-1 (pKRE244)
strain. The plasmid profiles of at least six trans-
conjugants were analyzed for the presence or ab-
sence of plasmid p42d.

2.5. Plasmid replication in R. etli

A PCR product of 4.5kb containing the repli-
cation/partition region of plasmid p42a was cloned
in the BamHI-HindIIl sites of plasmid pSUP202
(Simon et al., 1983), a transferable vector incapable
to replicate by itself in R. etli, to generate pH42a.
Similar, a 13kb BamHI fragment containing the
replication/partition region of plasmid p42b was
introduced into the BamHI site of plasmid
pSUP202 to produce plasmid pH17-1. To deter-
mine the replication capabilities of these recombi-
nant plasmids, they were introduced into CFNX107
by mating, using as plasmid donor an E. coli S17-1
(pH17-1) strain. A recombinant plasmid was con-
sidered to have the capability to replicate in R. et/iif
the plasmid profile of at least six transconjugants
showed a new band of the expected size.

2.6. DNA manipulation

Plasmid and cosmid DNAs were isolated from
E. coli DH5a with the High Pure Plasmid Isola-
tion Kit (Roche). Restriction enzymes (BRL) and
DNA ligase (Amersham-Pharmacia Biotech)
were used according to the manufacturer’s in-
structions. E. coli transformation and agarose
DNA electrophoresis were performed by standard
methods described by Sambrook et al. (1989).
Plasmids pBluescript IT SK+ (Ampicillin resistant,
Stratagene) and pBC SK+ (Chloramphenicol re-
sistant, Stratagene) were utilized as vectors in
subcloning experiments.

2.7. DNA sequencing

Both DNA strands were sequenced with uni-
versal and custom-made oligonucleotide primers
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using the BigDye Terminator Cycle Sequencing
Ready Reaction kit and a 373A DNA Sequencing
System (Applied Biosystems).

2.8. Bioinformatics

The predicted protein products of the repABC
replication/partition regions were aligned after the
elimination of the variable terminal and carboxy-
terminal regions, using Clustal-W (Thompson
et al., 1994) at the WWW Service of the European
Bioinformatics Institute (http://www2.ebi.ac.uk/
clustalw). Unrooted trees were constructed using
the maximum parsimony algorithm with boot-
strap (1000 replicate trees) by the PAUPsearch
program of the Wisconsin Package Version 10.0,
Genetics Computer Group (GCG), Madison,
Wisc. Trees were drawn using the TREEVIEW
program (Page, 1996).

3. Results and discussion

3.1. Isolation and nucleotide sequence of the
replicationlpartition region of plasmid p42a

A cosmid library of plasmid p42a, constructed
in a mobilizable vector able to replicate in Rhiz-
obium, was mated into R. etli CFN42. A plasmid
profile analysis of the transconjugant strains
showed that two overlapping cosmids exhibited
incompatibility towards endogenous plasmid
p42a, indicating that they contained either trans-
acting incompatibility factors or cis-acting targets
sites for incompatibility determinants encoded in
plasmid p42a.

Among other fragments both cosmids share
three EcoRI bands of 1.27, 1.7, and 4.5kb. These
fragments were cloned in pBluescript II SK+ and
the borders of each insert were sequenced. The
complete DNA sequence of those fragments with
similarity to the repABC genes was obtained,
yielding 5427 bp of sequence (GenBank Accession
No. AF311739). The sequenced region contains a
complete set of the repABC genes, and an in-
complete ORF, adjacent to rep4 but oriented in
the opposite direction highly similar to the tral
genes of the Agrobacterium tumor inducing plas-
mids (Hwang et al., 1994).

In the intergenic sequence between the fra I
and repA of plasmid p42a, a tra box with the se-
quence CTTGTAGGATTCTACAAC was found,
suggesting that the transcription of the re-
pABC genes is influenced by the TraR-dependent

quorum-sensing system, as demonstrated for the
repABC genes of A. tumefaciens plasmid pTiC58
(Li and Farrand, 2000).

The DNA region embraced between 247 bp
upstream of the initial codon of rep4 and 500 nt
downstream the stop codon of repC was amplified
by PCR, and the product cloned into pSUP202 to
generate plasmid pH42a. This recombinant plas-
mid was introduced into R. et/i CFNX107. This
plasmid had the capability of an independent
replication indicating that it contains a functional
replication region.

3.2. Isolation and nucleotide sequence of the
plasmid p42b replicator/partition region

A R etli CFN42 derivative lacking plasmid
p42b is unable to synthesize wild-type lipopoly-
saccharides (LPS) and to nodulate bean roots
(Garcia-de los Santos and Brom, 1997). The wild
type phenotype can be restored with plasmid
PAGSI10 which contains the /psf1 and /psB2 genes
and an incomplete ORF highly similar to RepC
proteins of other repABC plasmids (Garcia-de los
Santos and Brom, 1997). This result indicated that
the replication/ partition region of plasmid p42b
probably is linked to the /psf locus (Garcia-de los
Santos and Brom, 1997).

To sequence the complete repC and its neigh-
boring genes, a 4.2kb Sal/ I fragment which hy-
bridizes to a repC probe of plasmid pAGS10, was
cloned in pBluescript II SK. The DNA sequence of
this insert was determined and its analysis showed
the presence of two complete ORFs with homol-
ogy to the repB and repC genes of other repABC
plasmids, as well as the 3’ end of a repA gene. To
complete the sequence of repA and its upstream
regions, an overlapping Pstl fragment was se-
quenced. Finally, a continuous DNA sequence of
4905 bp was assembled (GenBank Accession No.
AF313446). This region contains a complete set of
the repABC genes, and a fragment of an ORF with
some identity to members of the PBSX (XRE)
family of transcriptional regulators (Y4AM/
Y4WC subfamily). The DNA sequence of the repC
gene matches with the DNA sequence reported for
the repC gene fragment of plasmid p42b.

A recombinant plasmid (pH17-1) containing a
13kb BamHI fragment containing the p42b
complete repABC operon was capable of inde-
pendent replication when introduced into R. etli
CFNX107, demonstrating that the insert of this
plasmid carry a functional replication/partition
region this plasmid.


http://www2.ebi.ac.uk/clustalw
http://www2.ebi.ac.uk/clustalw
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF311739
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AF313446
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The results described here demonstrate that at
least three (p42a, p42b, and p42d) of the six
plasmids of the R. etli CFN42 strain belong to the
repABC family. A comparative analysis among
the repABC genes from plasmids p42a, p42b, and
p42d showed that the repA4 products have an
identity ranging from 53 to 54%; repB products
from 33 to 35%, and repC products from 49 to
59%. However, the repA upstream sequences
(containing the promoter regions), and the repC
downstream sequences (containing a cis-incom-
patibility region in plasmid p42d), did not show
obvious similarities (Ramirez-Romero et al.,
2001). The repB-repC intergenic sequences (igs)
presented some conserved motifs, which are also

present in all the sequenced repABC regions (see
Fig. 2) (Bartosik et al., 1998; Li and Farrand,
2000; Ramirez-Romero et al., 1997).

3.3. Phylogenetic relationships among repABC
replicators

As mentioned in Section 1, an intriguing char-
acteristic of members of the Rhizobiaceae family is
the wide distribution of repABC plasmids that
embrace multiple incompatibility groups. To ex-
plain how new incompatibility groups arise within
the same plasmid family, two alternative models
can be suggested. The first is an adaptation of the
model proposed by Sykora (1992): where plasmids

pa2d T I T T T I PR CCCGCAA- AAGAAA
PRiA4b L e e e e e e e e e e e ACCAACGGAAACGGGGAGAGTAA/ACCGCAA- AAGAAA
pMLb T AAACCGCAA- AAGAAA
pATC58 1 ---ACCGAAGCTGAGTAGCAGGCTTCGAAGTGATTTTACGGAAGGAAAGTG-- CGCAA- AAGAAAA
p4azb 1 GCAA- AAGAAA
LC58 1 GTTTTAACGCGAACCACTAACAGGAGACGCATCACAA- AAGAAA
PNGR2348 1 - = = = = = = = = = s s s e e e e e e e e oo e e e oo e oo CGCAA- AAGAAA
pRi1724 Lo e e o ATAAGGATAGGAACAGCAAAAGA
pTi-SAK 1 TCAGGGTTTCATCCAATTTAAAGCTCCGCTCGACTGAGATGGACTGGCTCTCACCGCAA- AAGAAA
pTIC58 1 TCAGGGTTTCATCCAATTTAA- GCTCCGCTCGACTGAGATGGACTGGCTCTCACCGCAA- AAGAAA
pTiB6S3 1 - CCCAATTTCCATCGATCCGA- GGTTCACTCAGATGAGATGAAATGA- - - - - ACCGCAA- AAGAAA
pMLa T AACCGCAA- AAGAAA
pSyma E T T e CGCAA- AAGAAA
pa2a 1 ACTAAGCCTGTGATAGGTGGCTAGACCGCACTCACACGGCAA-- AGAAA
pRL8JI 1o e e e e e e ATGAGTCGTAACGAAGAAAGGTGCCGATAGCGCAAAGAAA
pSymb F T GCAA- AAGAAA
PTAV320 1 - - - - - - oo oo oo GGAAGAGCAACAACCAAAAAGGAGGCACGAGACAGGCAGAAAAGAA
pa2d 14 [AGAGCT/ICCCTCAACGTCGCCGTCGTGGAAGCCCTTCTG- TCTCTGT- - - - - - - - - AlecarcaAACAG
PRiA4b 37 [AGAGCCCCCTCAACGTCGCCGTCGCGGAAGCCCTTCTG- TCTCTCT- - - - - - -AGCGCGAACAG
pMLb 16 AAGGCCCCCG- AACGTCGCCGTCGCGGAAGCCCTTCT-- CGTCTGT - - - - - - - - - AlGCAAGCTIGAG
pATC58 61 AGGCICCCCGAAACGTTGCCGTCATGGAAGCICCTTCTC- GTITGTGT - - - - - - - - - GAGAACTTGAGA
p42b 11 |A- GGCCCCCGAA- CGTTGCCGTCGCGGAAGCCCTCTCT- GATCTA- - - - - - - - - | GACACCCAGAG
LC58 4 AAAGCCCCCGAA- CGTTIGCCG- CAICGGAAGCCTTTCTTTGATCTA- - - - - - - - - - AlGCAACCIAAAG
pNGR234a 12 AAGGCCCCCAGACGGTAACCATCGTGGAAGCCTCTCTCATCGTTT - - - - - - - - - - AlGCAGCCTGAG

pRi1724 24 AAGGCCCCCAAACG- TCGCCGTCGTGGAAGCCTCTCTCAATGGTCTA- - - -
ACGGCGTTCCGGAAGACCTTCTCTGTAGTCTC- - - -

pTi-SAK 66 AAGGCCCCCGAA- - -

-AGCAGCCTGAG
GCAGCTAAGAG

pTiC58 65 AAGGCCCCCGAA--- ACGGCGTTCCGGAAGACCTTCTCTGTAGTCTC- - - - GCAGCTAAGAG
pTiB6S3 59 AAGGCCCCCGAA--- ACGGCGTTCCGGAAGACCTTCTCTATAGTCTC- - - - GCAGCTAAGAG
pMLa 15 AAGGCCCCCAAACG- ACCTTAGTCGTGGAAGCCTCTCTCATGTTGTC- - - - GCAAACT- GAG
pSyma 12 AAGGCCCCCAACGA- ACAA- GCCGTGGAAGCCTTCCTCAGATTITGTA- - - - GCAAGATCGAG
p42a 48 AAGGCCCCCGAA--- ACAG- ATCCCGGAAGCCCTTCTCAATTAGTTC- - - - GCACCTAAGAG
pRL8JI 4 /AAGCCCTCCGAAACGGTIG-- GTTCICAGAAGGCCTCTCT-- CAGTTTG- - - - GTICGCTTAGAG
pSymb 11 AAGGCTTCCGAACGACTAGCGCTGCGGAAACCCTTCTC-- TCGTGT - - - - - - - - - AGCAACTAGAG
pTAV320 47 [AAAGGCCCCGAGAAGCAAGCTTCACGAGACCTTTCTITAGGTTTCGCACGGGACCAGCECCGICTACAA
p42d 7 AATCGCATTTCCTCGAATCCTCGTCAAG- - - - - - AGTCTT- - - - - - - - TGGCGCCGT- TTT--- GG
pRiA4b 93 AATCGCATTTCCTCGAATCCTCGTCAAG- AGTTTT ---TAGCGCCGT- TTT--- GG
pMLb 70 AATCGCACTTCCCCGAATCACTGTCAAG- -AGTCGT - - -GGCGCCAT- TTC- - -GG
pATC58 117 /ATCGCATTTCCATGAATCTTAGTCAAG- - - AGTCTIT - --TGGCATCGT-TTT--- GGT
p42b 64 AATCACATTTCCGCGAATCATAGTCAAG- -AGTCTT ---TGGCACCGAATTT--- GG
LC58 9% AATCTCATTTCCGCGAATCATAGTCAAG- S-AGTCTT - - - - - - - - - GGCATCGAATTTTTCGG
pNGR234a 68 AATCGCATTTCCACGAATCGCAGTCAAG- -AGTCTT --TGGCACCGGAACG- - - GG
pRi1724 81 AATCGCATTTCCATGAATCGCAGTCAAG- -AGTCTT- - - - - - - - TGGCACCGTTTTT- - - GG
pTi-SAK 1221 AATCGCATTTCCAGGAATCGTAGTCAAG- -GGTCCCGTAAGGGAAAGCGTCATTTC- ---GA
pTiC58 120 AATCGCATTTCCAGGAATCGTAGTCAAG- -GGTCCCGTAAGG- AAAGCGTCATTTC- - - - GA
pTiB6S3 114 AATCGCATTTTCAGGAATCCCAGTCAAG- -AGTCCCGTGAGG- AAAGTATEGTTTC- - - - GA
pMLa 77 AATCGCATTTCCACGAATCACTGTCAAG- -AGTCT- - - - - - - - - AGGCGTCGATTC- - - -GG
pSyma 68 AATCGCATTTCCACGAATCACAGTCAAG- -AGTCCIT --TGGCACCGTTTTT--- GG
p42a 102 AATCGCATTTCCCGGAATCCACGTCAAG- -AGTCTT ----TGGCATCGTTTT--- -GG
pRL8JI 9% AATCGCATTTCCCGGAATCACAGTCAAG- -AGTC- - - ----AACGCCACACC---- GG
pSymb 6 AATCCCACTTCCGCGAATCAGTGTCAAG- - - - - - CATTTT- - - - - - - - TGACGTCGTTTC- - - - GG
pTAV320 113 [AACTCAGTTTTICGCACCTCTGAATGTIAGCGATCTGGCECCITTTTCCCGCAAGCGCAAAGCGATTCGC
p42d 118 TGAGCGAATTTCCTTTGCCTGC- TGAAAGGTGAGAGACA-

pRiA4b 141 TGAGCTGATTTCCTTTGCCTGC- TGAAAGGTGAAAG- - - -

pMLb 117 CIGAGCAGGTTTCTTTTGCCTTCGTGAAAGGTGAGGGAAA-

pATCS58 165 GAGCGTGAATCTTTTGCCTTT- T- - - - - - - - - - - - - - -

p42b 113 BREAG- 6CG - - - - - - - - . . - - - - ... - - - - .- - - - -

LC58 149 TGAGCGATTTTCTTTTGCCTTG- TGAAAGGTGAAAGAC- -

pNGR234a 117 TGAGCGGACGTCTTTTGCCTGA- GGATAGGTGAAAGAAG-
pRi1724 130 TGAGCAGATTTCTTTTGCCTAT- TGAAGGGTGAAAGAC- -
pTi-SAK 177 CGGGCGGATTTCAATTGCCTAA- CAAA- - - - - - - - - - - - -
pTiC58 175 CGGGCGGATTTCAATTGCCTAA- CAAAAGGTAAAAGGAA-
pTiB6S3 169 CGAGCTGATTTCTTTTGCCTAA- CAAAGGTACAAGGAA- -

pMLa 118 CGAGCAGATTTCTTTTGCCTAA- TCGAGGGTGAAAGAAAA
pSyma 117 TGAGCTGCTTTCTTTTGCCTTA- TCGAAGGTGAAGGAAAT
p42a 150 TGGGCGTTTTTCTGTTGCCTTT- AGAAAGGTAGAGGAAA-
pRL8JI 140 CIGTA- GCCTTTTCTTTGCCTTG- CGAAAGGTGAAGGAC- -

pSymb 114 CGAACGGATTTCTTTTGCCTTG- GAAAAGGTGAAGAAAA-
pTAV320 179 GGGCCAGGGAAATTTTGCCTTCGTGAATIGACATC- - - - - -

Fig. 2. Aligment of the igs region from 17 repABC plasmids. Identical bases are shown in gray boxes. The igs aligned
here begin with the first nucleotide after the stop codon of repB and finish one nucleotide before the initial codon of repC.
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of the same family, but of different incompatibility
groups, arise within the same strain through the
formation of a bireplicon intermediary consisting
of two plasmids with replicons of the same incom-
patibility group. The bireplicon can be generated by
cointegration of an incoming plasmid with a resi-
dent plasmid, by the inhibition of plasmid dimer
resolution system, or by duplication of the repli-
cation region. Cointegrate formation between in-
compatible plasmids of the Rhizobeaceae family
has been frequently reported (Brewin et al., 1980;
Hooykaas et al., 1980; Johnston et al., 1982;
Ramirez-Romero et al., 1997). Interestingly, these
cointegrates are stable. In this state, one of the
replication systems of the bireplicon can change.
One of the copies of the replication region can ac-
cumulate mutations, even loose its functionality
without jeopardizing other functions encoded in
the plasmid, or alternatively, they can create new
replication genes with new incompatibility prop-
erties. Next, the bireplicon is resolved into two
plasmids of the same plasmid family but belonging
to different incompatibility groups. This model can
be applied to bacterial species with a clonal type of
evolution or with a limited capability of genetic
exchange with unrelated species.

The second model is simpler: in the first stage,
two strains containing the same plasmid evolve
independently, by changes in the plasmid se-
quences involved in replication and/or partition
generating different incompatibility groups by di-
vergent evolution. In the second stage, a plasmid
of one of these strains is mobilized to another
strain already containing its own repABC plas-
mid. The resident plasmid and the incoming
plasmid can then coexist without interference.

A method able to discriminate between these
models is to compare phylogenetic trees con-
structed from sequences of the replication regions
of plasmids of the same family but of different
incompatibility group. The working set must in-
clude sequences from strains each containing at
least two plasmids of the same family. The se-
quenced members of the repABC plasmid family
fulfill the requirements to perform this analysis.

If the mechanism of evolution followed the
first model proposed here (bireplicon intermediary
model), plasmids belonging to the same strain are
expected to group into the same cluster in a
phylogenetic tree because they originated by
duplication and divergence of a common replica-
tion region. In this perspective, closely related
plasmids of different incompatibility groups can
share the same cluster.

If plasmid evolution proceeded as described in
the second model (separately diverging model),
plasmids of the same family but isolated from one
strain are expected to be positioned in different
clusters of a phylogenetic tree. In this scheme,
plasmids of the same incompatibility group would
share the same cluster in a phylogenetic tree.

To determine the phylogenetic relationship
among the sequenced repABC replication/parti-
tion regions, unrooted phylogenetic trees for each
of the three repABC gene products and the repB-
repC igs, were constructed utilizing the maximum
parsimony algorithm with bootstrap. The trees
are shown in Figs. 3 and 4.

A comparison between the RepA, RepB,
RepC, and igs tree topologies (order of the rela-
tionships without consideration of the branch
length), allows some general observations to be
made. First, in all four trees two tight clusters can
be always identified. One of them contains the
symbiotic plasmid p42d and the root inducing
plasmid pRiA4b, while the other is constituted by
the tumor inducing plasmids pTiC58, pTi-SAK-
URA, and pTiB6S3. Second, in all but one case
plasmids of the same bacterial strain do not share
the same cluster: plasmids p42a, p42b, and p42d
of R etli CFN42, are positioned in different
clusters. The same behavior is observed with
plasmids pSymA and pSymB of S. meliloti, and
with the pTiC58, pAtC58, and the repABC se-
quences located in the linear chromosome of A.
tumefaciens C58. These data support the model
propositions that strains containing more than
one repABC plasmid acquired each one of these
replication/partition regions through different
events of lateral transfer (separately diverging
model), rather than by duplication of a replica-
tion/partition region and subsequent divergence.
However, we find one exception: plasmids pMLa
and pMLb of M. loti are located in different
clusters in the RepA, RepB, and the igs trees, but
forms a compact cluster in the RepC tree. One
explanation for this discrepancy is that the repli-
cation/ partition regions of plasmid pMLa and
pMLD are genetic chimeras. Each one of these
chimeras is the recombination product of an in-
coming repABC plasmid with a resident repABC
plasmid. The repAB regions of plasmids pMLa
and pMLD could have originated from two dif-
ferent repABC incoming plasmids, while the repC
regions came from the same, or a closely related,
resident repABC plasmid.

Genes sharing the same evolutionary history
most render similar (congruent) tree topologies.
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Fig. 3. Phylogenetic relationships among protein products of the repABC type replicators. The unrooted trees for RepA
and RepB are presented. The bar indicates number of “steps.” Numbers within the trees are the bootstrap values.
Constant clusters are encircled in gray. Replicons coexisting in the same strain are marked with the same number: (1) for
replicons of R. etli CFN42; (2) for replicons of S. meliloti 1021; (3) for replicons of M. loti MAFF303099; (4) for

replicons of A. tumefaciens C58.
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Fig. 4. Phylogenetic relationships among RepC proteins, and the intergenic region located between repB and repC genes
of the repABC type replicators. The unrooted trees for RepA, RepB, and RepC are presented. The bar indicates number
of “‘steps.” Numbers within the trees are the bootstrap values. Constant clusters are encircled in gray. Replicons co-
existing in the same strain are marked with the same number: (1) for replicons of R. et/i CFN42; (2) for replicons of S.
meliloti 1021; (3) for replicons of M. loti MAFF303099; (4) for replicons of A. tumefaciens C58.

But, if an organism is positioned in two different
clades (organisms sharing a common ancestor not
shared by the other organisms in the group) in
two phylogenetic trees constructed with two gene
families using the same set of organisms is an in-
dication of recombination with similar molecules

but with different evolutionary history. The trees
constructed with RepA, RepB, RepC, and igs
show discrepancies indicating that these sequences
do not have a strict co-evolution. Recombination
played a role in the conformation of these repli-
cation/partition regions. As an example, plasmid
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p42a is positioned near the cluster conformed by
the tumor inducing plasmid in the RepA tree, in
the RepB tree and in the tree constructed with the
igs sequences. But, in the RepC tree forms a
cluster with plasmid pRil724. These observations
suggest that RepA and RepB co-evolve, but in
some way, independently of RepC. In an extreme,
the replication region of plasmid pRmeGR4a of
S. meliloti GR4 has a repC gene but unlinked to
repA and repB, and their absence do not have an
effect in plasmid stability (Mercado-Blanco and
Olivares, 1994). A selective force that may act to
maintain these three genes together is that the
transcription of repC depends on the promoter of
repA and repB, and in the other hand, the action-
site (partition site) of RepA and RepB lies im-
mediately downstream of repC (Bartosik et al.,
2001; Ramirez-Romero et al., 2001).

3.4. Evolution of the incompatibility determinants

Two cis-acting incompatibility sites and one
trans-incompatibilty factor (RepA) have been
described for repABC plasmids. One of the in-
compatibility cis-acting sites resides in the large
intergenic sequence located between repB and
repC genes. Alignment of these intergenic se-
quences demonstrates the presence of highly
conserved domains (Fig. 2). The other incompati-
bility cis-acting site is located immediately
downstream of repC. But, in contrast with the
conservation found in the repB-repC intergenic
regions, the DNA identity among the repC
downstream sequences is low (Bartosik et al.,
2001; Nishiguchi et al., 1987; Ramirez-Romero
et al., 2000). The possible role of RepC in in-
compatibility is currently under investigation.

The tumor inducing (Ti) plasmids pTiC58 and
pTiB6S3, belong to the same incompatibility
group (inc Rh-1) (Hooykaas et al., 1980). To our
knowledge, the incompatibility properties of plas-
mid pTi-SAKURA have not been published,
however, the nucleotide sequence of its entire
replication/partition region, including the repA
and repB intergenic sequences, and the region
immediately downstream of repC 1is virtually
identical to that of pTiC58. It is thus reasonable
to suggest that pTi SAKURA is also a member of
the inc Rh-1 incompatibility group. In accor-
dance, these plasmids form a tight cluster in the
trees presented here.

Plasmid p42d of R. et/i CFN42, and the root
inducing plasmid pRiA4b are highly similar along
their complete replication region, including the

cis-incompatibility determinant located between
repB and repC, suggesting that they belong to the
same incompatibility group. To test this assump-
tion plasmid pKRE244, containing the replica-
tion/partition region of plasmid pRiA4b was
introduced into R. et/i CFNX101. Analysis of the
plasmid profiles of the transconjugants showed
that they lost p42d demonstrating that pRiA4b
and p42d belong to the same incompatibility
group (Fig. 5). The replication/partition regions of
these two plasmids form a tight cluster in the
phylogenetic trees. These observations support
that plasmid incompatibility is linked to common
replication and/or partition functions and reflects
a close relationship between plasmids (O’Connell
et al., 1987).

However, it is important to make a cautionary
note: if two plasmids belong to the same incom-
patibility group it does not necessarily imply that
all elements encoded in the replication/partition
region share the same phylogenetic origin. Two
plasmids can be incompatible if one encodes a
trans-incompatibility factor while the other har-
bors only the target-site (the cis-incompatibility
region). The existence of a trans-acting incompati-
bility factor suffices to exert incompatibility. In
contrast, to be sensitive to incompatibility a cis-
acting site is sufficient. Any other element of the
replication/ partition regions can be different. For
example, plasmid p42a is incompatible with
pTiC58 (Garcia-de los Santos and Brom, 1997).
The phylogenetic trees constructed with RepA (a
trans-incompatibility factor), the igs (a cis-incom-
patibility factor), and RepB show that plasmid
p42a forms a cluster with the Ti- plasmids. But, in
the tree constructed with RepC sequences, plasmid
p42a forms an independent group, clustering with
pRL8JI and pRil1724 plasmids. These results sug-
gest that p42a exhibits incompatibility towards
pTiC58 by interference with the partition system
(RepA and RepB) but not with RepC, the initiator
protein. Moreover, it has been suggested that for
repABC plasmids, a close relationship among their
RepC proteins might indicate that they belong to
the same incompatibility group (Palmer et al., 2000;
Rigottier-Gois et al., 1998; Turner et al., 1996).
Contrary to these suggestions the RepC products
of plasmids pMLa and pMLDb are highly similar
(78% of identity), although the plasmids belong to
different incompatibility groups (see Fig. 4).

In summary and almost without exception,
repABC plasmids isolated from one strain do not
form a cluster in a phylogenetic tree constructed
with RepA, RepB, RepC, or igs. Also, plasmids of
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Fig. 5. Plasmid profiles of CFNX101 and their transconjujants containing pK RE-244. Lane A, plasmid profile of the R.
etli receptor strain CFNX101. Lanes B-E, plasmid profiles of CFNX101 transconjugant strains harboring pKRE-244.
Arrows indicate the positions of p42d and pKRE-244 plasmids.

the same incompatibility group share the same
cluster in these phylogenetic trees indicating that
lateral transfer better explains the existence of
several repABC plasmids in the same strain.

3.5. Phylogenetic relationships of the repABC
neighboring genes

The tral gene, the first element of the trb op-
eron and part of the conjugal transfer system of Ti
plasmids, is adjacent to repA and oriented in the
opposite direction on seven of the 17 replication/
partition sequences analyzed in this work (see
Table 1) (Li and Farrand, 2000). In the trees
constructed with RepA and RepB sequences, five
of the seven replication/partition regions con-
taining a tral sequence, lie in one cluster con-
formed by the Ti plasmid and p42a. The rest of
the tral-containing plasmids are scattered in the
phylogenetic trees.

It has been shown that plasmid copy number
of pTiC58 is influenced by a quorum-sensing

system in which Tral, TraR, and its cis-acting site,
and the autoinducer play a central role (Hwang
et al., 1994; Li and Farrand, 2000). The observa-
tion that in several repABC replication/partition
regions a tral gene is closely associated suggests
that these plasmids may also be positively influ-
enced by a quorum-sensing system (Li and Far-
rand, 2000). Nevertheless, the absence of a tra box
in close proximity with the repABC operon in
some plasmids, indicate that this type of regula-
tion seems to be not essential for plasmid repli-
cation or partitioning.

In the region upstream of rep4 in plasmid
pRL8IJI, instead of tral (the first gene of the trb
operon), a gene homologous to the second gene of
the trb operon (trbB) is found but a tra box re-
mains in the intergenic region between 7rbB re-
lated gene and repA (Li and Farrand, 2000). These
observations suggest that tral was present at one
time but was lost later on.

Except for the Ti-plasmids, the regions down-
stream to repC genes are not conserved indicating
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that the genetic context of the rep4 BC operon has
been subject of frequent rearrangements.

In summary, we describe two models that ex-
plain how new plasmid incompatibility groups
arise within the repABC family: the separately
diverging model and the bireplicon intermediary
model. The phylogenetic analysis presented here
supports the former model. Plasmids of the same
incompatibility group residing in different cell
lines evolve independently. During this process
changes in the plasmid sequences involved repli-
cation and partition, create new incompatibility
groups. The presence of more than one plasmid,
of the same family, in one strain, is explained by
subsequent events of lateral transfer. The current
evidence does not exclude the bireplicon inter-
mediary model. The genetic structure of the bac-
terial population will determine which of the
proposed mechanisms is operating: clonal popula-
tions with little or no genetic exchange will be
prone to use the mechanism described by the bi-
replicon intermediary model to generate new
plasmid incompatibility groups. On the other
hand, the separately diverging model will explain
the origin and presence of plasmids of the same
family in one strain in “panmictic” populations
with frequent genetic interchange. Plasmid ex-
change has been observed in Rhizobia popula-
tions in soil conditions (Demezas et al., 1995;
Geniaux et al., 1993; Schofield et al., 1987; Young
and Wexler, 1988). But, a clonal genetic structure
has been observed in some Rhizobia populations
associated with clover, in undisturbed meadows of
Sierra Nevada, California (Wernegreen et al.,
1997). These results support that the two models
described here, are possibly inclusive in bacterial
species of the same family.

These models may be useful in other plasmid
systems, but to test them, an adequate data set is
required. This set must include the DNA se-
quences of plasmid replication and/or partition
regions, of several strains carrying two or more
plasmids of the same family.
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