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RESUMEN

La reglon de replxcacxon/partxcxon del plasmido smlbxétxco p42d de Rht:obnun etli se

caracterxza por la’ presencxa ‘del’ operon repABC el cual codlﬁca para las’ protemas RepA v

chB 1nvolucradas en'la’ se;,regacxo

protema RepC esencnal para la repllcacmn

urada del p42d con la misma establlldad Y nimers

demvada de R elh, c
.por el plasmndo parental. Tamblen eJercc mcompaubllldad

k'permancce como un rephcon mdependxente. S
‘La fnalxdad de este’ traba_]o fue identificar y caractenzar el‘locus gcnetlco (presemn_'
omueve la’

en cGD47 y. auseme en’ p]l.v), que suprlmc ‘la formacxon de conmegrad S
n.\presxon de'las propnedades de. mcompanbllxdad ‘contra el p42d e e geh‘étyi'éé: de la
cepa silvestre.: :

Los rcsultados obtemdos muestran que este Iocus contiene Una resolvasa’sitio-

Ios cuales ;son facto

plasmxdos de R. etli, lo cual suglere que el fenomeno descrxto ‘es comun para otros

plasmidos repABC. ;
En con_]unto, los resultados obtemdos representan un avance en el conocimiento de

la biologia de plasmidos de las Rhlzoblaceas.
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T ABSTRACT

1on rjegion of the symbiotic plasmid p42d from Rhizobium etli

of the repABC operon which encodes for the RepA and

id :Segregation and copy number control, and the RepC

e\erlxng xncornpanbxlxly agaxnst the p4”d

comlegrate is. mediated by homologous'

plasmid blology
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INTRODUCCION

1. PLASMIDOS.

El genoma de los orgamsmos procariotes esta constxtuxdo po ’dos upos dL )

moléculas de DNA: el cromosoma y los plasmidos.
Los p]asmldos son moleculas de DNA cxrculares o lmcalcs que. s dlstmguen por u ;

delecnones, 1nversxones, asi como comtegracxones con el cromosoma u otros plasmidos
(Berg 1990“ Romero et al. '1995; Flores et al. 2000), y pueden ‘movilizarse lateralmente por

ransduccxén transformacxon ¥y conjugacion a bacterias penencc:emes a diferentes géneros.

La persnstencxa de los plasmidos en las poblacnones bacterianas se debe a varias

razoncs‘ l) le cont'eren una venta_]a fenotipica a"su celula hospedera, 2) se heredan de

manera’ estable‘ de la célula parental a la’ celula hl_]a y 3) muchos plasmidos son

autotransmlsxbles o movxlxzables por.. otros plasmldos y esta habilidad les permite

dxsemmarse’ de una bacterla .a’otra con alta eﬁcxencxa y colonizar nuevas especies

s entro de su célula huésped se debe a que

chtenanas El mantemmlento de ]ospés i
poseen modulos de DNA estructuralmente 1ndependxcntes pero funcionalmente
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relacionados, que codifican las funciones necesarias para su replicacion y segregacion, los
cuales, en muchos casos estdn contenidos en segmentos de 2 a 5 kb llamados replicones
basicos (Summers 1996) Algunos plasmidos tienen dos o ‘mas replicones basxcos, pero la

mayona solo txene uno (Barlosxk er'al. 1997).

1.1 Rép;"éépéién de plismidos.

EI proceso esencxal para. el mantenimiento de un plasmldo ‘es: su rephcacnon La

replncac:on de plasnlldos se lleva a cabo por la accxon de protem de hospedero y de]‘

'repllcﬂcxon (repllsorna) Para lograr lo: antenor las'”pr'ét'éxna
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2) - Elongacién. Se caracteriza por que e] replisoma se deshza a lo largo del DNA Fn
esta etapa intervienen protemas ‘de unién’a DNA de- cadena sencula (SSB) que

ayudan a evitar la renaturahzacxon y el dano 4la mo ecula de DNA.

3) Terminacién. Involucra’el’ desmantelamxenlo del' rephsoma vila separacxén fnslca du

las moléculas obtenidas.

Replicador biisico. R

Las funciones de replicacién ks‘é’zi'gi‘-i.lp,evmf Ldﬁritxfﬂo de uﬁd;régién ,éOxjdéidaj‘éﬁino el
replicador basico, el cual constit’uye'la rkegic'ih*rﬁésﬂ pé&[ueﬁa‘de un plésmidO'caﬁaz’ de
replicar con el mismo numero de copms que el plasmldo padre (Nordstrbm Y. Ausnn 1989)

El replicador basico gencralmeme esta consntuxdo por segmemos contiguos de mformacxon

que incluyen un orlgen de repltcacxon (ord) y uno 6 mds elementos advacentes de control de

la rephcncxén El ongen de rephcacxon es el lugar donde se inicia la smtesls del DNA y en

ocahz n sxuos de: umon para las proteinas de inicio de la rephcacxén Yy para las .

prolemas accesorias: Los tios de union para las proteinas de 1mc10, en algunos plasmldos

tener uno o mas sitios de unién para las ptotemas accesorms (tales como Dnv ‘THF, HU vy

FIS).

Tipos de replicacion.

En la mayoria de los pldsmidos, bacteriéfagos y replicones del cromosoma, la
secucncia de eventos que ocurren en’ el inicio de la replicaciéon tienen muchas

caracteristicas en comun. Sin embargo, en los pldsmidos, una vez que se inicia la
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replicacién, ésta puede proceder de manera unidireccional o bidireccional por medio de wres

tipos de replicaciéon, que ademas constituyen una forma de clasificarlos:

desplazamicnto de cadena.

'i*no “loop D”. En este mecanismo la maquinaria de replicacion
m de DNA y utiliza como templado, en un inicio, una de las dos

ve el repllsoma a través de la doble hélice, provoca que se desplace

rep]lca, misma que permanece como’ cadena sencilla hasta que una

la cadena qu aur
segunda sefial prom eve su repllcacmn Los mejores e_]emplos de plasmidos que rephcnn

por este mecanisi son los plasmxdos promiscuos de la familia Ian, de los cuales los mas .
estudxado son ‘el plasmldo RSF1010 de E.coli. (protoupo de la famllla Ian), el plasmxdo
R1 16'7 de Pscud nona.s ae; ugmo.sa y el plasmido R300B dc Salmonella enterica serovar

(Rawlmgs y Tlt.tze ”001)

tvphlmurxu

como represores de su lranscrxpcxén mxentras que en la forma monomenca catahzan el,

inicio de la rephcacmn Ejemplos de plésmldos con este’ txpo deireplxcacxén' los plés'mdo:,

ColEl y Pl de E colt‘y ei plz’lsmldo pPS10 de Pseudomonas syringae pathovar aavastanm
(Del Solar el aI. 1998) :
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3) Replicaciéon por circulo rodaptc

Este tlpo de replxcacxon conuenza cuando Ia protexna ‘de m1c1o de la repllcamon

Cuando la .

ufno el corte.

el plasmido pTlSl de Slapl

plasmndo PKYM de Shigella sonnei,
plismido pMV 158 de Srreprococcus pneumonicae (\Iowck 1989 Yasukawa 998 del"Solar, ‘

1993).

Mecanismos de inicio de Ia replicacién.

En los plasmidos de replicacidn theta, la forma dxmenca de las protexnas Rep se
activa para la replicacién mediante la conversnén a: monomeros, reacc1é liza or
Grp ty! Cle (Kawasak1 : er. al 51990,

Sozhamannan y Chattoraj 1993, Komeczny 1997) Las protemas Rep,_en su forma.

proteinas chaperoninas como Dnak, DnaJ-

monomeérica, se unen a los uerones del oriiyen colaboracién con as. protemas IHF.y HU.

lca en AT (Marczynsl\n

1993; Brendler el al 1997) Sxmu A inicio; recluta a la helicasa

proteina de inicio permanece umda aI e\tremo 5 de! DNA y se genera un extremo 3’ libre
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que se utiliza para la sintesis de la cadena lider. Cuando se concluye esta etapa se libera un
intermediario de cadena sencilla, en donde la RNA polimerasa sintetiza un.iniciador que

sirve de sustrato para sintetizar la cadena complementaria (Espinosa ez al. 1995).

Control de la replicacion de plismidos.

La clave p'\ra que un plasmxdo exista’ en‘un stado e\tracromosomal "y t.n un’v

inhibir. Ia replxcacmn o bxen mdlrectam
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@ Proteina Cop

RNAmM Cop

ori

Pcop cop

(b)

Proteina Rep

Proteina Cop

P/O rep . rep ori

Pcop cop

Figura 1. Alternativas del Modelo de Dilucién del Inhibidor. Los diagramas ilustran los mecanismos
alternativos para inhibir la replicacidn: a) Una proteina inhibidora (Cop) es sintetizada por el plismido
¥y actia directamente en el origen para inhibir la replicacién. b) La proteina Cop acttia indirectamente
para inhibir la replicacién, al prevenir la sintesis de una proteina esencial para el inicio de la replicacion
(Rep). Abreviaturas: Pcop, promotor del gen cop; cop, gen que codifica para la proteina Cop; ori, origen
de replicacion; RNAm Cop. RNA mensajero de Cop; RNAm Rep, RNA mensajero de Rep; P/O rep.
promotor/operador de »ep; -, control negativo (inhibicién); +, control positivo (activacién). Tomado d¢
Summers, 1996.
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En el modelo del Autorepresor (Sompayrac y Maaloe 1973), Ia replicacion sec

detona por una protema de inicio (Rep). La protema Rep es el ﬁctor que llmxta el mncxo de

generaclor_l es constante

1.2  Particién de pliismidos.

Un proceso fundamental para la pers:stencxa de los plasm dos es su partxclén, la cual

los distribuye por partes iguales a las células’ huas Lo: pl n un. elevado nuimero

de copias, se difunden azarosamente a las’ celulas hijas as 'se corrxge ‘el nimero de

copias. Pero cuando el nimero de coplas es ba_)o (l 10)-se necesita una maquinaria que

asegure que al menos una copxa del plésmld d u'n'a,de las células hijas.

El proceso de parucxon puede d1v1d1rs ‘en’do a décatenacién o resolucién
de los plasmxdos rec1 in rephcmdos para producxr umdades separables y su equiparticién a

cada lado del plano lelSlOnaI (M(bller-Jensen et al. 2000)

J
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ori

(@ . po arr , rep EI:]

proteina
autorepresora

(b)
ori

P/O rep

proteina
de inicio (Rep)

Figura 2. Modelo del autorepresor. a) Los genes del autorepresor (a#r) y de la proteina de inicio (rep) se
co-transcriben. El autorepresor regula la transcripeion cuando se une a la regién del promotor-operador

(P/O) y mantiene una concentracién constante de proteinas Atr y Rep. La replicacion se activa por la unién

de Rep al origen (orf). b) En una forma alternativa del modelo del autorepresor la proteina Rep es bifuncional,
actuando como represor transcripcional (uniendose a la regién P/O) y como proteina de inicio actuando en el

origen de replicacion (or7). Tomado de Summers, 1996.

TESIS CON
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Sistemas de particion.

La eﬁcxencxa c!e parucxén se optxm:za por: a) sistemas de recombinacion sitio-

especifica (descntos mas adclame) que resuelven plasmldos diméricos (Austin es al. 1981).

los cuales si no son resuellos crean defecto de part1c1én, b) por sistemas de * adxcmon

también conocx os como sxstemas “kxller R cuales se basan en la existencia de sustancms

propuesto en los recientes nlodelos'defi:ii;' ) | 3 1l 7006; Gordon y
Wright 2000). o R

2. Incompatibilidad.

La persistencia exitosa de un plasmido, dentro de las poblaciones bacterianas. no
solo radica en segregarse a las células hijas sino también de diseminarse a otras bacterias v

mantenerse en ellas. Una forma de prevalecer en la bacteria hospedera es recombinando

TESIS CON
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con el cromosoma o. con los plzismidos residentes, otra forma es replicando

mdependxentemente Sm emuargo, aun temendo la capacxdad de replicar, los plismidos se

enfrentan'a un ev to que pucde desestabxhzar su rephcacxon. la incompatibilidad.
capaci 1dad que tienen dos plasmidos

uténoma), v establemente en la misma

naimero’

concentrac

lambxen 1

copias ‘de. plz’lsmxdo en una cclula €5 'mq nor alasuma del niimero normal de copias de cada
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plasmido, debido a que cada plz’xsmido responde a la concentracién total del inhibidor

(Summers 1996) Otra causa de mcompanbxhdad se da cuando la proteina de inicio

codlﬁcada por un plasmxdo actu en trans ‘obre el: ‘ori de otro plasmxdo incompatible, esto
se anula la rephcamon del

1ntegrac1ones, ample'cacwncs mversxones delecxones Y comtegramones consxgo mismos o

con otros plasmldos o con el cromosoma, lo cual ongma una, enorme diversidad plasmidica.
Estos rearreglos se deben tanto a recombinacidn homéloga como a'una recombinacién

sitio- eSpecxﬁca y se describen a continuacién:

3.1 A:'Rccdmbin:lci()n homdloga.

El proceso de recombinacién homdloga es esencxal para todos los organismos, e
involucra el mtercamblo de secuencias de DNA entre “dos éromosomas moléculas o
segmentos de 'DNA. Semejante mtercambxo contrxbuye a la generacién de diversidad
;,enetxca, la : eparacxon de DNA danado y la: aproplada segregacién de los replicones

(Kowalczykowsk et al 1994) Su caractensuca pnncnpal es quc las enzimas responsables

del proceso pueden usar ‘cua quxer par de secuencias homodlogas como substratos.
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cop /-\\

-
{ Concentracion
intracelular del

inhibidor @

Concentracién
intracelular de
la proteina de
inicio

cop P/O rep ori

Figura 3. Causas de la incompatibilidad. La linea recta representa ¢l replicéon basico del plasmido

“bajo investigacién. Fragmentos de este replicon insertados dentro de vectores multicopia se muestran
como curvas. Copias clonadas de cop (inhibidor) aumentan la concentracién del inhibidor y reprimen
la replicaciéon del replicén parental. Por otra parte, los origenes de replicacion clonados titulan la proteina
inicindora (que actiia en nrans), 1ejos del origen de replicacidon parental y reduce la frecuencia de inicio de
Ia replicacién. Tomado de Summers, 1996. ’
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de plasmido.

D)

Figura 4. Incompatibilidad de plasmidos. La inhibicién mutua dada por los sistemas de control de
la replicacién en una cepa que contiene dos plasmidos incompatibles conduce a la segregacién de

El namero de copms se dupllca anles <h. Ia

siguiente dlv1516n celular. _Solo el niimere

Se producen camblos en el ntimero
relativo de copias'de los plnsm:dos V.
! no se corrijen. Eventualmente. las -
células hijas contendran solo un tipo

los plasmidos y a la formacion de lineas celulares con solo un tipo de pliasmido. Tomado de Summers,

1996,
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En.recombinaciéon homédloga la reunién de los segmentos.de DNA :xhibe un grado de

precision & fidelidad pero, generalmenté hablando, no ociirre en'sitios especit‘cos. El

mtercambxo puede ocurrir cn cualquier lugar a lo largo d Alos segmentos homologos, esto

sngnxf’ca que las proteinas que catahzan recom inacién homologa no"so 'protemas de

unién a secuencnas o sitios especxﬁcos, como es’el caso de¢:las’proteinas de: recombmacxon

sitio- especxﬁcas que se mencxonaran ‘mas adelant ‘(Camerln Oteroy:Hsieh1995)

b)

<)

d)

a parur de DNA de doble cadena.
Ap-lreamlcnto homélogo ¢ intercambio de DNA. El e'ctremo 3

-OH iﬁvadé un"
segmento o molécula de DNA homélogo. Después de la~ mvasxén ocurre un

mle_rcamblo reciproco de cadenas de DNA y se forma un heteroduplex 6 union

Holliday.

Extensién del heteroduplex de DNA. Hay migracion del DNA heteroduplex

debido a la accién d¢ proteinas como RecA, RuvAB, RecG. Las DNA helicasas

también pueden participar en este paso.

Resolucion. El paso final es la resolucién de la unién Holliday, dependiendo del

sitio de corte se pueden generar moléculas con una regién heteroduplex o bien

moléculas recombinantes.
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o «—YL«-“*-vJ._W'Jhu’,_ w
s
x

Figura 5. Modelos para recombinacién genetica. (A) el modelo de Holliday; (B) el modelo de Meselson-Radding.
(C) el modelo de ruptura en doble cadena. Note que en el panel B 1a molécula invasora es la molécula de abyo
mientras en el panel C la molécula que invade es la molécula de arriba. Cabezas de flecha indican sintésis de
DNA. Tomado de Kowalczykowskier al. 1994.
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Ademadas de proteinas, también se han reportado sitios que' incrementan la
recombinacién. En cepas silvestres de E.coli (recBC+), muchos eventos de recombinacién
conjugacional proceden a través de la via RecABCD y en esta via, la recombinacién sc

“estimula por la presencia de las secuencias chi (x) (5’-GCTGGTHVGVG77-37'),'£1uev crean un

“hotspot” de recombinacion.

3.2 Rccombinacién sitio-especifica.

La recombinacion sitio-especifica es un proceso de mt:.rcamblo ¥ cnproco de DNA~ :

catalizado por proteinas espcc1fcas de recombinacién (recombmasas sitio ‘especlficas) quc

‘acttan en sn.xos de DNA tmnbxen e;pemfcos. Durant

pecifica esta adyacente a

ecombinacion sitio-especifica

E*(xsten res posxbles resu]tados cuando ocurre un

(Ver Fki‘gu ; les dependen del arreglo deb 1 e recombinacién: eventos

mtramoleculares producen excisién (resolucxon) o mversxén mientras que eventos

mtcrmoleculares producen integracion (Stark et al. 1992 Nash 1996).
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Figura 6. Consecuencias estructurales de una recombinacion sitio-especifica. E1l DNA duplex esti definido
por una linea sencilla; las letras en minusculas proveen marcadores de identificacién y orientacién a lo largo
Je estas moléculas. Cada sitio de recombinacidn esta definido por una flecha (sin escala). La recombinacion
ocurre dentro de los sitios y produce un sitio de recombinacién hibrido (flecha hibrida) y un rearreglo del
cromosoma. Los diagramas ilustran el resultado de la recombinacién entre A) sitios en moléculas separadas.
I3) sitios que estdn en orientacidn invertida sobre una misma molécula, y C) sitios que se encuentran

en orientacién directa sobre una misma molécula. Tomado de Nash, 1996.
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Funciones biolégicas de la recombinaciéon sitio-especifica.

Numerosos procesos biolégicos en procariotes involucran:recombinacion sitio-

especifica. Estos incluyen la integracién y excision de ciertos bhctériéféﬁoé'; l‘a"ék:pfé"siff»;;ni :
alternada de genes (en bacterias y bacteriéfagos), la estabilizacién de’ p'lésmidos,: y la )
formacion de los productos finales de transposicion de ciertos elementos transponibles. Los
sistemas de recombinacidn sitio-especifica son ubicuos en las eubacterias, prevalentes ¢n
las arqueas y también se han detectado en los eucariotes (Smith y Thorpe 2002).

Familias de recombinasas sitio-espcecificas ¥ su mecanismo de accién.

Las recombinasas sitio-especificas se dividen en dos principales familias basandose
en su mecanismo de acciéon y similitud de aminoacidos: la familia tirosin-recombihasa
(también llamada familia de la A-integrasa) que- mcluye a las protemas relacxonadas con la’

integrasa del baclerxofago lambda (Int) _]UntO con las recombmasas Cre y. Flp (Argos et u{ :

f"mllla de las esolvasa /1nvertasas), que mcluv

1986) y la famllla serm—recombmasa (

las resolvasas codnf’cadas por transposones de! ab'famllla n as DNA nvertasas (Hattull o

serinas como el nucleofilo atacante y se libera un segmento 3 terminal. Las serin-
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recombinasas realizan una ruptura en doble cadena en los dos sitios de recombinacic’m

antes de cualquier intercambio y. reumon de-las cadenas de DNA. Este mecanismo

contrasta con el de las urosm recombmasas, las cuales haccn una ruptura y reunién cn
txpo Hollxday (Gopaul et al. 1998:

movimiento que puede ocurrxr
7. Lxgacxon La lxgacuSn de las hebras transferidas es. lo contrarxo I paso de ruptura d:.

n fosfodlcster de la recombinasa con un scgmemo de DNA-es atacadq
1]0 de otro segmento de DNA un segmenlo creado por una

itio de DNA. La transesterificacién libera a la recombinasa de

hebras, la uni

por un rcsxduo “hi

ruptura’ previa del otro
su unién covalenle con el DNA y crea un nuevo enlace fosfodiéster que une segmentos

de DNA de dos hebras de los sitios de DNA parentales.

Diversidad de la familia serin-reccombinasa y su grupo represemtante: las

resolvasas/invertasas.

La familia de las tirosin-recombinasas es estructuralmente diversa y funcionalmente
versitil e incluye integrasas, resolvasas, invertasas y transposasas.

Estudios recientes han revelado que la familia de las serin-recombinasas es
iguaimeme versitil y puede subdividirse en tres grupos estructurales representados por las

resolvasas/invertasas, las serin—recombinasas de alto peso molecular y las relacionadas con

la transposasa IS607 (Smlth Y. Thorpe 2002)

terminal catalitico pero. un dominio C-terminal mucho mas largo comparado con el de las
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resolvasas/invertasas. El tercer grupo, recombinasas relacionadas a la transposasa IS607, cs
similar en tamarfio a las resolvasas/mvertasas, pero tlenen tanto el dominio de unién a DNA

como el domlmo catalmco en el extremo’ N-termlnal (Smn‘.h v Thorpe 2002). Sin embargo,

resolvasas/mvenasas de las

el 'quueupo de la famxha serm-recombmasa

¢uales’ han sxdo esludlados ‘en detalle cuatro si t esta famxlla. resolucidon de

comtegrados por la y5 resolvaS'x y la Tn3 resolvasa, e presxén del antlgeno flagelar en

Salmonella (Hm mverlasa) y expresnon‘de los: genes ue codxf’can para la cola del fag,o lVIu

(Gin invertasa).

Invertasas.

La mversxon yde un ﬁagmemo de DNA es el result do de la \ecombmac on entre dos

ec mbxnasa En )

:ccuencxas xnvertxdas de. DNA que borde n ese fr a
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al. 1984). Cin controla la expresion de los genes que codifican para la cola del bacteriéfago

P1 (Kamp er al. 1984).
Resolvasas.”

Los requerimiéntos para los sistemas de resolucién “‘in vitro” son sxmples. una

resolvasa, un comtegmdo de " DNA superenrollado negativamente como substrato'y un .

buffer snmple Los smos de accién de las resolvasas (smos re.s) deben estar obr misma.

rccombmar y formar p SIy

puede compensar la'form'xcnén d multxmeros y por lo tanto el ntiimero de unidades
scgregantes (plasmldos) fe_cta‘la segregacxon de plasmidos de alto y bajo

nimero de copias. En el caso de pliasmidos de copia tnica la formacién de un dimero hace
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imposible su particiéon. Para corregir este problema, las resolvasas rdpidamente resuelven

cualquier forma multimérica a monémeros. lo cual permxtc llevar a cabo el proceso de

particién de manera exitosa (Austin 1981) R R L i

4. Pliasmidos de Rhizobiumn.

(DOORb) de A/Iesorln obtum lo i (Sulllvan y Ronson, 1998)
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En cuanto a-la replicacién -y parucxon se reﬁere, se ha determinado que los
replicadores:.: tipo repABC estan amplmmente dlstnbuxdos entre - las ‘Rhizobiaceas
(I\Ixshlguchl et al "‘1987 Tabata et al 1989 Turner y Young 1993‘"Fre1ber 'et a1_ 1997

de un repllcén I pABC dexnuestrakque estos plasmxdos abarcan mas de un grupo de
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incompatibilidad y los andlisis filogenéticos de las regiones de replicacién/particion de
estos replicones repARBC indican que estos plasmidos se adquieren comiinmente por

transferencia lateral (Cevallos er al. 2002).
5. Modelo de cstudio: el pliismido simbiético de Rlhiizobiwm etli cepa CFN42.

L.a cepa tipo de Rhizobhium erli (CFN42) contiene 6 plasmidos (p42a a p42f), cuyvo
tamaiio varia de 180 a 600 kb. Uno de ellos, el p42d, es el plasmido simbidtico. Ademas de
las funciones de nodulacién y ﬁjacic’m de nitrégeno asociadas al p42d, estudios con |6< .

otros plasmldos han revelado que el. p4’7a es un plasmldo '1uto—transmxsxble dlspensablu.‘

(Cevallos et al. 007)

1997). Otro ipo, de fearreglo que se observ: en el”plésmldo p4’7d es su cointegracidon con

otros repllcones, lo. cual rcsulta de'la’ recomblnac:on homologa entre las secuencias

repetidas: que comparten, e_]emplo de esto s 1 coxntegrado entre el p42d y el p42b (Brom

eral. 1991), y el cointegrado del p4'7d con el p4”a, lo cual es necesario para la movilizacién
del p42d (Brom er al.2000). "
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La regién de replicacidn/particién del p42d esta identificada 'y caracterizada

(Ramxrez-Romero et al. 1997) Para ello se utlhzo una coleccxon ordenada de cosmldos de

este plasmxdo (construlda en un vector mcapaz de repllcar en Rhuoblum) (Glrard er. al' )
iene el por. lo'cual."

descrno _resultados btemdos xnvolucran la part:mpacxon de recomblnacxén sn.xo-

;specnﬁca en un novedoso mecamsmo de 111compat1b111dad
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A site-specific recombinase (RinQ) is required to exert
incompatibility towards the symbiotic plasmid of

Rhizobium etli

Verénica Quintero, Miguel A. Cevallos and
Guillermo Davila*

Programa de Evolucion Molecular, Centro de
Investigacion sobre Fifacion de Nitrégeno, Universidad
Nacional Autdnoma de México, C.P 62210, Cuernavaca,
Morelos, México.

Summary

The replication/partition region of the symblotic plas-
mid p42d ot Rhizobium etif CE3 is characterized by
the presence of the repABC opercon. A recombinant
plasmid containing this region is able to replicate In
a R. etli derivative cured from pd2d, with the same
stability and copy number shown by the parental plas-
mld. However, when this construct is introduced into
the wild-type strain, instead of exerting incompatibi-
lity against the p42d, it forms a stable cointegrate
with it. In this paper, we show that a site-specitic
resolvase, and its action sites are essential factors to
displace the symbiotic p42d. We propose a model for
this novel Incompatibility mechanism.

Introduction

Rhizobium etli CFN42 is a soil bacterium with the ability
to induce nitrogen-fixing nodules on the roots of bean
plants. This strain contains six large plasmids of low copy
number. One of them, p42d is the symbiotic plasmid
harbouring most of the genes required to establish a
symbiotic interaction with bean. Previously, with the aim
to identify and characterize the replication/partition (rep/
par) region of p42d, an ordered cosmid collection (Girard
et al., 1991) of this plasmid, constructed in a vector unable
to replicate in Rhizobiurn, was introduced into a strain
lacking p42d. Only one clone, ¢GD47, was able to repli-
cate in Rhizobium. A 5.6 kb Hindill fragment of ¢cGD47
encodes all the elements required for stable replication in
Rhizobium. DNA sequence analysis of the 5.6 kb Hindlll
fragment established that p42d belongs to the repABC
plasmid family (Ramirez-Romero et al.,, 1997). The pres-

Accepted 5 August, 2002. *For correspondance. E-mail davila@
citn.unam,mx; Tel. (+52) 777 313 38 81; Fax (+52) 777 317 55 81,

@ 2002 Blackwell Publishing Ltd

ence of repABC plasmids among members of the Rhizo-
biaceae is very common as shown by hybridization
studies (Rigottier-Gois et al., 1998). Moreover, all plas-
mids reported in the recently published sequences of the
genomes of Mesorhizobium loti MAFF303099, Sinorhi-
Zobium meliloti 1021 and Agrob. furn  tumefaciens
C58 are members of the repABC family, In all of these
strains, at least two repABC replicons coexist, indicating
that repABC replicons encompass several incompatibility
groups (Rigottier-Gois et al., 1998; Kaneko et al., 2000;
Galibert et al., 2001).

The repABC replicators are not exclusive to the Rhizo-
biaceae as they have also been isolated from one strain
of Paracoccus versutus (Bartosik et al., 1998).

The repABC plasmids are characterized by the pres-
ence of the repA, repB and repC genes organized in an
operon. The RepA and RepB proteins are involved in
plasmid segregation and copy number control (Ramirez-
Romero et al.,, 2000; Bartosik et al.,, 2001). Furthermore,
RepA is a transcriptional repressor of its own operon
(Ramirez-Romero et al, 2001). The RepC protein is
essential for replication and most probably is the initia-
tion protein (Tabata etal., 1989; Bartosik et al, 1998:
Ramirez-Romero et al.,, 2000).

When introduced into wild-type (wt) strain CFN42,
cosmid cGD47 displaces p42d, demonstrating that
they are incompatible. When recombinant plasmids of
pSUP202 (a transferable vector unable to replicate in
Rhizobium) containing either the 5.6 kb Hindlll (pi43) or
the 14 kb BamH! (pB79) fragments from ¢GD47 {both
stable replicons in R. etl), are independently introduced
into the wt strain, instead of displacing p42d, each forms
a stable cointegrate with the sym plasmid. However, plas-
mids pH3 and pB79 exert incompatibility against p42d
when tested in a recA derivative of A. etli CE3 (Ramirez-
Romero et al., 1997).

The 5.6kb Hindlil fragment contains two cis-
incompatibility sites, one located in the intergenic
sequence between repB and repC (inca) and the other
located immediately downstream of repC (incB). and
one trans-acting incompatibility factor, RepA. Each of
these elements can exert incompatibility against p42d
{Ramfrez-Romero et al, 2000).

These results suggest that besides RecA, and the

TESIS CON
FALLA DE CRIGEN

30




1024 V. Quintero, M. A. Cevallos and G. Ddvila

incompatibility - determinants of the replicator region, a
genetic, locus contained . in cGD47, but absent from
pB79 and pH3, suppresses the cointegrate formation and
promotes the ‘expression’ of incompatibility properties
against p42d in the wt genetic background. In this paper,
we show that this locus contains a site-specific resolvase
and its target site and propose a model to explain the
participation of these elements in incompatibility.

- Results

Identification of the minimal region required to exert
incompatibility in a wt background

When e¢GD47 (Fig. 1) is introduced into the wt or a recA
strain of A. etli it displaces p42d and remains as an
independent replicon. The insert of this cosmid consists
of 11 BamHl fragmants with a total length of 37.6 kb. A
recombinant plasmid (pB79) containing one of these frag-
ments (B79) is stably maintained in a strain lacking p42d.
However, the capacity of pB79 to exert incompatibility
against p42d only occurs in a recA background (Ramirez-
Romero et al, 1997). The introduction of pB79 into a wt
strain results in the cointegration of the incoming pltasmid
with p42d.

These results indicate that the locus that suppresses
cointegrate formation and allows incompatibility in a wt
background resides in cGD47 outside of B79. To map this
locus, a collection of 13 derivatives ot cGD47 lacking, at
random, one or more BarmH! fragments, but retaining
B79, were constructed, introduced into a wt A. etli strain,
and the plasmid profiles of the transconjugants analysed.
pL78-79, which contains two contiguous BamHl| frag-
ments, B78 (2.8 kb) and B79, is the smallest construct
that still exerts incompatibility against p42d.

Earlier, we showed that pH3 carrying a 5.6 kb Hirndlill
insert, also present in B79, contains the minimal DNA
region capable of replicating in a A. etli p42d-cured deriv-
ative (Ramlrez-Romero et al., 1997). ~

As the trans and cis incompatibility determinants are
shared by pH3 and pB79 (Ramirez-Romero et al,, 2000),
fragment B78 was introduced in both orientations into the
BamH| site of pH3, to generate constructs pH3-B78 and
pH3-B78-1. The former construct retains 878 in the
same orientation in respect to the repABC operon as it is
in ¢GD47, whereas pH3-B78-1 contains B78 fragment
inversely oriented. Both constructs were introduced into a
wt A. etli strain and the plasmid profiles of the transcon-
jugants were analysed. In all pH3-B78 transconjugants,
p42d was absent. However, only one out of 12 transcon-
jugants lost p42d when pH3-B78-I was used, whereas the
rest formed cointegrates with the sym plasmid (Fig. 1).
These results suggest that the displacement of p42d in a
wt background depends on the orientation of B78 with
respect to the repABC operon.

DNA sequence of lragments 878 and B79

The double-stranded DNA sequence of fragments B78
and B79 was determined. Besides the repABC genes, the
sequence analysis showed the presence of 11 open read-
ing frames (ORFs), two of them located in fragment B78
and eight in fragment B79. One ORF encoding a site-
specific recombinase of the resolvase/invertase (v5)
family, hereafter referred as rinQ, was found between frag-
ments B78 and B79 (see Fig. 1). This type of site-specific
recombinase can be found as part of the plasmid multimer
resolution system, as in the case of P1 (Austin et al.
1981; Eber! ot al., 1994). Commonly the cis-acting target
sites of a site-specific recombinase overlap with or are
adjacent to the 5’-end of its own gene (i.e. Grindley et al.,
1982; Garnier et al, 1987; Eberl etal, 1994; Komano,
1999). The activity of rinQ depends on the relative orien-
tation of their target sites (ris). All resolvases described
have an absolute requirement for the presence of two
such sites, as direct repeats, located in the same DNA
strand. In contrast, invertases also need two target sites
in the same DNA strand, but as inverted repeats (Thorpe
and Smith, 1998; Smith and Thorpe, 2002). This attribute
supports the proposition that rinQ is a resolvase, and that
its target site is the locus that participates in the incom-
patibility towards p42d.

The 5%-end of rinQ gene is essential for incompatibility
with p42d in a wt background

To define the element(s) of fragment B78 required for
incompatibility with p42d in a wt background, polymerase
chain reaction (PCR) products of ditferent lengths, con-
taining the regions around the start codon of rinQ, were
cloned in the 8amHl site of pH3 in both orientations, The
constructs were then introduced into a wt R, et/ strain and
their ability to displace p42d was evaluated by analysing
the plasmid profiles of the transconjugants. A summary of
the results is found in Fig. 1.

The 317 bp insert of pH3-F317 contains 133 bp down-
stream and 184 bp upstream of the start codon of rinQ,
in the same orientation with respect to the repABC operon
as found in the origina! cosmid. This construct expels p42d
{Fig. 2A). whereas its counterpart, pH3-F317-|, displaced
p42d only in two out of 10 strains analysed. In the remain-
ing eight strains, a pH3-F317-i::p42d cointegrate was
formed (Fig. 2B). Derivatives of pH3 containing smaller
versions of the 317 bp insert never or rarely displaced the
plasmid, irrespective of their orientation (see Fig. 1).

These results indicate that the locus in fragment B78
that participates in the displacement of p42d in a wt back-
ground is located within the insert of construct pH3-F317
and its activity is orientation dependent. This insert does
not encode a protein, suggesting that the presence of a

© 2002 Blackwell Publishing Ltd, AMolecuiar Microbiology, 46, 1023-1032
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Fig. 1. Incompatibility properties of pSUP202 derivatives containing diterent fragments trom cosmid cGD47,

A. The upper grey bar is a BamHl (8) map of the cosmid ¢cGD47, on which the positions of fragments B78 and B79 are indicated. The black
arrows show the position of the rep/par region lying between two Hindlll sites (H) and the white arrow indicates the position of rinQ gene.

B. Shaws the plasmid insarts of pL78-79 and pB79, indicating the position and orientation ot the rinQ gane, and of the repABC operon.

C. Plasmid pH3-B78 and constructs shown below are derivatives of plasmid pH3a. The thin line interconnecting the rectangles and the black
arrows reprasents the sequence of pSUP202. Gray and white gl rep "t of cGD47 or of tha rinQ gena respectively. The
start codon of rinQ and its relative orientation in the constructs are indicated. The left columns, list the plasmid names and their incompatibility
behaviour against p42d, Fractions are the proportion of transconjugants that lost p42d. The ‘I' symbol at the end of the construct namae indicates
that the insert is inverted in regard to the original oriantation present in p42d. The ‘+’ symbol indicates that tha construct was capable of displacing
p42d, and the ‘~' symbol indicates a lack of or a reduction in the ability to displace p42d.

Q-Km Iinterposon was introduced into the rinQ gene
located in pd42d of R. etli, to generate strain VQH 01, The
introduction of pH3-F317 into VQHO1 did not cause the
displacement of p42d.

cis-acting site is required for incompatibility towards p42d
in a wt background.

RinQ is essential for exerting incompatibility against p42d

The insert of pH3-F317 carries the putative cis-acting site
for the recombinase mentioned above (Komano, 1999;
Minakhina et al., 1999). We propose that this c¢is-acting
site participates in  the incompatibility towards p42d
through the action of RinQ. To test this hypothesis, an

© 2002 B Il P g Ltd, Mol lar Mic

46, 1023-1032

On the other hand, the introduction of pL78-79, contain-
ing the rep/par region, rinQ and its cis-action site into VQH
01, provoked the loss of p42d. These results demonstrate
that the recombinase is essential to exert incompatibility
against the symbiotic plasmid. For these reasons, rinQ
was name for resolvase related to jncompatibility.

(9]
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Flg. 2. Plasmid pattarn of Rhizobium etli
transconjugants selected for transfer of pH3-

v ew e e A v

Plasmid retention tests showed that p42d carrying the
rin@::Q-Km insertion was as stable a. the wt p42d, indi-
cating that RinQ does not play an essential role in plasmid
maintenance.

Topological requirerments for exerting incompatibility
against pa2d

Plasmids pH3-F317 and pH3-F317-1 have two regions
homologous to p42d; one corresponds to the rep/par
region (the 5.6 Hindlll fragment) and the other to the
317 bp containing the 5’-segment of the recombinase
gene. The relative orientation of the rep/par region and
the 317 bp insertin plasmid pH3-F317 is the same as that
found in p42d (see Fig. 3A). A single crossover between
p42d and pH3-F317 in either of the two homologous
regions results in the duplication of the rep/par region, and
the ris site; in this cointegrated plasmid one of the rep/par
regions is bordered by the two ris sites as direct repeats
{see Fig.3A). In contrast, the orientation ot the ris insert
in pH3-F317-1 is the opposite of that found in pa2d. A
single crossover between p42d and pH3-F317-1 within
their rep/par regions will duplicate those regions and the
ris site, with one of the rep/par regions surrounded by two
ris sites but in inverse orientation. However, if the cross-
over occurs within the ris sites, the resultant molecule will

Table 1, T of hybrid pl and coir

,wm————

F317 and pH3-F317-l. Panels | show the ethid-
ium bromide-stained Wheatcrott gels. Panets t
show the hybridization of the plasmid protiles
with pSUP202. Strains: lanes 1, CE3 (w1);lanes
2-8, transconjugants containing pH3-F317 (A).
lanes 2—11, transconjugants containing pH3-
F317-1 {B). Arrows indicate the position of: tha
symbiotic plasmid ‘p42d’, the incoming plasmd
‘P’, and the cointegratad plasmid 'C'.

o —

have two rep/par regicns with one of them bordered by
two ris sites as direct repeats (see Fig. 3B). Cointegrated
plasmids with one of the rep/par duplications flanked by
two ris sites in direct repeat could generate, by the action
of RinQ, a new circular i ule with autoreplicative proo-
erties. The RinQ recombinase will not resolve any recom-
bination events from a rep/par region circumscribed by
two inverted ris sites, and a stable cointegrate will be
obtained.

To determine the relative orientation of the participating
elements of p42d, pH3-F317 and pH3-F317-| in the coin-
tegrated plasmids, A. et/i transconjugants were evaluated
by eight diflerent PCR reactions. The forward and reverse
primears for these PCRs were specifically designed to
deteact: (i) the rep/par region of p42d or of the incoming
plasmid, primers 3/2 and 7°/6° respectively (see Fig. 3);
(ii) the ris sites of p42d or the ris sites of the constructs,
primers 9/8 and 5°/4° respectively; (iii) the rep/par hybrid
regions with primers 7*/2 and 3/6* (see Fig. 3A, structures
c and d); and (iv) the ris hybrid sites with primers 1/4* and
5°/8. The results of these experiments are summarized in
Table 1.

The loss of p42d provoked by the introduction of pH3-
F317 in seven A. etli tranconjugants analysed was con-
firmed by plasmid profile analysis, and hybridization (see
Fig. 2) of those profiles with pSUP202, which is the

red by PCH assays.

Proportion of PCR proctucts

Primers (forward/reverse) Amplitied product A Be ce
a8 ris sites of pa2d /7 a/8 o2
a2 rep/par region of p42d o7 8/8 o/2
5°/4* ris sites of pH3-F317 217 asms 2/2
7°/6* rep/par region of pH3-F317 27 8/8 2r2
1/4° ris hybrid region ¢ 717 o/8 or2
72 rap/par hybrid region ¢ Y i1d 8/8 orz2
5°/8 ris hybrid region o (<774 o/8 o2
a6 rep/par hybrid region o or7 as8 o2

a. Proportion ot PCR products obtained when DNA of pH3-F317 transconjugants, which were able to displace the p42d (INC+), were used as

templates.

b. Proportion of PCR products obtained when DNA ot pH3-F317-1 transconjugants, containing a ceintegrate pa2d::pH3-F317-1 (INC-), were used

as templates.

<. Proportion of PCR products obtained whon DNA of pH3-F317-) transconjugants (INC+), were used as templates.
The positions of forward/revarse primers, the size of each amplified product and the ¢ and d hybrid regions are indicated in Fig. 3.

© 2002 Blackwell Publishing Ltd, Molecular Microbiology, 46, 1023-1032
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Fig. 3, Structuras of the
A. Structures of the r inatio
inter i it the
Structure of the ination inter it the
via RinQ.

and thair rasolution products generated batween p42d and an incoming plasmid.

nter i b 1 p42d and pH3-F317 and their resolution products. (1) Structure of the recombination
occurs within the ris sitos; ‘a’ and '8’ show tha resolution products if this intermediate is resolved via RinQ. (I1)
i occurs within the rep/par regions; ‘c’ and ‘'d are the i

Y praducts it

B. Structures of the recombination intermadiates between p42d and pH3-F317-1 and their rasolution products. (111) Structure ot the recombination
inter i it the cr occurs within the ris sites; ‘e’ and ‘7’ show the resolution products it this intermadiate is resolved via RinQ. (IV)
Structura of the recombination intarmediate when the crossover occurs within the rep/par regions. Black arrows show the rep/par region and the
ris site of p42d. White arrows represent the rep/par region and the ris site of the incoming plasmid. Black and white hybrid arrows show the
ined regions Y the incoming and resident plasmids. Numbars are specific primers for p42d (the resident plasmid). Numbers with
an asturisk are specific primers for the incoming plasmid. Numbers in italics indicate the size of the expectod PCR products. Tha black circla

indicates the position of the chloramphenicol rasistant gene.

plasmid core of pH3-F317. A new small plasmid was
present in all plasmid profiles of these strains. In these
tranconjugants, PCR products always Jfetected the pres-
ence of hybrid regions at ris, and at rep/par (structure ‘c’
of Fig. 3A). In contrast, PCR products indicative of hybrid
regions of structure ‘d’, Fig.3A, were not found. Less
abundant PCR products representing ris and rep/par
regions of plasmid pH3-F317 were also present. These
results (Table 1, column A) demonstrate that the incoming
plasmid recombined through the rep/par region and the
cointegrate was rasolved using the ris sites generating a
new replicon (structure ‘c’ of Fig. 3A). As p42d was dis-
placed because the antibiotic resistant marker of the
incoming plasmid was selected, PCR products indicative
of structure 'd' on Fig. 3A, were not found.

The plasmid profiles of 10 R. etli pH3-F317-| transcon-
jugants were analysed. In eight, a p42d::pH3-F317-1 coin-
tegrate was detected and confirmed by hybridization with
pSUPZ202. In the remaining two strains, the loss of p42d

© 2002 Bfackwell Publishing Ltd, Molecular Microbiology, 46, 1023-1032

and the presence of a new small plasmid were demon-
strated by analysing their plasmid profiles. The PCR anal-
yses performed with these strains are shown in Table 1,
columns B and C. PCR products representing the hybrid
ris regions were not obtained. However, PCR products
characteristic ot rep/par hybrid regions were always
detected as well as products indicative of the ris and rep/
par wt regions of p42d and pH3-F317-1. These results
indicate that the cointegration events and their resoclution
occurred between the rep/par regions.

In the two R. etl/i pH3-F317-1 transconjugants in which
p42d was displaced, only the PCR products characteristic
of the presence of ris and rep/par regions of plasmid pH3-
F317-1 were obtained (Table 1, column C). in these two
strains, the PCR products were indicative of the presence
of the incoming plasmid in unmodified form. These results
are consistent with the idea that the incoming plasmid
seldom recombines through the ris region in a RecA-
dependent manner and RIinQ resolves this cointegrate.
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B ris 9 2 gepipar 7% 4% ris5* 6 =rep/par3

297 pts 5747 pb S59pb  S848pb

Inverntase
————
-_—

¥ rig 4% 7*replpw 9 ris 5°6° ep/par 3

451 pb 5747 pb 495 pb 5848 pb

Fig. 4. RinQ invertase activity assay. Structures of tha p42d::pH3-F317-I cointagrate before and after the inversion event if RinQ had invertase
activity. Black arrows show the rep/par region and the ris site of pa2d (the resident plasmid). White arrows vepresanl lhe replpar region and the

ris site of the incoming plasm-d Black and white hybrid arrows show the r

ed regions b 1 the ir

Numbers are specific primars ot p42d, Numbers with an asterisk are specific primers for the incoming plasmid, Numbers ln italics are the sizes
of the expected PCR products. The black circle indicates the position of the chloramphenicol resistance gene.

p42d was eliminated by incompatibility because the
incoming plasmid was selected.

RinQ recombinase is a resolvase with no detectable
invertase activity

The cointegration of pH3-F317-1 with p42d creates a dupli-
cation of the rep/par region, in which two inversely ori-
ented ris sites border one of the rep/par copies (Fig. 4). It
the RinQ recombinase had an invertase activity, it would
catalyse the flipping of the region contained between the
ris sites. To test for such inversions, PCR products using
primers 4°/8 and 9/5° were assessed using DNA from R.
etlicontaining a p42d::pH3-F317! cointegrate as template
(Fig. 4). No such PCR products were detected, strongly
suggesting that RinQ is a resolvase with no detectable
invertase activity.

Discussion

Incompatibility is an intrinsic property of plasmids and has
been defined as the inability of two plasmids to stably
coexist in the same cell in the absence of external selec-
tion (Novick etal, 1976). Two mechanisms to explain
incompatibility have been proposed: first, the sharing of
one or more elements of the replication and partition
systems, and second, the interference with the ability
of the plasmid to correct stochastic fluctuations in its
copy number (Novick, 1987). !ncompatibility has been
observed between plasmids of the Rhizobiaceae family

(Beynon et al.,, 1980; Brewin et al, 1980; O'Connell et al.,
1984; Rosenberg and Huguet, 1984; Hooykaas et? al.,
1985; Hynas ot al.,, 1985; O'Connell et al., 1987). Never-
theless, cointegrate formation between incompatible
plasmids of the Rhizobiaceae family has been frequently
reported (Brewin etal, 1980; Hooykaas etal, 1980;
Johnston etal, 1982; Ramirez-Romero et al, 1997).
Interestingly, these caintegrates are stable.

A recombinant plasmid containing the rep/par region ot
p42d displaces the symbiotic plasmid in an R. etl/i recA
background. But, if it is introduced into a wt strain, it forms
a stable cointegrate. In this paper, we have shown that the
ability of an incoming plasmid to displace the p42d in a
wt background depends on two factors: The presence of
a rep/par ragion of the same incompatibility group as that
of the resident plasmid, and the presence of a site-specific
recombinase (resolvase), RinQ, and its action sites (ris).
The absence of one of these elements suppresses the
ability of an incoming plasmid to displace the .p42d in a
wt background. It is important to point out that in the
absence of an active RecA-dependent recombination sys-
tem the only elements that play a role in the displacement
of the symbiotic ptasmid are the cis and trans incompati-
bility determinants located in the rep/par region. A model
that combines these elements is outlined in Fig. 5.

We propose that the introctuction of a plasmid of the
same incompatibility group as p42d into R. etli will lead to
the formation of a cointegrate between the incoming plas-
mid and the resident plasmid (p42d) by the general homoi-
ogous recombination system (RecA-dependent). If the

Fig. 5. Participation of RecA and RinQ in
incompatibility against the p42d. The introduc-
tion of a plasmid (pH3-F317) containing homol-

\ ogous regions and incompatible with p42d into
- A. eli drives the formation of a cointagrate
1 the ir ing and the resi t plas-

mids through a RecA-dependent recombination
. Evary event of cointegration between

lhase plasmlds will lead to the duplication of the
rep/par region, with one of them bordered by
two ris sites as direct repeats. RinQ resolvas
this cointegrate acting at ris sites genarating
two new hybrid circular molacules with autorep-
licativa properties. In the absence of selective
pressure, incompatibility causes the segrega-
tion of each of these plasmids into dittarent
cells,

© 2002 Blackwell Publishing Ltd, AMolecular Microbiology, 46, 1023—1032
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orientation between the rep/par region and the cis-acting
site for the resolvase in the incoming plasmid are the
same as that found in the resident plasmid, every event
of cointegration between thaese plasmids will induce the
duplication of the rep/par region. If two resolvase cis-
acting sites, in direct repeats, surround one of these rep/
par regions, the action of the resolvase will excise an
autoreplicative circular molecule.

Inside the cell, the new circular molecule and the resi-
dent plasmid will be found in two forms: as independent
replicuns which, in the absence of selective prassure, will
drive the segregation of each of the two plasmid types into
different cells or, in the form of a bireplicon, if the homol-
ogous recombination system cointegrates the new plas-
mid with the resident p42d. The role of the resolvase is to
displace the equilibrium between these two forms, favour-
ing the former, and in this way promoting the displacement
of one of the plasmids.

The rinQ gene shares a high degree of identity with the
site-specific recombinases (see Supplementary material)
of the invertase/resolvase family (y& family). The con-
served region includes the catalytic serine residue
involved in the formation of the phosphodiester bond with
the 5-end of the recombining DNA strand (Reed and
Moser, 1984; Hatfull and Grindley, 1986; Smith and
Thorpe, 2002).

As observed in all resolvases, RinQ acts only if the ris
sites are directly oriented (Smith and Thorpe, 2002).
Inversely oriented ris sites do not yield the inversion of the
region between them, indicating that RinQ is a resolvase
and not an invertase.

The cis-acting sites of resolvases are longer than those
found for the invertases (between 100 and 160 bp), and
consist of one core site where actual crossover occurs,

genetic background it is easier to evaluate the role of
site specific recombinases in plasmid multimer resoluticn
(Gerlitz et al., 1990).

The presence of the rinQ gene is not confined to the
symbiotic plasmids of A. etli. Genes with a high degree cf
identity (ranging from 41% to 77%) can be found in other
repABC plasmids and in the same relative orientation with
respect to the repABC genes than that found in p42d.
Among these are, the octopine-type Ti plasmids pTiCS8,
and pTi-SAKURA of A. tumefaciens; pRi1724 of A.
rhizogenes, and the symbiotic plasmid of Rhizobium
sp. NGR234 (Freiberg et al, 1997; Suzuki etal, 2000:
Goodner et al., 2001; Moriguchi et al., 2001). This obser-
vation suggests that the phenomenon described here
is common to other repABC plasmids present in the
Rhizobiaceae.

Experimental procedures
Bacterial strains and growth conditions

Escherichia coli DH5a (Hanahan, 1983) and S17-1 {Simon
et al.,, 1983) ware grown at 37°C in Luria~Bertani (LB)
medium. R. et/i CE3 and derivatives were grown at 30°C in
PY medium (Noel etal, 1984). When needed antibiotics
wera added at the following concentrations (in microgrammes
tre): nalidixic acid, 20; kanamycin, 30; chlorampheni-
ampicillin and spectinomycin, 100.

Bacterial matings

Derivatives of cGD47 and pH3 were introduced into Rhizo-
bium using Escherichia coli $17-1 as the donor strain. Strains
were grown in the proper liquid medium to stationary phase,
mixed in a donor:racipient ratio of 1:2 on PY plates, and
incub d at 30°C overnight. Cells were resuspended in tresh

and two accessory sites usually required for synap ne
complex formation and the transactivation ot strand
exchange. The experiments shown here indicate that
RiInQ resolvase requires for its activity a cis-acting site
(ris) ot 317 bp (Fig. 1), which is consistent with its
resolvase role.

Site-specific recombination has been implicated in the
maintenance of low copy-number plasmids including P1
(Austin et al., 1981) and RP4 (Gerlitz et al., 1990), as well
as multicopy plasmids like CloDF13 (Hakkaart et al.,
1984) and ColE1 (Summers and Sherratt, 1984). How-
avar, insertion mutations in the rinQ gene of pd42d did not
affect its stability (data not shown), suggesting that the
resolvase is not essential for resolution of multimers. Sim-
ilarly, in RP4 dimer resolution by itself is not sufficient for
stabilization (Gerlitz et al,, 1990).

It is not always is possible to find detectable amounts
of plasmid multimers in DNA preparations from recA and
wt strains. Larger amounts of plasmid dimers can be iso-
lated from recBC derivative strains, indicating that in this

© 2002 Blackwell Publishing Ltd, Molecular Microbiology, 46, 1023-1032

PY medium, and serial dilutions were plated on the appropri-
ate selective medium.

Plasmid profiles and hybridization

Profiles of high-molecular-weight plasmids were obtained by
the in-gel lysis procedure described by Wheatcroft et al.
(1990). Gels were transtferrod onto Hybond N+ membranes
{Amersham) using the manufacturers protocol and cross-
linked using a UV crosslinker unit (Stratagene). Hybridiza-
tions wera performod overnight using o®2P-dCTP-labelled
probes (Megaprime kit; Amersham) under high-stringency
conditions (65°C in rapid-Hyb buifer, Amersham). Hybridiza-
tion signals were detected on X-OMAT-K films (Kodak) in the
presence of intensifying screens.

DNA isolation and manipulation

Genomic and plasmid DNA were isolated as described by
Sambrook et al. (1989). Samples of DNA were restricted and
ligated under the conditions specified by the manufacturer
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(Amershérn). Taq polyme}ase (Gibeo BRL) was used for poly-
~merase chain reaction (PCR).! PCR products were cloned
~ using a pMOS 8lue blunt-ended cloning kit (Amersham).

Plasmid construction

To' identily the elements required to exert incompatibility
against p42d in a wt background, a collaection of subclones,
PCR products and deletion derivatives of cosmid c¢cGD47
waere created. One collection was introduced into the SamH|
site of plasmid pH3, a mobilizable vector able to replicate in
Rhizobium (Ramirez-Romero et al, 1997). All members of
this collection were named with the prafix pH3- followed by
the namae of the insert.

Delation derivatives of cosmid cGD47 were obtained by
partially restricting the DNA of cGD47 with BamHIl. The
restriction products were re-ligated and transformed into E,
coli cells using kanamycin for selection. The BamH! restric-
tion patterns of the transformants were analysed. In total, 13
clonas containing diffarent combinations of fragment B79 and
the other 10 BamH| restriction fragments of the cGD47 insert
waeare selected, introduced into A. etli CE3 and their ability to
displace p42d was determined.

Mutageneasis of the rinQ gene

A PCR product of 1.89 kb containing the BamH| site located
between tragments B78 and B79 was cloned into pWS233,
a gene replacement voctor containing sacR8 (Selbitschka
et al., 1993). An Q-Km interposon was introduced into the
BamH! site between B78 and B79, thus interrupting the
resolvase gene (rinQ). The rosulting construct was mated
into A. etli CE3, and double marker-exchange events were
selected on PY plates containing nalidixic acid, kanamycin
and sucrose (15%). The genotypes of the racombinant
strains were confirmed by Southern hybridization analysis.

DNA sequencing

A shotgun DNA library of cosmid c¢GD47 with insert sizes
from 1 to 2 kb was constructed using M13 phage as vector.
The sequence of clones was obtained using a BigDye
terminator Cycle sequencing Ready Reaction Kit and a
373-A DNA Sequencing System (Applied Biosystems). Con-
tigs were assembled using the CONSED program {Gordon
er al., 1998). Most of the sequence of cosmid cGD47 was
obtained from the random clones, but the double-strand DNA
saquence of fragments B78 and B79 was completed by
primer walking using custom-mada primers (GenBank acces-
sion no. U80928).

Bioinformatics

Open reading frames (ORFs) were identitied using GLIMMER
2.02 (Salzberg et al.,, 1998). Nucleotide and deduced amino
acid sequences were compared with those deposited in the
GenBank non-redundant database using the BLAST 2.1 algo-
rithm at the National Center for Biotechnology Information
(http://www.nebi.nim.nih.gov/blast/) (Altschul et al., 1997).

Determination of the structure of hybrid plasmids
and cointegrates

To determine if a construct displaced p42d or formed cointe-
grates with it, the Wheatcroft gels of at least four transconju-
gants of each cross were blotted and hybridized with a
2p.jabelled pSUP202 DNA probe.

Geanomic DNAs of the transconjugants were used as sub-
strate in eight test PCR reactions. Four primers complemen-
tary to pSUP202 wero dosigned and their number marked
with an asterisk. Two of them (4* and 57) flank the BamHI
site of pSUP202, and the other two (6° and 7°) border the
Hindlll site. Five primers were designed complementary to
pa2d. The exact position of these primers is identified accord-
ing to the reported sequence of this region (where base one
is the first nt of the BamHI site of B78): reverse primer 1,
3881-3898; forward primer 2, 7106-7123; reverse primer 3,
12857—-12874; forward primer 8, 2564—-2580; reverse primer
9, 2927-2952 (see Fig. 3). PCR products weare resolved by
electrophoresis in agarose gels and stained with ethidium
bromide (see Supplementary material).

Detection of invertase activity

To detect it RINQ possess invertase activity reflected as the
flipping of the DNA region located between two inverted ris
sites, the DNA of transconjugants containing the cointegrate
P42d:pH3-F317-1 were utilized as template for two PCR
reactions designed to detected this movements. The first
PCR utilized primers 4° and 8 (positions mentioned above);
the second reaction, primers 5° and 9 (see Fig. 4).
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RESULTADOS ADICIONALES

Los resultados descrltos en ‘el articulo demuestran que la resolvasa sitio-especifica RinQ y
sus SlllOS de accxon presentes en el pldsmido simbiético de R. et/i, se requieren para la~

resoluc:lon de comtegrado formados con el p42d y para permitir la erresxon de un

verdadero fenotlpo de compatxbllxdad En esta seccidén se describen. los. e\penmentos

realmados par'l ‘déterminar el papel de la resolvasa RinQ en la establlldad del plasmxdo
47d a51 como tam '1nalxsxs para explorar la presencm de este upo de resolvasas en

BC..

otros plasmido tpo

1. "El p:lpél ;lc'ln'Rcs‘ol\':l a Rancnln estabilidad del p42d.

‘se.m ncxono en la mtroduccxon muchas de las reso]vasas smo especﬂnca>




resolvasa RinQ, resistente a Nal y a Kin, y la cepa VQHO?2, derivada de la cepa CFNX192,
que tiene un interposén QL espéctinomicina insertado en ¢l gen que codifica para la

resolvasa RmQ con resxslencxa a’ Nal ya espectmomncnm (Sp) Esta uluma cepa fuc

celulas s dxluyeron n medlo fresco sin seleccwn hasta obtener una den51dad Sptica de
0. 001 a 6'70 nm Despues se cultxvaron por2,5,12,18. y 25 generacmnes (el tlempo entre

gencracnones es aprO\lmadarnente de 2.5 hrs.). En estos nempos se tomaron muestras, a I'ls'

cuales se:-les hicieron d11uc1ones seriadas y se platearon en mcdxo séhdo sin;; seleccxon.

cada cepa al término de las 25 generaciones. Los result'\dos obtemdos 1nd1can que la

resolvasa RinQ no tiene un papel esencial en la estabilidad del plasmxdo, >las posibles
explicaciones de estos resultados se presentan en la seccién de discusién y las estrategias

alternativas para evaluar la estabilidad del p42d, en la seccidon de perspectivas.
2. Presencia de Recombinasas homélogas a RinQ ¢n otros replicadores tipo repABC.

Con la finalidad de conocer si resolvasas similares a RinQ, se encuentran presentes
en otros replicadores tipo repABC, y en qué orientacidn se encuentran con respecto a la
region replicadora, se realizé un andlisis utilizando el programa BLASTP (Altschul er «/.
1997). En este andlisis se comparé la secuencia en aminodcidos de la resolvasa RinQ contra
la base de datos no‘i'edixndhnfé (ni‘) del National Center for Biotechnology Information
(NCBI, llttp'//\V\V\\' ’ncb nlm ml gov/BLAST) Vv se encontré que genes con un alto grado
ng de 41% a 77%) con la resolvasa RinQ, se localizan en otros

de 1denudad (con ‘un
rcphcones txpo repABC ‘en la mlsma orientacién relativa con respecto a los genes repABC
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que se encuentran en el p42d. Entre los plasmldos que contlenen este tipo de recombinasas
estan: los plasmndos Ti upo octopma pTl SAI\URA y pT1C58 de Agrobacte/ f1em

lumefaczens el pla51n1do pR)l7”4 de Agro aclertun ’rhl::ogerz

“de Rhl:oblum sp. NGR.."

. y el plasmldo s:mbnouco
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Figura 7. Alineamiento de las secuencias de aminodcidos de RinQ, resolvasa del p42d de Rhizobium etli y las

recombinasas, pertenecientes a la famila de las resolvasas/invertasas, de los pliasmidos Ti tipo octopina:
pTi-SAKURA y pTiC58 de dgrobacterium tumefaciens; el plasmido pRil1724 de Agrobacterium rhi.
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DISCUSION

En la évolucio’n'de' las especies bacterianas, los plasmidos representan un factor muy

c pueden transferlr e intercambiar mformacufm genetlca dentro de las

1rnportante debxdo a

pob]acxones bacterxanas .
“*Sin embargo, para que la transferencia e mtercarnblo de materlal ‘genético mediada

por los plasmxdos sea ‘exitosa es necesario que dlchos plasmldos se mantengan establememcf.., )

‘lqrobaclerulm que adquleren plas‘ ndo

de ha-abmm ‘a las cuales se Ies 1ntrodu

kaI 2002), y ademds, se ha observado la

formacion de comtegra p]asmxdos mcompaubles (Brewin er al. 1980;

Hooykaas et al. 1980’mRam1rez-Romero et al. 1997) Sin embargo, hasta antes del presente
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trabajo, no se habian realiyado estudios: sobre el mecanismo por el cual los plasmidos

1ncompat1bles forman c01ntcgrados en lugar de desplazarse por 1ncompat1blhdad

Los resultados obtemdos en este traba_jo ncluyen la. caractenzacxon gendtica y

' funcxonal deI ge' “de una nueva P ‘o i codnﬁcada en el plasmldo
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correctamente a las células, hijas. Sin embargo, la inactivacién de RinQ debido a una

insercién mutacxonal en el gen, no tiene nmgun efecto en la estabilidad del plasmido p42d.

- Este hecho ha{sndo reporlado tamblén para otras’ resolvasas:(Gerhtz et al. 1990, Tolmasky,

En conjumo lo resultados obtemdos representan un avance en el conocimiento de

la biologia de plaémldo de las Rhizobiaceas y de las funciones de las resolvasas sitio-

especxficas.
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PERSPECTIVAS

Las perspecuvas de este trabajo son:
1) De]xmxtar el’sitio de accién de RinQ y determinar los subsitios que. lo componen.» i
2) Evaluar el papel de RinQ sobre la estabilidad del p42d en un fondo genetxco equxvaleme

a l'ecBC- : ’

_7) Determmar la” prescncn de otros sistemas de resoluclon en’ el

42d, que pudneran.eS;dr .

relacionados con su estabilidad.

4) E\lrapolar los estudios reahzados en este trabajo

»ph }cacxones, y c)

una reso]vasa nene ema_jas sobre otro npo de recombmasas 51 io- especlﬁcas debido a que

no reqmere factores accesonos como los que necesxtan ]as invertasas y ‘las integrasas
(Saucr. 1994, Iluang et al:1997; Yoon, 1998; Liu, 1998 Hochhut 1999 Choti, 2000).
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