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RESUMEN EN ESPANOL

B. abortus es un patégeno zoondtico intracelular-extracelular facultativo. Su
virulencia se relaciona con su capacidad para invadir y replicarse dentro de células
hospederas. Estudios previos con mutantes por transposicién en los genes bvrR y
bvrS que constituyen el sistema de dos componentes BvrR/BvrS, han demostrado
que estas cepas son atenuadas y que BvrR/BvrS regula mas de 100 genes
relevantes para la virulencia. Sin embargo, no se han reportado mutantes por
delecion para comparar fenotipos, y confirmar que la atenuacion observada se debe
directamente a la ausencia de BvrR/BvrS. No se conoce si BvrR/BvrS regula todos
esos genes de forma directa, pues algunos de ellos codifican factores de
transcripcion. Entre los pocos genes cuya expresion se ha demostrado que esta
regulada positivamente por BvrR/BvrS, destacan: omp25, que codifica para una
proteina de membrana externa conservada en Brucella con funciones estructurales
e inmunomoduladoras; y el circuito de virulencia BvrR-VjbR-VirB, que es necesario
para el transito intracelular, la replicacidon bacteriana, la salida de la célula
hospedera y la infeccion de nuevas células. Ademas, en Brucella, pocas regiones
promotoras han sido estudiadas. En esta tesis, construimos una cepa mutante de
B. abortus con una doble delecion en bvrR/bvrS y demostramos que presenta un
fenotipo atenuado similar al de las mutantes por transposicion, lo que contribuye a
validar el papel de BvrR/BvrS en la virulencia. También demostramos bvrR y bvrS
pertenecen a un operdn de 16 genes cuya organizacion transcripcional se encuentra
conservada solo en miembros del orden Rhizobiales capaces de transitar entre
ambientes extra e intracelulares, lo que respalda la importancia de este operdn para
la virulencia. Ademas, estudiamos el regulén de BvrR en condiciones que simulan
el ambiente intracelular e identificamos regiones gendmicas que se pueden unir a
BvrR y que estan asociadas a genes diana posiblemente regulados de forma directa
por BvrR y con funciones relevantes para la virulencia. Confirmamos unién directa
de BvrR corriente arriba los siguientes genes relacionados con la virulencia: omp25,
tamA, pckAy bvrR, lo que implica autoregulacion del operdn bvrR/bvrS. Reportamos
un sitio de unién a BvrR en el promotor del operdn virB, el cual también es regulado
por otros factores de transcripcidbn adicionales. Contrario a lo reportado en
Sinorhizobium meliloti con ortélogos de BvrR y del regulador transcripcional TetR2,
no encontramos interaccién directa entre BvrR y tetR2, el cual regula la expresion
de vjbR en B. abortus en conjunto con otros factores de transcripcion, incluyendo
BvrR, lo que podria indicar un evento evolutivo relacionado con virulencia, pues S.
meliloti es un endosimbionte. Ademas, caracterizamos la region reguladora de
omp25 como prototipo de regién regulada por BvrR y encontramos que presenta
tres sitios de union a BvrR y dos sitios de inicio de la transcripcion, lo que sugiere
una regulacién diferencial en respuesta a condiciones ambientales. En conclusion,
nuestros resultados contribuyen a comprender mejor la regulacion génica de la
virulencia a través de BvrR/BvrS en B. abortus.
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ABSTRACT

B. abortus is an intracellular extracellular zoonotic pathogen. Its virulence
depends on its ability to invade host cells and replicate within them. Previous studies
with two transposition mutants in the genes bvrR and bvrS, both encoding the Two-
Component System BvrR/BvrS, revealed attenuation of the mutant strains, and a
role of BvrR/BvrS in the regulation of more than 100 virulence-related genes.
However, deletion mutants have not been constructed to compare phenotypes, and
to confirm that the attenuation is a consequence of the lack of BvrR/BvrS. It is
unknown if all these target genes are directly regulated by BvrR/BvrS, because some
of them encode other transcriptional regulators. The gene omp25, is among the few
known positively regulated target genes. It encodes an outer membrane protein
conserved in Brucella and it has structural and immunomodulatory roles. Other
known target genes are vjbR and virB. The virulence circuit BvrR-VjbR-VirB is
necessary for intracellular trafficking, bacterial replication, cell egress and infection
of new cells. Moreover, in Brucella, few promoter regions have been studied. In this
work, we constructed a B. abortus mutant strain with a double deletion in the genes
bvrR and bvrS, which is attenuated like both transposition mutants, contributing to
establish the role of BvrR/BvrS in virulence. We also demonstrated that bvrR and
bvrS belong to an operon of 16 genes whose transcriptional organization is
conserved in Rhizobiales members capable of transiting between extracellular and
intracellular environments, which reinforces the relevance of this operon for
virulence. Additionally, we studied the regulon of BvrR under conditions mimicking
the intracellular environment and we identified genomic regions bound to BvrR and
associated to virulence-related target genes possibly regulated directly by BvrR. We
confirmed the direct binding of BvrR to the upstream region of the virulence-related
genes: omp25, tamA, pckA and bvrR, implying autoregulation of the bvrR/bvrS
operon. We also reported a BvrR binding site on the promoter of the virB operon.
This operon is also regulated by other transcription factors. Contrary to what has
been reported for Sinorhizobium meliloti, the transcriptional regulator TetR2 does
not interact directly with BvrR. TetR2 regulates vjbR expression in B. abortus along
with other transcription factors, besides BvrR. This could be related to a virulence-
related evolutive event because S. meliloti is an endosymbiont. Moreover, we also
characterized the regulatory region of omp25, as a prototype of a region directly
regulated by BvrR, and we found three BvrR binding sites within it, suggesting
differential regulation in response to environmental conditions. In conclusion, our
results contribute to a better understanding of the gene regulation of virulence
through BvrR/BvrS in B. abortus.
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CAPITULO I; INTRODUCCION

e Descripciéon del género Brucella

El género Brucella (Meyer & Shaw, 1920) esta constituido por bacterias
cocobacilares, Gram negativas, aerobias, no matiles, no esporuladas y no
encapsuladas (Corbel & Brinley-Morgan, 1984). Estas bacterias se comportan como
patogenos intracelulares/extracelulares facultativos, causando una enfermedad
zoonotica denominada brucelosis (Spink, 1956; Corbel, 2006).

Filogenéticamente, se clasifican en la clase Alphaproteobacteria, orden
Rhizobiales, junto con patdgenos de plantas y mamiferos, simbiontes y organismos
de vida libre (Moreno et al., 1990; Batut et al., 2004). Esta diversidad de estilos de
vida implica que la biologia de Brucella spp. se ha visto influenciada por una
prolongada coevolucion con los humanos, promovida principalmente por la
domesticacién y consumo de productos animales (Moreno, 2014).

El genoma de Brucella spp., carece de plasmidos y se compone de dos
cromosomas circulares, uno de 2.1 Mb (cromosoma 1) y otro de 1.2 Mb (cromosoma
2) que codifican aproximadamente 3500 genes (Michaux et al., 1993). Los miembros
de este género presentan un alto grado de similitud a nivel genético, razon por la
cual, durante varias décadas, se propuso que este género estaba constituido por
una Unica especie con multiples biovariedades. Sin embargo; por razones
cientificas, epidemioldgicas y de bioseguridad; actualmente, se reconocen catorce
especies (Cuadro 1) que varian en su preferencia de hospedero y grado de
patogenicidad para los humanos, los cuales se consideran hospederos accidentales
(Moreno, 2021; Whatmore & Foster, 2021).

Cuadro 1. Especies reconocidas del género Brucella.

Especie Preferencia de | Patogenicidad Referencias
hospedero paralos humanos | bibliogréaficas

B. melitensis | Cabras Alta Bruce, 1887.

B. abortus Ganado vacuno | Alta Bang, 1906.




B. suis Cerdos Alta Huddleson et al,
1929.

B. ovis Ovejas Ninguna Buddle, 1956.

B. neotomae | Rata del desierto | Alta Stoenner & Lackman
1957.
Suarez-Esquivel et al.,
2017

B. canis Perros Moderada Carmichael & Bruner,
1968.

B. ceti Cetaceos Desconocida Ewalt et al., 1994.
Roos et al., 1994.
Foster et al., 2007.2

B. Pinipedos Desconocida Roos et al., 1994.

pinnipidialis Foster et al., 2007.

B. microti Zorros y | Desconocida Scholz et al., 2008.

roedores?

B. innopinata | Ranas Alta De et al., 2008.
Tiller et al., 2010.
Scholz et al., 2023

B. papionis Babuinos Desconocida? Schlabritz-Loutsevitch
et al., 2009.
Whatmore et al.
2014.
Garcia-Méndez et al.,
20109.

B. vulpis Zorro  rojo de | Desconocida Hofer et al., 2012.

Australia Scholz et al., 2016.
B. Desconocida Alta About et al., 2023

amazoniensis




B. nosferati Murciélagos Desconocida Hernandez-Mora et
al., 2023

1. B. microti también se ha aislado del suelo; % B. papionis puede infectar

trofoblastos humanos in vitro. Fuente: Adaptado de Banai & Corbel (2010);
Godfroid, et al. (2011); Moreno (2021) y Whatmore & Foster (2021).

Algunas especies descritas en el cuadro 1 aun no han sido formalmente
aceptadas por el Subcomité de Taxonomia de Brucella. Adicionalmente a lo descrito
en el cuadro 1, existen otras especies que también esperan reconocimiento como
tales y que se han aislado de una gran variedad de animales, incluyendo roedores,
ranas, reptiles y peces (Moreno, 2021; Whatmore & Foster, 2021).

Las especies del género Brucella con capacidad de infectar mamiferos
terrestres, incluyendo humanos, generalmente se conocen como clasicas por ser
las primeras que se describieron (Banai & Corbel, 2010). También pueden
clasificarse en lisas o rugosas, respectivamente en funcion de la presencia o
ausencia del antigeno O en el lipopolisacéarido (LPS) de su membrana externa (OM),
cuya relacién con la virulencia se describira mas adelante (Bowden et al., 1993;
Moriyon & Lopez-Gofi, 1998; Banai & Corbel, 2010).

e Caracteristicas de la brucelosis

La brucelosis es una enfermedad endémica en paises del Mediterraneo,
Norte y Este de Africa, Medio Oriente, Asia, Centro y Suramérica (Corbel, 2006). La
Organizacion Mundial de la Salud considera a la brucelosis como una de las siete
zoonosis mas extendidas a nivel mundial y menos priorizada por los sistemas de

salud (http://www.who.int/zoonoses/neqlected zoonotic diseases/en/index.html).

Brucella afecta una gran variedad de animales, tanto domésticos, como de
produccion y de vida silvestre. En mamiferos terrestres, presenta tropismo por el
sistema reproductor. En los machos, la infeccion puede ocasionar epididimitis,
orquitis o atrofia testicular; mientras que las hembras infectadas desarrollan abortos,
retencion de placenta, infertilidad y disminucion en la produccion de leche (Songer
& Post, 2005). En placentas de rumiantes, la replicacion bacteriana intracelular

destruye los trofoblastos y las bacterias se diseminan a los tejidos y fluidos


http://www.who.int/zoonoses/neglected_zoonotic_diseases/en/index.html

cercanos, causando la pérdida prematura del feto en gestacion. En las regiones
afectadas, la brucelosis causa importantes pérdidas econémicas (Moreno, 2002:
Moreno, 2014). La transmision de animal a animal se da generalmente por ingestion
de material contaminado después del aborto, ya que las bacterias son eliminadas a
través del feto, las membranas fetales y las secreciones uterinas. También se ha
descrito transmision sexual (Corbel, 2006). De esta manera se reanuda el ciclo de
infeccion, replicacién intracelular y muerte de la célula hospedera (Anderson et al.,
1986a; Anderson et al., 1986Db).

En mamiferos marinos, los sintomas de la brucelosis incluyen placentitis,
abortos, mortalidad neonatal, abscesos, meningoencefalitis, meningitis vy
neurobrucelosis. El analisis post mortem de animales infectados ha revelado
fibrosis, dafio vascular, infiltrados inflamatorios con linfocitos y macréfagos,
congestion pulmonar y edema, asi como erosiones gastricas (CFSPH & IICAB,
2009; Hernandez-Mora et al., 2008).

La brucelosis humana se caracteriza por sintomas inespecificos como
malestar, anorexia y postracion. En ausencia de tratamiento, estos sintomas
pueden persistir por semanas o0 meses. Algunos signos reportados son fiebre
intermitente, engrosamiento del higado, bazo o nédulos linfaticos (Corbel, 2006). La
diseminacion y multiplicacion de Brucella en los nddulos linfaticos, bazo, higado,
médula O6sea y 6érganos sexuales ocurre, principal pero no exclusivamente, por
medio de los macrofagos (Ko & Splitter, 2003). La infeccion puede tornarse crénica
y presentar complicaciones osteoarticulares, gastrointestinales, hepatobiliares,
pulmonares, genitourinarias, cardiovasculares y neuroldgicas, entre otras
consecuencias potencialmente mortales (Corbel, 2006). Las vias de transmision al
ser humano incluyen la ingestion de productos lacteos no pasteurizados, el contacto
directo con animales infectados y la inhalacién de aerosoles bacterianos (Godfroid
et al., 2005). El costo del tratamiento en humanos implica una inversion sostenida
por parte de los sistemas de salud, ya que consiste en una terapia combinada de
varios antibioticos durante periodos desde tres hasta ocho semanas (Akova et al.,
1993; Ariza et al., 1985; FAO & WHO, 1986).

e Patogénesis y ciclo de vida intracelular de Brucella



En una gran parte de los patdégenos bacterianos conocidos se han descrito
factores de virulencia considerados como clasicos, por ejemplo: capsulas, fimbrias
y exotoxinas, entre otros. Sin embargo, la mayoria de estos factores no se han
encontrado en Brucella. La virulencia de esta bacteria pareciera estar determinada
por su habilidad para internalizarse, sobrevivir y replicarse dentro de los fagocitos
profesionales y no profesionales de una gran variedad de hospederos, ya sea
preferidos o accidentales (Moreno & Moriyon, 2002; Moreno & Gorvel, 2004).

Una vez que Brucella penetra sus células hospederas, lleva a cabo un
complejo transito intracelular compuesto por varias etapas secuenciales, durante
las cuales transita en los compartimentos de las vias endocitica, secretora y
autofagica de las células hospederas, logrando modificar y explotar dichos
compartimentos al liberar moléculas efectoras por medio del sistema de secrecion
tipo IV (T4SS) VirB, el cual se describira mas adelante. Los efectores liberados
modulan las funciones y la maquinaria del hospedero, primeramente, para convertir
la vacuola endosomal que contiene a la bacteria en un compartimento derivado del
reticulo endopladsmico (RE) que permite la replicacion bacteriana, y posteriormente,
en una vacuola autofagica que permite la salida de la célula hospedera para
colonizar nuevas células (Celli, 2019).

B. abortus usualmente ingresa al hospedero a través de las mucosas (Figura
1). Posteriormente atraviesa la submucosa y coloniza los ganglios linfaticos
cercanos, a partir de los cuales puede diseminarse sistémicamente, mediante
fagocitos, hacia otros 6rganos, para establecer una infeccién crénica (Enright, 1990;

Moreno y Barquero, 2020).
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Figura 1. Esquema del ciclo de B. abortus en bovinos (hospedero de
preferencia) y humanos (hospedero accidental) resumido en 10 pasos (Tomado de
Moreno y Barquero, 2020). Paso 1: B. abortus usualmente ingresa al hospedero a
través de las mucosas. Paso 2: Posteriormente, fagocitos profesionales como los
macrofagos, células dendriticas (CD) y leucocitos polimorfonucleares (PMNSs)
ingieren la bacteria. Paso 3: A través de los fagocitos, la bacteria se desplaza hacia
los ganglios linfaticos cercanos. Paso 4: A través del sistema reticulo endotelial, la
bacteria se disemina hacia otros 6rganos, como los pulmones, bazo, higado y
médula 6sea. Paso 5: En animales prefiados, B. abortus invade y se replica dentro
de los trofoblastos de la placenta, causando placentitis. Paso 6: En el dltimo
trimestre de gestacion, la replicacion bacteriana dentro de los trofoblastos ocasiona
abortos. Pasos 7 y 8: El feto abortado se convierte en una fuente de infeccion para
otros animales y humanos. Paso 9: El ciclo abortivo contindia si el nuevo animal
infectado esté prefiado (linea discontinua). Si la hembra no esta prefiada este paso

no ocurre. Paso 10: Los humanos pueden infectarse por contacto directo con las



secreciones de los animales enfermos o por la ingesta de productos lacteos no
pasteurizados y/o contaminados.

e Mecanismos de invasion de la célula hospedera

Brucella emplea distintas estrategias para entrar a sus células hospederas.
En macroéfagos, la cadena O del lipopolisacérido (LPS) liso de las bacterias no
opsonizadas interactia con moléculas receptoras ubicadas en la membrana, como
FcR, C3bR, MannoR y fibronectina, entre otros. Brucella también puede ser ingerida
por medio de balsas lipidicas 0 mediante un mecanismo de fagocitosis tipo “zipper”,
el cual se caracteriza por la induccién de rearreglos moderados en la membrana y
el citoesqueleto de la célula hospedera, aunque no se da un reclutamiento extensivo
de actina (Porte et al., 2003; Moreno & Gorvel, 2004). Los macréfagos también
pueden ingerir brucelas opsonizadas a través de receptores de Fc, de complemento
o de fibronectina (Moreno & Gorvel, 2004).

En células intestinales M y epiteliales, también se ha constatado el ingreso
de Brucella por medio del mecanismo tipo “zipper”. En células HelLa, Brucella se
une a receptores en la membrana y penetra por fagocitosis con reclutamiento
moderado de actina y activaciéon de GTPasas pequefias como Cdc42, Rac y Rho.
La bacteria se une en mayor cantidad y se internaliza mas eficientemente cuando
las células HelLa se tratan con el factor citotoxico necrotizante (CNF), el cual induce
la formacion de pliegues y fibras de estrés en la membrana de la célula hospedera
(Guzman-Verri et al., 2001).

Generalmente, los fagocitos profesionales logran internalizar un alto nUmero
de bacterias debido a su naturaleza fagocitica. Sin embargo, la eficiencia de
internalizacién en fagocitos no profesionales suele ser baja, lo que sugiere que no
todas las células son permisivas, o bien que no todas las bacterias son capaces de
unirse a fagocitos no profesionales (Celli et al., 2003).

e Transito intracelular y salida de la célula hospedera

Una vez que Brucella se internaliza en la célula hospedera, logra escapar la
via endocitica y se localiza en un compartimento endosomal no replicativo
denominado eBVC (vacuola endosomal que contiene a Brucella), el cual interactua

brevemente con los lisosomas, pero escapa de ellos y se transforma en una vacuola



con pH acido (Celli et al., 2003). Es decir, tanto en macréfagos como en células
epiteliales, Brucella inhibe o retrasa la fusion de fagosomas y lisosomas, que es una
de las caracteristicas de la via endocitica (Ko & Splitter, 2003).

Posteriormente, la eBCV interactia prolongadamente con el RE e inclusive
se fusiona de forma limitada con esta organela, lo cual conlleva a la adquisicion de
algunas de sus propiedades, como por ejemplo el pH neutro. Asi, la eBCV se
transforma en una organela derivada del RE que permite la replicacion bacteriana
(Cellietal., 2003). Esta vacuola se denomina rBCV (vacuola replicativa que contiene
a Brucella). Cabe recalcar que, en macrofagos, la mayoria de las bacterias ingeridas
son dirigidas a los fagolisosomas y solamente muy pocas logran alcanzar el RE que
es su nicho replicativo. Por el contrario, en células epiteliales, la mayoria de las
bacterias ingeridas son dirigidas al RE y en menor proporciéon a los lisosomas
(Moreno & Gorvel, 2004). Sin embargo, independientemente del tipo de fagocito,
una vez que la bacteria se encuentra dentro de la rBCV, permanece protegida de
antibioticos y factores bactericidas del hospedero como el complemento y los
anticuerpos, lo cual facilita el establecimiento de una infeccién cronica (Roop et al.,
2009).

Luego de la replicacion de la bacteria, la rBCV se convierte en un
compartimento con caracteristicas autofagicas abreviado como aBCV (vacuola
autofagica que contiene a Brucella). La formacion de la aBCV requiere algunas
proteinas que estan implicadas en el inicio de la autofagia, pero es independiente
de proteinas asociadas a la elongacion. La aBCV es necesaria para completar el
ciclo intracelular de Brucella y para la salida de la célula y la diseminacion hacia
nuevas células, lo que demuestra que esta bacteria es capaz de apropiarse
selectivamente de los complejos de iniciacion de la autofagia para tomar control de
la célula hospedera y promover la infeccion (Starr et al., 2012). Brucella también
logra reconocer algunas sefales de estrés (acidico o nutricional) a nivel intracelular
para regular su propia expresion génica e incluso modificar algunas funciones de
los fagocitos profesionales. Por ejemplo, puede inducir resistencia a la apoptosis en
macrofagos, asi como inhibir la capacidad de presentacion de antigenos de las

células dendriticas (Roop et al., 2009). En la Figura 2 se ilustran los eventos



celulares y moleculares asociados al transito intracelular de Brucella spp. en

macrofagos (Celli, 2019).
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Figura 2. Modelo propuesto para el transito intracelular de Brucella spp. en
macrofagos (Tomado de Celli, 2019). Una vez que los macréfagos ingieren a la
bacteria por fagocitosis, ésta reside durante las primeras 8-12 h post-infeccion
dentro de una vacuola unida a la membrana. Esta vacuola experimenta un proceso
de maduracion endosomal, mediante interacciones secuenciales con los
endosomas tempranos (EE), los endomas tardios (LE) y los lisosomas (LYS), pero
logra escapar de la fusién con los lisosomas, convirtiéndose en un compartimento
acidificado denominado eBCV. La pequeiia GTPasa del hospedero Rab7 contribuye
a la maduracion de la eBCV. Las condiciones fisico-quimicas de este compartimento
promueven la expresion del T4SS VirB, el cual trasloca proteinas efectoras (rojo)
gue median las interacciones de la eBCV con el sitio de salida del RE, asi como la
adquisicion de membranas derivadas del RE y el aparato de Golgi. Estos eventos
conllevan a la biogénesis de la vacuola rBCV, que permite la replicacion bacteriana.
Las proteinas del hospedero Sar1, IRE1q, Yip1A, Atg9, WIPI1 y el complejo COG,
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contribuyen a la biogénesis de la rBCV. Entre las 12 y 48 h post-infeccién, ocurre la
replicacion bacteriana dentro de la rBCV. Posteriormente, la rBCV es capturada
dentro de estructuras similares a autofagosomas, de forma dependiente del T4SS
VirB y se convierte en la vacuola autofagica aBCV. La formacion de ésta ultima
requiere de las proteinas autofagicas del hospedero beclinl, ULK1 y Atgl4. La
aBCV presenta caracteristicas de autolisosoma y es necesaria para que la bacteria
pueda salir de la célula hospedera e infectar nuevas células.

e Determinantes bacterianos asociados a la virulencia de Brucella

En Brucella las OMPs se clasifican en tres grupos de acuerdo con su peso
molecular. EI denominado Omp 1 esta constituido por OMP de 88-94 kDa. El Omp
2 esta integrado por porinas de 36-38 kDa. Por ultimo, el grupo Omp 3, también
conocido como familia Omp25/0mp31, incluye ocho proteinas cuyas secuencias
génicas se encuentran altamente conservadas en alfaproteobacterias como
Rhizobium, Bartonella y Agrobacterium. Estas proteinas estan implicadas en la
interaccion hospedero-patégeno (Vizcaino & Cloeckart, 2012) y su expresion se
encuentra regulada por ort6logos del TCS BvrR/BvrS. Dentro de esta familia, se
consideran mas relevantes las OMP de 25-27 kDa y las de 31-34 kDa, que estan
codificadas respectivamente por los genes omp25 y omp31. En B. abortus, Omp25
tiene un papel estructural en la union al peptidoglicano (Godessart et al., 2021) y se
ha propuesto que también interactia con la proteina SLAMF1 presente en la
superficie de células dendriticas, inhibiendo su maduracion y capacidad de producir
citoquinas inflamatorias, lo cual contribuye a la persistencia bacteriana (Degos et
al., 2020).

Otro determinante bacteriano relacionado con la interaccion hospedero-
patégeno, son las adhesinas autotransportadoras que facilitan la union a las
mucosas del hospedero durante la etapa inicial de la infeccion bacteriana. Mutantes
en las adhesinas autotransportadoras denominadas OmaA, BmaC, BtaE, BtaFy
BigA presentan una union reducida a células epiteliales (Roop et al., 2021). En
particular, BtaE puede unirse al acido hialuronico de las mucosas del hospedero y
presenta una localizacion polar en la célula bacteriana, especificamente en el nuevo

polo que se forma luego de la division celular (Roop et al., 2021). Esta observacion
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en conjunto con el hecho de que Brucella realiza un arresto del ciclo celular en la
fase G1 durante las primeras 4-6 post-infeccion mientras se encuentra dentro de la
eBCV (Deghelt et al., 2014), sugiere que BtaE podria contribuir a formar un polo
adhesivo (Roop et al., 2021).

En Brucella, asi como en otras alfaproteobacterias, se ha descrito el T4SS
VirB (Delrue et al., 2001). Como se menciond, Brucella utiliza este sistema para la
traslocacion de efectores de virulencia a la célula hospedera que le permiten a la
bacteria escapar de la via endocitica y transitar hacia su nicho replicativo (Backert
& Meyer, 2006). Los mutantes para el T4SS VirB no pueden controlar las
interacciones de la eBCV con el RE y permanecen en compartimentos inmaduros
gue eventualmente se fusionan con los lisosomas. Por lo tanto, el T4SS VirB es
esencial para el establecimiento de un nicho intracelular seguro que posibilite la
sobrevivencia a largo plazo de la bacteria (Celli et al., 2003). Ademas, la expresion
del T4SS VirB se activa nuevamente cuando la bacteria pasa de la rBCV a la aBCV,
por lo que se ha postulado que también participa en el proceso de salida de la célula
hospedera (Altamirano-Silva et al., 2021).

El LPS de Brucella presenta particularidades que contribuyen a la
sobrevivencia intracelular, entre ellas, una baja actividad biol6gica ya que no induce
signos de sepsis, fase de respuesta aguda, reclutamiento de neutrofilos ni
produccion significativa de citoquinas. EI LPS de Brucella confiere resistencia a
péptidos catidnicos bactericidas producidos por el hospedero y no activa la via
alterna del complemento (Moreno & Moriyon, 2002; Ko & Splitter, 2003; Roop et al.,
2009). Generalmente la inmunidad innata reconoce los patrones moleculares
asociados a patégenos ubicados en la envoltura celular (Janeway et al., 2002).
Pero, en el caso del LPS de Brucella, se requieren grandes cantidades para activar
la sefalizacion a través del receptor tipo Toll 4 (Lapaque et al., 2006; Moreno et al.,
1981; Rasool et al., 1992). Por lo tanto, mediante cambios en los PAMPSs, Brucella
ha logrado desarrollar una estrategia sigilosa que le permite alcanzar su nicho
replicativo antes de la activacion de mecanismos antimicrobianos de inmunidad

innata (Barquero-Calvo et al., 2007).
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En S. meliloti, el gen bacA, codifica un transportador ABC que importa
pequefios péptidos ricos en cisteina desde la planta hacia su citoplasma, con el fin
de que estos péptidos no dafien la membrana celular. Ademas, estos péptidos
contribuyen a la diferenciacion de la célula vegetativa en un bacteroide fijador de
nitrogeno (Roop et al., 2021). Los mutantes de B. abortus en bacA son atenuados y
tienen niveles reducidos de acidos grasos de cadena muy larga en su lipido A,
induciendo respuestas inflamatorias méas fuertes en ratones que la cepa parental, lo
que probablemente explica su atenuacion (Roop et al., 2021). Se cree que BacA
también puede proteger a las cepas de Brucella de los péptidos antimicrobianos que
encuentran durante sus interacciones con fagocitos hospedadores de manera
similar a la funcién desempefiada por su ortdlogo en S. meliloti (Roop et al., 2021).

Otro determinante bacteriano relacionado con la modulaciéon de la respuesta
inmune del hospedero, es un polimero ciclico ubicado en el espacio periplasmico,
compuesto por entre 17 y 20 residuos de glucosa y conocido como B-1,2-glucano
ciclico, el cual, en macréfagos, contribuye a prevenir la fusién con los lisosomas y a
la cronicidad de la infeccion (Roop et al., 2021).

La mayoria de las cepas de Brucella presenta la capacidad genética de
producir flagelos, pero carecen de genes de quimiotaxis y solo algunas cepas
utilizan los flagelos para la funciobn de movilidad. Las cepas de B. melitensis con
mutaciones en los genes flagelares fliF y flgF son atenuadas en ratones y cabras
prefiadas, lo que sugiere que podrian desempenfar un papel en virulencia. Se cree
que los flagelos podrian contribuir a la virulencia mediante la modulacion de la
respuesta inmune del hospedero, ya que la flagelina de Brucella no es reconocida
por el receptor tipo Toll 5, lo que contribuye a la estrategia patogénica. Ademas, una
vez dentro del citoplasma del hospedero, estimula una respuesta inflamatoria que
facilita el establecimiento de infecciones crénicas (Roop et al., 2021).

Por ultimo, se ha postulado que ciertas adaptaciones fisioldégicas al ambiente
intracelular tienen relacion con la virulencia, entre ellas, los ajustes en metabolismo
del carbono y el nitrogeno para aprovechar las fuentes disponibles en el ambiente
intracelular (Ronneau et al., 2016; Barbier et al., 2018). De acuerdo con Barbier y

colaboradores (2011), el éxito en la adaptacién de Brucella al ambiente intracelular
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radica en su capacidad para ajustar su metabolismo de forma muy controlada, ya
gue esto le permite utilizar los nutrientes especificos que estan disponibles en cada
nicho por donde transita durante su ciclo de vida. Para su metabolismo central, B.
abortus utiliza de preferencia azUcares de cuatro carbonos como el eritritol, el cual
es catabolizado a triosa fosfato. Las hexosas por su parte pueden ser catabolizadas
a través de la via de las pentosas-fosfato; por medio de una via glucolitica Embden-
Meyerhof-Parnas incompleta, ya que Brucella carece de la enzima
fosfofructoquinasa, y mediante el ciclo de los acidos tricarboxilicos (TCA). Las vias
de Entner—Doudoroff y el ciclo del glioxilato también parecieran ser potencialmente
funcionales. Se cree que varios sistemas de transporte y degradacion de
carbohidratos son necesarios para la sobrevivencia intracelular de Brucella. Por otra
parte, los transportadores para la captacion de aminoacidos y péptidos también
parecen ser necesarios durante la infeccion. Estos hallazgos sugieren que la
bacteria podria utilizar carbohidratos, pero también aminoacidos y péptidos como
fuentes de energia y/o carbono durante su ciclo infeccioso (Barbier et al., 2011).

e Regulacion de la expresion de genes implicados en la virulencia

Generalmente las bacterias estan expuestas a condiciones ambientales
cambiantes y para poder adaptarse deben ajustar sus patrones de expresion génica.
Los genes bacterianos estan organizados como operones, que son un conjunto de
genes que se encuentran bajo el control de un mismo promotor, por lo que su
transcripcion puede ser apagada o encendida de manera simultanea para dar una
respuesta rapida a los cambios ambientales (Ralston, 2008). Los procariotas
emplean distintos mecanismos para regular la expresiéon de sus genes. A nivel
transcripcional (Figura 3), destacan los sistemas de transduccion de sefales de dos

componentes (TCS) y el “quorum sensing” (QS), entre otros.
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Figura 3. Funcionamiento general de los principales mecanismos de
regulacion transcripcional de los procariotas (Tomado de Bretl et al., 2011; Ng &
Bassler, 2009). A. En general, los TCS comprenden una proteina integral de
membrana con actividad histidina quinasa que constituye el componente sensor y
una proteina citoplasmatica separada conocida como componente regulador. La
proteina sensora tiene dos dominios, uno extracelular que reconoce sefiales
externas y otro citoplasmatico que transduce la sefal al interior celular. Cuando una
sefal es reconocida por el dominio extracelular del componente sensor, se produce
un cambio conformacional en el mismo, lo cual desencadena una autofosforilacion
del dominio citoplasmético en un residuo conservado de histidina. El sensor
fosforilado interactia con su proteina contraparte reguladora, estimulando la
fosforilacion de residuos de aspartato en su dominio receptor. Este, una vez
fosforilado, puede unirse al ADN mediante su dominio efector regulando la
transcripcion de genes blanco (Dale & Park, 2004). B. En general, el QS es un
mecanismo de comunicacion celular para sincronizar la expresion génica en una
poblacién bacteriana. Consiste en la liberacién al medio externo de pequefias

moléculas autoinductoras. Conforme aumenta la densidad poblacional, aumenta la
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concentracion extracelular del autoinductor hasta alcanzar un umbral determinado.
En este punto la molécula sefial es reconocida por receptores y como consecuencia,
se activan o reprimen factores de transcripcion citoplasmaticos que regulan la
expresion génica de forma coordinada en la poblacion bacteriana (Bassler, 1999).
Se estima que en Brucella podrian existir alrededor de quince TCS (Lavin et
al., 2010). Uno de los mas caracterizados es BvrR/BvrS, (“Brucella virulence-
related”). Dicho sistema esta constituido por BvrS que es el componente sensor
localizado en la membrana celular y por BvrR que es un factor de transcripcion
citoplasmatico (LOpez-Gofii et al., 2004). Sola-Landa et al. (1998) generaron y
caracterizaron dos cepas mutantes de B. abortus, una para bvrR y otra para bvrS.
Ambas mutantes se obtuvieron mediante la insercibn de un transposon que
interrumpié el marco de lectura de cada gen, seguida de una seleccién por
sensibilidad a Polimixina B. Estas mutantes también son sensibles a otros péptidos
bactericidas y presentan mayor permeabilidad a surfactantes, en comparacion con
la cepa silvestre. Ademas, muestran una invasion celular reducida, tréfico
intracelular deficiente y ausencia de virulencia en ratones (Guzman-Verri et al.,
2002; Sola-Landa et al., 1998). Al tratar células HeLa con CNF para promover la
internalizacién y, posteriormente, infectarlas con la cepa mutante en bvrS, se
observa, luego de 24 h de internalizacion, que las células bacterianas pierden
integridad y soélo se distinguen restos celulares, es decir que las bacterias con
mutaciones en este sistema no logran alcanzar su nicho replicativo (Chaves-Olarte
et al., 2002). Estas mutantes han sido utilizadas en varios estudios previos sobre el
papel del TCS BvrR/BvrS en la virulencia de B. abortus, determinandose que este
sistema regula la estructura del LPS, la expresion de proteinas periplasmicas y de
proteinas de la familia Omp 3, también conocida como Omp25/0mp31 (Viadas et
al., 2010; Wang et al., 2009, Guzman-Verri et al., 2002; Manterola et al., 2007). En
un analisis protebmico de fragmentos de membrana externa liberados
espontaneamente por las mutantes en el TCS BvrR/BvrS en comparacion con la
cepa parental, se identificaron 60 proteinas de espacio periplasmico y 25 OMP
diferencialmente expresadas, entre ellas cinco de la familia Omp 3, cuya expresiéon

estaba disminuida (Lamontagne et al.,, 2007). Esta observacion, también fue
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respaldada por un estudio de transcriptomica que analizo la expresion génica en las
mutantes por transposicion, en comparacion con la cepa parental, encontrando una
expresion diferencial de 127 genes, entre ellos genes involucrados en la biogénesis
de la envoltura celular y la membrana externa como omp25a y omp25d,
lipoproteinas, biosintesis de LPS y acidos grasos, proteinas de respuesta al estrés,
chaperonas y genes flagelares (Viadas et al., 2010). Ademas, se evidencid la
expresion diferencial de genes que codifican transportadores ABC, genes
relacionados con virulencia, metabolismo del carbono (como pckA) vy
desnitrificacion, asi como genes que codifican otros reguladores transcripcionales
como VjbR, ExoR y OmpR (Viadas et al., 2010; figura 4). Con base en los estudios
de protedmica y transcriptdmica de Lamontagne et al. (2007) y Viadas et al. (2010),
respectivamente, se propone que el TCS BvrR/BvrS permite a la bacteria ajustar su
envoltura celular y su metabolismo para adaptarse a los cambios ambientales que
ocurren durante el transito intracelular y sugieren que la virulencia de Brucella no se
puede atribuir a moléculas individuales, sino que debe ser entendida como un
fenébmeno multifactorial en el cual participan de forma coordinada muchos
elementos discretos (Lamontagne et al., 2007; Viadas et al., 2010).

Como se indico, el TCS BvrR/BvrS ejerce un control transcripcional sobre la
expresion del operdn virB (Martinez-Nafez et al., 2010). EI TCS BvrR/BvrS también
afecta positivamente la transcripcién de un regulador transcripcional de tipo QS
similar a LuxR denominado VjbR (“Vacuolar Jacking Brucella Regulator”) (Martinez-
Nufez et al., 2010). Estudios previos han demostrado que, al ingresar a las células
hospederas, la proteina reguladora BvrR se activa por fosforilacion (BvrR-P) en el
aspartato 58. Esta activacion ocurre en respuesta a sefiales intracelulares
encontradas en compartimentos tempranos, como pH acido y escasez de
nutrientes. La fosforilacion de BvrR conlleva a un aumento en la expresion de VjbR
y VirB. Se ha observado que la transcripcién del operén virB inicia cuando la BCV
se acidifica. A las 5 h post infeccion alcanza una expresion maxima pero luego la
transcripcion es rapidamente reprimida (Sieira et al. 2004). La activacion in vitro del
circuito de virulencia BvrR-P/VjbR/VirB rescata a B. abortus de la inhibicion de la

replicacion intracelular inducida por el tratamiento de las células con bafilomicina,
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demostrando la relevancia de este mecanismo para la supervivencia y replicacion
bacteriana intracelular. Se propone que B. abortus percibe la transicion del entorno
extracelular al intracelular a través del TCS BvrR/BvrS, permitiendo que la bacteria
transite de forma segura hacia su nicho replicativo. Este circuito se activa al inicio
de la infeccion (0-6 h post-infeccidn) para permitir el transito intracelular de la eBCV
hacia la rBCV, asi como también al final de la infeccion (48 h post-infeccion) para
propiciar la salida de la célula hospedera y el comienzo de un nuevo ciclo infeccioso
(Altamirano-Silva et al., 2018).
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Figura 4. Funcionamiento del TCS BvrR/BvrS (Adaptado de Lamontagne et
al., 2007; Viadas et al., 2010; Altamirano-Silva et al., 2018). El modelo ilustra la
coordinacion intracelular realizada por B. abortus al durante la infeccién bacteriana.
Una vez que la bacteria ingresa a la célula hospedera, BvrS detecta sefales del
ambiente intracelular como pH acido y escasez de nutrientes, lo que desencadena
su autofosforilacion. Posteriormente, el grupo fosfato es transferido a BvrR,
posibilitando la unién a los promotores de sus genes blancos, entre omp25 y otras
OMPs, lipoproteinas, genes para la acilacion del lipido A del LPS, transportadores
ABC, el sistema de fosfotransferencia (PTS), genes implicados en el metabolismo
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del carbono y el nitrégeno, proteinas de estrés y chaperonas, vjbr y otros
reguladores transcripcionales, asi como el operon virB. El T4SS VirB secreta
efectores que le permiten a la bacteria transitar dentro de la célula hospedera hasta
alcanzar su nicho replicativo derivado del RE.

Los mutantes en vjbR presentan un fenotipo atenuado en cultivos celulares
(macréfagos y células Hela) y en ratones infectados experimentalmente (Delrue, et
al., 2005). Ademés, presentan cambios en la superficie celular (Uzureau et al.,
2007). En B. melitensis, Vjbr regula la expresiéon de algunas OMP implicadas en la
virulencia (Uzureau et al., 2010; de Jong et al., 2008), incluyendo Omp25 (Roop et
al., 2021). En B. abortus, VjbR activa directamente la transcripcion del T4SS VirB
mediante unién al promotor del operon virB y a la region intergénica entre virB1 y
virB2. También activa la transcripcion de vceA y vceB que codifican para dos
efectores del T4SS VirB (de Jong et al., 2008). Por ultimo, esta implicado en la
regulacion de genes flagelares (Léonard et al., 2007) y del gen que codifica la
adhesina autotransportadora BtakE (Kleinman et al., 2017). Sin embargo, el impacto
que tiene la unién de la molécula sefal (homoserin lactona) en la actividad
reguladora de VjbR es contrario a lo que se observa en los reguladores de QS
clasicos, por lo que se ha postulado que VjbR y su molécula sefial conforman un
circuito regulador que permite a las brucelas intracelulares percibir las limitaciones
espaciales de las BCVs para regular sus genes blanco de manera temporal (Roop
et al.,, 2021). Ademas, se ha constatado que la actividad reguladora de VjbR en
algunos promotores depende de otros factores de transcripcion, que en algunos
casos aun no han sido identificados (Kleinman et al., 2017).

Como se menciond, la expresion de genes flagelares en Brucella esta
controlada por el regulador de QS VjbR. Sin embargo, se cree que el efecto de VjbR
en estos genes flagelares esta mediado por el regulador de respuesta FtcR, ya que
la expresion del gen ftcR esta parcialmente bajo el control de VjbR y la inactivacién
de ftcR ocasiona una disminucion en la expresion de los genes fliF, flgE y fliC. Estos
genes codifican respectivamente el anillo MS, el gancho y el monomero del
filamento flagelar en Brucella. Consecuentemente, la inactivacion de ftcR también

reduce la virulencia de Brucella. FtcR esta codificado en el primer locus flagelar de
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B. melitensis. Tanto la secuencia de ftcR como su contexto genomico estan
conservados en Alphaproteobacteria (Léonard et al., 2007).

Ademéas de VjbR, en Brucella se ha reportado otro regulador de QS,
denominado BIxR (“Brucella LuxR-like regulator”), el cual también es conocido como
BabR (Rambow-Larsen et al., 2008). VjbR activa la transcripcion de bIxR y por el
contrario BIXR reprime la expresion de vjbR. Ademas, existen 27 genes blanco que
son regulados por ambos mecanismos de QS. Para el 55% de ellos, los dos
reguladores actian de forma opuesta. Segun la etapa de la infeccion, pareciera
existir una interregulacion entre Vjbr y BIXR (Rambow-Larsen et al., 2008; Uzureau
et al., 2010). Se cree que VjbR actia al inicio de la infeccidn, posibilitando la
adaptaciéon temprana a las condiciones de estrés que predominan en la eBCV,
disminuyendo el metabolismo basico para evitar la replicacién bacteriana mientras
la vacuola madura, y promoviendo el ensamblaje del T4SS, que es importante para
alcanzar el nicho replicativo. BIXR, por su parte, actia en etapas posteriores de la
infeccion para reactivar el metabolismo y permitir la replicacién (Uzureau et al.,
2010). También regula la expresion de genes flagelares (Roop et al., 2021). Sin
embargo, los mutantes en babR no presentan atenuacion en modelos
experimentales, por lo que, aun no esté claro el papel de BabR en la virulencia de
Brucella spp. (Roop et al., 2021).

En la regulacion del operon virB también participan otros factores de
transcripcion como IHF (“Integration Host Factor”), HutC (“Histidine Ultilization
pathway”) y MdrA (“MarR-like sodium deoxicholate-responsive activator”). Los dos
primeros se unen al promotor del operdn virB, aumentando su expresion (Arocena
et al., 2010; Sieira et al., 2010). Sieira et al. (2012) mencionan que IHF es una
proteina asociada al nucleoide y HutC es un regulador de la familia GntR que
relaciona la expresion del operdn virB con el catabolismo de histidina. Por otro lado,
MdrA es un regulador de la familia de factores de transcripcion MarR, que regula
genes de virulencia, genes implicados en el catabolismo de compuestos aromaticos
y genes de respuesta a estrés (Wilkinson & Grove, 2006). MdrA se une a dos sitios
diferentes en el promotor del operén virB y regula su expresion de acuerdo con la

fase de crecimiento. La funciéon de MdrA es redundante a la de HutC. Ademas,
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compite con IHF y HutC por la unién al promotor del operén virB. Como es comun
en la familia de reguladores MarR, la presencia de un ligando disocia al regulador
de su sitio de union. En el caso de MdrA el ligando identificado es el deoxicolato de
sodio, lo que indica que in vivo MdrA podria responder a sefiales ambientales (Sieira
et al., 2012).

Por otra parte, MucR es un regulador global de tipo de dedos de zinc que
actua principalmente como represor de la transcripcién (Roop et al., 2021). En B.
abortus 2308, los mutantes en mucR son atenuados y se ha demostrado que MucR
regula genes implicados en el establecimiento y mantenimiento de la integridad de
la envoltura celular, la biosintesis de polisacéaridos, la homeostasis del hierro, la
plasticidad del genoma y la regulacion de la transcripcion (Caswell et al., 2013).
Algunos de sus genes blanco especificos son el operdn virB, omp25, babR y genes
flagelares. Una de las funciones principales de MucR es trabajar en conjunto con
activadores de la transcripcion antagonistas para garantizar la adecuada expresion
temporal de estos genes durante la infeccion. Los homdlogos de MucR en
Agrobacterium tumefaciens y S. meliloti ejercen funciones similares (Roop et al.,
2021). En Caulobacter, MucR colabora con el regulador transcripcional CtrA para
regular el ciclo celular (Fumeaux et al., 2014), y dado que los genes del ciclo celular
son conservados en Alphaproteobacteria, es probable que MucR desempefie la
misma funcion en Brucella.

El regulador transcripcional CtrA es un regulador maestro del ciclo celular en
Brucella (De Bolle et al., 2015). CtrA controla la expresidon de genes involucrados en
la replicacion del ADN, la segregacion cromosomica Yy la division celular (Francis et
al., 2017). La adecuada coordinacion de la expresion de estos genes es importante
para mantener la persistencia intracelular de estas bacterias en las células de
mamiferos (De Bolle et al., 2015). CtrA también controla la expresion de omp25 y
genes involucrados en la biosintesis de LPS, lo que también se relaciona con la
virulencia de Brucella (Francis et al., 2017).

Por ultimo, las pequefias moléculas de ARN con funcion reguladora (SRNA)
desempefian un papel importante en la regulacién de la expresién génica a nivel

post transcripcional. Los sSRNA llevan a cabo sus funciones reguladoras al unirse a
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los transcritos de ARNm de sus genes blanco, lo que puede ya sea bloquear o
aumentar su traduccion (Roop et al., 2021). Los primeros sRNA identificados y
caracterizados en Brucella fueron AbcR1 de 110 nucleétidos y AbcR2 de 116
nucleotidos (Caswell et al., 2012b; Sheehan & Caswell,2017). Ambos desempefian
funciones redundantes en el control de la expresion de genes que codifican
transportadores ABC involucrados en el transporte de aminoacidos y poliaminas y
genes relacionados con la interaccion con el hospedero. Ademas, una cepa de B.
abortus con una doble delecién en AbcR1 y AbcR2 es atenuada. Otros miembros
del orden Rhizobiales también presentan ort6logos de AbcR1l y AbcR2 con
funciones similares (Sheehan & Caswell, 2018).

e Regiones promotoras caracterizadas en Brucella

En Brucella, la region promotora mejor caracterizada es la del operon virB,
dada su relevancia para la virulencia. La transcripcion comienza a 27 pb corriente
arriba del gen virB1l. La secuencia reguladora se extiende a lo largo de 430 pb
corriente arriba del sitio de inicio de la transcripcidn. Durante el crecimiento
vegetativo, la region de ADN que abarca desde la posicién -130 hasta +1 es
suficiente para activar la transcripcién, mientras que la regién que abarca desde la
posicion -430 hasta -353 esta involucrada en una regulacion negativa (Sieira et al.,
2004). Como se comentd, la expresion de este gen esta bajo un control muy estricto,
en el que ocurren tanto eventos de activacion como de represion coordinados de
forma temporal segun la etapa de la infeccién. En este control participan varios
factores de virulencia que responden a diferentes tipos de sefiales y condiciones,
incluyendo: IHF, HutC, BvrR, VjbR, BabR, MdrA (Sieira et al., 2013) y el represor
MucR. Este Ultimo se une en regiones ricas en AT, aunque con baja afinidad
(Borriello et al., 2020). Por otra parte, en B. abortus, la regién promotora del gen
btaE presenta sitios de union para los reguladores IHF, HutC y MdrA. El sitio de
inicio de la transcripcion de btaE se ubica a 40 pb corriente arriba del codén de
inicio. Sin embargo, cabe mencionar que el promotor de btaE presenta una alta
variabilidad entre las diferentes especies y cepas de Brucella, lo que podria tener
relacion con eventos de especiacion (Sieira et al., 2017). Finalmente, el promotor

babR en B. abortus presenta regiones ricas en AT y tiene sitios de union para la
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chaperona de sRNA denominada Hfq (Caswell et al., 2012a) y MucR (Borriello et
al., 2020). El sitio de inicio de la transcripcion de babR se encuentra a 119

nucleétidos corriente arriba del codén de inicio.
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CAPITULO II: OBJETIVOS Y HIPOTESIS

e Objetivo general:
Establecer un modelo con base experimental que describa como el TCS
BvrR/BvrS regula la expresion de genes implicados en la virulencia de B. abortus.

e Objetivos especificos:

1. Identificar regiones promotoras en el genoma de B. abortus que se
encuentran directamente reguladas por el TCS BvrR/BvrS.

2. Describir la relacion del TCS BvrR/BvrS con otros sistemas de regulacion de
la expresidn génica.

3. Caracterizar la region promotora que codifica para la proteina Omp25 como
region prototipo regulada por TCS BvrR/BvrS.

4. Establecer si hay diferencias fenotipicas entre una cepa mutante de B.
abortus con la delecién en los genes bvrR/bvrS y dos cepas mutantes
generadas previamente por la insercién de un transposon en cada gen por

separado.

e Hipotesis:
El TCS BvrR/BVR regula de forma directa la expresién de un conjunto de
genes relevantes para la vida intracelular de B. abortus, lo cual tiene relacion con la

virulencia de este patdgeno.
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Las cepas y plasmidos utilizadas en esta Tesis se detallan en el cuadro 2.

Cuadro 2. Lista de cepas y plasmidos utilizadas en esta Tesis.

Cepas bacterianas /

Plasmidos

Fenotipo / Caracteristicas

Fuente / Referencia

B. abortus 2308W

Cepa parental, LPS liso,

NalR, virulenta

Suarez-Esquivel et al.,
2016

B. abortus 3aZ

Derivada de 2308W,
portadora de la fusién
transcripcional cromosomal
Pomp25::lacZ, GmR, AmpR

Guzman-Verri et al.,
2002

B. abortus B392

Derivada de 2308W,
portadora del p392, KmR

Castillo-Zeledén, 2010

B. abortus B262

Derivada de 2308W,
portadora del p262, KmR

Castillo-Zeledon, 2010

B. abortus B151

Derivada de 2308W,
portadora del p151, KmR

Castillo-Zeledén, 2010

B. abortus BpMR15

Derivada de 2308W,
portadora del pMR15, KmR

Castillo-Zeledén, 2010

B. abortus bvrR::Tn5

Derivada de 2308, bvrR::Tn5,
LPS liso, KmR, atenuada

Sola-Landa et al., 1998

B. abortus bvrS::Tn5

Derivada de 2308, bvrS::Tn5,

LPS liso, KmR, atenuada

Sola-Landa et al., 1998

B. abortus AbvrRS

Derivada de 2308W, AbvrRS,

LPS liso, atenuada

Este estudio

Escherichia coli
XL1Blue

recAl endAl gyrA96 thi-1
hsdR17 supE44 relA1 A(lac-

Sambrook, 1989
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proAB) [F* proAB
laclgZAM15]. TN10(Tet")

E. coli E392

Derivada de XL1Blue,
portadora del p392, KmR

Castillo-Zeledon, 2010

E. coli E262

Derivada de XL1Blue,
portadora del p262, KmR

Castillo-Zeledoén, 2010

E. coli E151

Derivada de XL1Blue,
portadora del p151, KmR

Castillo-Zeledon, 2010

pMR15

Vector de alto niumero de
copias, gen lacZ sin

promotor, KmR

Gober & Shapiro,
1992,
Cortesia de M. Roop.

p392

Derivado de pMR15, con un
fragmento clonado de 521 pb
correspondientes a 392 pb de
la regién corriente arriba de
omp25 vy las primeras 127 pb
de la secuencia codificante,

KmR

Castillo-Zeledén, 2010

p262

Derivado de pMR15, con un
fragmento clonado de 391 pb
correspondientes a 262 pb de
la regién corriente arriba de
omp25 vy las primeras 127 pb
de la secuencia codificante,

KmR

Castillo-Zeledén, 2010

p151

Derivado de pMR15, con un
fragmento clonado de 280 pb
correspondientes a 151 pb de
la region corriente arriba de

omp25 y las primeras 127 pb

Castillo-Zeledo6n, 2010
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de la secuencia codificante,
KmR
pPNTPS138 Vector suicida, oriT, sacB M.R.K. Alley, sin
KmR publicar
pAbvrRS Derivado de pNTPS138, Cortesia de Clayton C.
AbvrRS, KmR Caswell

NalR= resistente a acido nalidixico, GmR= resistente a gentamicina, AmpR=

resistente a ampicillina, KmR= resistente a kanamicina.

e Condiciones de crecimiento:

Todos los procedimientos con cultivos de B. abortus se llevaron a cabo de
acuerdo con el "Reglamento de Bioseguridad de la CCSS 39975-0", 2012, segun
el "Decreto Ejecutivo #30965-S", 2002 y el protocolo de investigacion SIA 0652-19
aprobado por la Universidad Nacional de Costa Rica. Los medios de cultivo
utilizados en esta Tesis fueron los siguientes: Caldo Tripticasa y Soya a pH 7.2
(CTS), Agar Tripticasa 'y Soya (ATS), medio limitado en nutrientes (33 mM KH2PO4,
60.3 MM K2HPO4, 0.1% de extracto de levadura) a un pH de 5.5 ajustado con acido
citrico, Caldo Luria Bertani (LB) (Sambrook, 1989), S.O.C. (2% de triptona, 0.5% de
extracto de levadura, 10 mM de NacCl, 2.5 mM de KCI, 10 mM de MgClz, 10 mM de
MgSO4y 20 mM de glucosa) y Agar Columbia suplementado con 5% (v/v) de sangre
de oveja. Cuando fue necesario, se agregaron los siguientes suplementos a los
diferentes medios de cultivo: 10% (p/v) de sacarosa (Suc), 30 pg/mL de kanamicina
(Km), 20 pg/mL de gentamicina (Gm), 100 pyg/mL de ampicilina (Amp), 100 pg/mL
de espectinomicina (Spc) y 30 pg/mL de cloranfenicol (Cm). Los cultivos bacterianos
se incubaron a 37°C, agitandose constantemente a 200 rpm cuando fue necesario
(Suérez-Esquivel et al., 2016). Para las curvas de crecimiento, se prepararon
inéculos de 7 x 10° UFC en un volumen final de 20 ml de CTS. Las densidades
opticas se midieron a 420 nm cada 2 a 4 h.

e Extraccidén de ARN, RT-PCR y analisis de conservacion del

operdn bvrR/bvrS:
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Para el andlisis de co-transcripcion de los genes corriente abajo de bvrR, se
realizd una extraccion de ARN total y una RT-PCR segun lo descrito previamente
(Martinez-Nufiez et al., 2010), a partir de cultivos de B. abortus 2308W crecidos en
CTS hasta las fases de crecimiento logaritmico y estacionario. En el anexo 1 se
detallan los cebadores utilizados para este proposito. Los productos de PCR se
analizaron en geles de agarosa siguiendo procedimientos estandar (Sambrook,
1989). Los amplicones obtenidos se secuenciaron utilizando el kit “Big Dye
Terminator 3.1” (Life Technologies), siguiendo las instrucciones del fabricante.

El analisis de conservacion de los ortdlogos del operén bvrR/bvrS en
representantes de Alphaproteobacteria se realizé utilizando BLAST (Basic Local
Alignment Search Tool) (Altschul et al., 1990). Se utiliz6 el genoma de B. suis 1330
como referencia para esta comparacién, ya que ha sido resecuenciado y es uno de
los genomas de Brucella de mayor tamafio. Se utiliz6 Artemis (Rutherford et al.,
2000) y la Herramienta de Comparacion Artemis para visualizar los resultados
(Carver et al., 2005). Los genes 16S rRNA se utilizaron para la reconstruccion
filogenética molecular mediante el método de Maxima Verosimilitud basado en el
modelo Tamura-Nei (Tamura & Nei, 1993), para inferir la historia evolutiva de los
genomas seleccionados de Alphaproteobacteria. El arbol de consenso de bootstrap
inferido a partir de 500 réplicas (Felsenstein, 1985) se tomd para representar la
historia evolutiva de los taxones analizados. El analisis involucré 17 secuencias
nucleotidicas (Anexo 2). Se eliminaron todas las posiciones que contenian gaps y
datos faltantes. Hubo un total de 1191 posiciones en el conjunto de datos final. De
acuerdo con informes anteriores (Williams et al., 2007), se introdujo en el analisis
un grupo externo conformado por Escherichia coli, Ralstonia solanacearum vy
Geobacter sulfurreducens; sin embargo, se recortd del arbol para mejorar la
resolucién visual. Los analisis evolutivos se llevaron a cabo en MEGA7 (Kumar et
al., 2016).

El operon bvrR/bvrS se examind a través del alineamiento bwa (Li et al.,
2009) y el mapeo SMALT v.0.5.8

(http://www.sanger.ac.uk/resources/software/smalt/) en 126 genomas de B. abortus

para evaluar la presencia y el nivel de identidad de los genes incluidos en la region,


http://www.sanger.ac.uk/resources/software/smalt/
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utilizando como referencia una region inferida de B. suis 1330. Ademas, se registro
manualmente el nimero de SNPs, inserciones y deleciones en cada uno de los
genes.

e Ensayo de inmunoprecipitacién de cromatina (ChlP-seq):

El ensayo de ChlIP-Seq se llevo a cabo como se describié anteriormente
(Francis et al., 2017) con las siguientes modificaciones. La cepa B. abortus 2308W
y Ssu cepa derivada con una mutacion por transposicion en bvrR (control negativo)
se cultivaron hasta la mitad de la fase de logaritmica en CTS. Los cultivos crecidos
de cada cepa se dividieron en dos partes iguales. Una parte se incub6 durante cinco
minutos en un medio limitado en nutrientes a un pH de 5.5 ajustado con &cido citrico.
Estas son condiciones de estrés descritas previamente para inducir la fosforilacion
de BvrR (Altamirano-Silva et al., 2018). La otra parte de las cepas cultivadas se
incubo en CTS fresco durante 5 minutos como una condicion de control adicional
en la que se esperaba que la fosforilacion de BvrR ocurriera solo de manera
transitoria (condiciones ricas) (Altamirano-Silva et al., 2018). El entrecruzamiento
proteina-ADN se realizé segun lo descrito anteriormente (Francis et al., 2017) y se
detuvo agregando glicina hasta una concentracién final de 125 mM, de acuerdo con
lo reportado para otro regulador de Brucella (Kleinman et al., 2017). Después de
agregar un tampén de lisis con lisozima (10 mg/ml), las bacterias se lisaron en el
Disruptor Celular Genie Scientific Industries, a 2800 rpm durante 1 h a 4°C, seguido
de una incubacion de 16 h con buffer ChlP a 37°C. El lisado se sonico en hielo en
el Disruptor Celular Digital Branson Sonifier S-450D 400W, aplicando 25 pulsos de
30 segundos al 30% de amplitud y 30 segundos de pausa. Se utilizdé un anticuerpo
de conejo policlonal anti-BvrR (Martinez-Nufiez et al., 2010) y cuentas magnéticas
recubiertas con proteina A para la inmunoprecipitacion. EI ADN se extrajo utilizando
un protocolo estandar de precipitacion con isopropanol (Sambrook, 1989). La
construccion de bibliotecas y la secuenciacion por lllumina HiSeq 2500 HT se
realizaron en el Core de Gendmica de Leuven, Bélgica. El sistema Bluepippin (Sage
Science) se utilizo para seleccionar fragmentos de ADN de aproximadamente 220
pb que se secuenciaron en modo pareado. Los resultados de secuenciacion se

analizaron utilizando herramientas de bioinformatica disponibles en la plataforma
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del Proyecto Galaxy (https://usegalaxy.org/) (Afgan et al., 2016). El promedio y la

varianza de lecturas por nucledtido se calcularon en R Studio

(http://www.rstudio.com) para establecer un valor de Z medido en términos de

desviaciones estandar de la media, segun lo descrito por otros autores (Francis et
al., 2017; Poncin et al., 2019). Para cada condicion probada, las sefiales de ChIP-
Seq consideradas significativas fueron aquellas que cumplian con todos los
siguientes criterios de seleccion: 1-Tener un recuento de lecturas por nucleétido por
encima del umbral (Z = 3), 2-Estar ausente en el control negativo, y 3-Tener una
longitud minima de siete nucleétidos consecutivos. La visualizacién interactiva de
las sefiales de ChlIP-Seq para la condicién de estrés se construyd utilizando la

Biblioteca de Visualizacion Bokeh (http://www.bokeh.pydata.org) y un codigo Python

personalizado. Se utilizd el buscador genémico Artemis (Rutherford et al., 2000)
para buscar los genes mas cercanos que rodean las sefiales significativas de ChlP-
Seq. Para las sefiales significativas de ChIP-Seq ubicadas cerca del inicio de dos
genes divergentes, ambos genes se consideraron como posibles genes blanco de
BvrR. Para las sefales significativas de ChIP-Seq ubicadas dentro de secuencias
codificantes, se consideraron los genes correspondientes y sus genes adyacentes
corriente abajo como posibles genes diana de BvrR. La anotacién de funciones de
todos los genes diana potenciales de BvrR identificados por ChIP-seq fue curada
manualmente utilizando la nomenclatura COG y comparando entre las condiciones.
Los genes blanco potenciales encontrados bajo condiciones de estrés se utilizaron
como entrada para realizar un analisis exhaustivo de las vias metabdlicas con
BioCyc (Karp et al., 2017; Caspi et al., 2016) y curacién manual. Las secuencias de
ADN de las seiales significativas de ChIP-Seq se extrajeron de Artemis y se
utilizaron como entrada para el descubrimiento de motivos con GLAM2 (Frith et al.,
2008) para deducir una secuencia de consenso reconocida por BvrR (Bailey et al.,
2009).
e Ensayo de Movilidad Electroforética (EMSA):

La proteina recombinante BvrR se purifico y se fosforil6 in vitro con carbamoill

fosfato segun lo descrito previamente (Martinez-Nuiez et al., 2010; Altamirano-Silva

et al., 2018). La interaccion directa entre BvrR fosforilada (BvrR-P) y las regiones de


https://usegalaxy.org/
http://www.rstudio.com/
http://www.bokeh.pydata.org/
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ADN de interés se analizo por EMSA, segun lo reportado anteriormente (Altamirano-
Silva et al., 2018). Las sondas de ADN se prepararon mediante amplificacion por
PCR o por sintesis quimica de oligonucledétidos (Invitrogen, USA) como se explicara
mas adelante. El marcaje de las sondas se realizé con el kit “DIG Gel Shift kit 2nd
generation kit” (Roche®). Las sondas marcadas se incubaron con concentraciones
crecientes de BvrR-P, siguiendo el protocolo descrito “DIG Gel Shift kit 2nd
generation kit” (Roche®). Dependiendo del tamafio de la sonda de ADN, las mezclas
de ADN-proteina se separaron mediante electroforesis nativa en gel de
poliacrilamida durante 1 h (H40 pb), 1.5 h (H200 pb) o 2.5 h (>200 pb), a 150V y
4°C. Los geles fueron transferidos a membranas de nylon con carga positiva y los
resultados se visualizaron mediante un inmunoensayo enzimatico utilizando el kit
“DIG Gel Shift kit 2nd generation kit” (Roche®). Las senales quimioluminiscentes
obtenidas se registraron en una pelicula de rayos X.

En el estudio del regulén de BvrR, se seleccionaron los siguientes genes
blanco: tamA (BAW_10045), pckA (BAW_12005), bvrR (BAW_12006), omp25
(BAW_10696) y virB1 (BAW_20068), los cuales se amplificaron por PCR utilizando
respectivamente los pares de cebadores bruAbl1.0048.3 y bruAb1.0048.3, 3-
200pck3 y 3-200pck3, 3-200bvrR3 y 3-200bvrR5, omp25 For y omp25 Rev y
pvirdownl y pvu229 (Anexo 1). La sonda tamA se desnaturalizé durante 10 minutos
a 95 °C antes de cada ensayo. Como controles negativos, se incluyeron regiones
del gen ribosomal rplL (BAW_11206) y del gen dhbR (BAW_21104), las cuales se
amplificaron por PCR utilizando respectivamente los pares cebadores L12.Fy L12.R
y dhbprom3 y dhbprom5 (Anexo 1). Para los EMSASs competitivos, las sondas que
mostraron una interaccion positiva con BvrR-P en los EMSASs directos se marcaron
y se incubaron con BvrR-P (0,6 pM) y un exceso de misma sonda sin marcar
(competidor), o por separado, con un exceso de la sonda usada como control
negativo sin marcar.

En el andlisis del motivo de unién de ADN, se disefiaron y sintetizaron
quimicamente diez oligonucleétidos de =40 pb que cubrian una region de 226 pb

del promotor de virB1 que se sabia que se unia directamente a BvrR (Martinez-
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Nufez et al., 2010), con la particularidad de que cada oligonucleétido present6 un
traslape de =20 pb con el siguiente (Anexo 1).

Para la caracterizacién de la region promotora de omp25, las sondas se
obtuvieron mediante PCR utilizando los siguientes pares de cebadores: omp25.262
y omp25.152 0 omp25.262 y omp25.122 (Anexo 1). Como control negativo, se utilizd
el gen ribosomal rplL (Anexo 1) Ademas, se hizo un EMSA competitivo utilizando
como sonda la region corriente arriba del gen omp25, amplificada por PCR con los
cebadores omp25 For y omp25 For (Anexo 1). Ademas se disefiaron y sintetizaron
guimicamente oligonucledticos que abarcaban esa region (Anexo 1). Estos
oligonucledtidos se wusaron inicialmente como competidores sin  marcar.
Posteriormente, los que compitieron se marcaron y se usaron como sondas en un
EMSA directo contra BvrR-P.

e Mapeo de los sitios de inicio de transcripcion:

Se extrajo ARN total de B. abortus 2308W como se describié anteriormente
(Martinez-Nufez et al., 2010) y se sometio a analisis de extension de cebador de
acuerdo con un protocolo descrito (Lloyd et al., 2005). En el Anexo 1 los cebadores
utilizados para este fin.

e Ensayos de huella de ADNasa I:

En el estudio del regulén de BvrR, el mismo amplicén de 226 pb analizado
por EMSA se amplifico utilizando el cebador pvirdownl marcado con 6-
carboxifluoresceina en el extremo 5" (5"-FAM) (Anexo 1), bajo las condiciones
descritas previamente (Sieira et al., 2004).

En la caracterizacion de la region promotora del gen omp25, la misma region
de 193 pb utilizada en el EMSA competitivo se marcd con hexaclorofluoresceina
(HEX) 0 5°-FAM (Anexo 1).

Los fragmentos marcados se purificaron del gel con el kit “Qiaquick PCR
purification kit” (Qiagen) y se mezclaron con BvrR-P como se describi
anteriormente para EMSA. Posteriormente se realizé una digestion con ADNasa | y
se secuenciaron segun lo descrito previamente (Zianni et al., 2006). Las bases

protegidas de la digestion se identificaron utilizando el software Peak Scanner de



32

Applied Biosystems al sobreponer los electroferogramas de los fragmentos de ADN
digeridos y no digeridos.
e Construccioén de fusiones transcripcionales y ensayos de
actividad de B-galactosidasa:

Los cebadores utilizados en este estudio se detallan en el Anexo 1. Se
amplifico un fragmento de ADN del genoma de B. abortus 2308W (Numero de
Acceso en GenBank ERS568782), que abarcaba la region omp25 desde -392 hasta
+127 y dos fragmentos méas pequefios desde -262 hasta +127 y desde -151 hasta
+127, mediante PCR, y se purificé con el kit “QIAquick® Gel Extraction Kit” (Qiagen).
Los amplicones y el vector pMR15 (Cuadro 3) se escidieron por separado con
BamHI (10U/ul) y Xbal (10U/ul) (Thermo Fisher Scientific, USA) durante 18 h a 37°C.
Las enzimas de restriccion se inactivaron a 80°C durante 20 minutos. Los
fragmentos de ADN se ligaron con el vector pMR15 utilizando la ligasa de ADN T4
(5U/ul) (Thermo Fisher Scientific, USA) a temperatura ambiente durante 16 h, para
obtener los plasmidos p392, p262 y p151 (Cuadro 2). Luego, los plasmidos se
electroporaron en la cepa de E. coli XL1-Blue para generar las cepas E392, E262 y
E151 (Cuadro 2) utilizando el Manipulador de Células Electro ECM 630 BTX®. Las
colonias con los nuevos plasmidos se seleccionaron utilizando kanamicina y se
examinaron con los cebadores omp25lacZF y omp25lacZR (Anexo 1). Se aislo el
ADN plasmidico y se electroporé en B. abortus 2308W utilizando el Manipulador de
Células Electro ECM 630 BTX® para obtener las cepas B392, B262 y B151 (Cuadro
2). El vector pMR15 también se electroporé en B. abortus como control de actividad
no promotora (cepa BpMR15, Cuadro 3). Los ensayos de [-galactosidasa se
realizaron con modificaciones a lo descrito previamente (Guzman-Verri et al., 2002).
Las bacterias se cultivaron hasta la fase exponencial, se permeabilizaron con 0.5%
de SDS y 6% de cloroformo durante 10 minutos a 28°C, y se incubaron con ONPG
(O-Nitrofenil-B-D-galactopiranésido) durante 10 minutos a 28°C. La reaccién se
detuvo con carbonato de sodio 1M, se midié la absorbancia a 420 nm y la actividad
especifica se expresé como nmol de O-nitrofenol producido/min x mg de proteina
(Unidades Miller). La actividad de B-galactosidasa reportada se corrigio con base

en la actividad residual obtenida de la cepa con el vector vacio BpMR15. Se utilizé



33

una cepa de B. abortus con una fusion cromosémica lacZ:omp25 previamente
construida (3aZ) como control positivo de la actividad del promotor (Guzman-Verri
et al., 2002, Cuadro 2). Se realiz6 un andlisis estadistico de una via ANOVA seguido
de una prueba de comparaciones multiples de Turkey utilizando GraphPad Prism
version 8.00 para Windows (GraphPad Software, La Jolla, California, USA).
e Anisotropia de fluorescencia

Los ensayos de anisotropia de fluorescencia se realizaron segun lo reportado
por otros autores (Owen y McMurray, 2009) con algunas modificaciones. La proteina
recombinante BvrR segun lo descrito para los EMSA vy diluida en serie en buffer de
unién (10 mM de Tris, 1 mM de EDTA, 0.1 M de NaCl). El oligonucleétido
(173.1330mp25-0, Anexo 1)) se marcé en el extremo 5' con FAM y se mezcl6 con
su respectivo oligonucle6tido complementario sin marcar (173.133omp25-ORC,
Anexo 1) a una concentracion final de 50 mM. Los oligonucle6tidos Oligo rplL-O
(marcado con FAM en el extremo 5') y el oligo complementario Oligo rplL-ORC
(Anexo 1) se utilizaron como control negativo a una concentracion final de 50 mM.
También se prepararon muestras en blanco sin proteina para estimar la
fluorescencia de fondo. Las muestras se incubaron durante 30 minutos a 37 °C en
un lector de microplacas CytationTM 3 (Biotek, Instruments). La anisotropia de
fluorescencia se midié con los filtros polarizados adecuados y los resultados se
representaron graficamente siguiendo un modelo de union especifica de un sitio
(Favicchio et al., 2009) y utilizando GraphPad Prism (Hulme y Trevethick, 2010).

e Docking Molecular

Las interacciones entre BvrR y sus tres sitios de unién se exploraron
mediante docking molecular utilizando el servidor HDOCK (parametros por defecto)
(Yan et al., 2017). La secuencia Fasta de BvrR (UniProt: Q2YQY4) se utiliz6 como
molécula receptora de entrada, y las siguientes secuencias: caja 1
(TTGTGTAAGGAGAATGCCAT), caja 2 (GATATGTCACCCCTGTCAGCGCGG),
caja 3 (CTCGACAGATTATCTCCACACAATGGGGCA) se utlizaron como
moléculas ligandos de entrada. Antes del acoplamiento libre, el software seleccion6
la estructura cristalina del regulador de respuesta similar a OmpR, KdpE (RCSB
PDB: 4KFC), de E. coli, como plantilla de modelado para la estructura de BvrR
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(Seq_ID % = 29.4). Para garantizar la confiabilidad del modelo generado por
HDOCK, se analiz6 su calidad utilizando el parametro QMEANDIsCo (Studer et al.,
2020) y trazados de Ramachandran. EI modelo se compar6 con los generados por
SWISS-MODEL (Waterhouse et al., 2018), I-TASSER (Yang et al.,, 2015) y
AlphaFOLD (Jumper et al., 2021; Varadi et al., 2021). Las estructuras cristalinas de
las siguientes proteinas con dominios de union al ADN se utilizaron como controles
positivos para los experimentos de acoplamiento: una proteina de union al ADN de
B. abortus (RCSB PDB: 4QPJ) y la proteina KdpE de E. coli. Como controles
negativos, se utilizaron las estructuras cristalinas de las siguientes proteinas que
carecen de dominios de unién al ADN: una hidrolasa de B. suis 1330 (RCSB PDB:
6NQ4) y un inhibidor de la hidrolasa de peptidoglicano de B. abortus (RCSB PDB:
7DPY). Para la interpretacion, se consideraron puntuaciones de acoplamiento
inferiores a -200 y puntuaciones de confianza superiores a 0.7 como un buen
rendimiento y una alta probabilidad de union entre las moléculas analizadas
respectivamente. La herramienta NUCPLOT (Luscombe et al., 1997) se utilizé para
analizar y visualizar un esquema de color de interaccion en 2D de los resultados de
HDOCK.
e Construccion de la cepa B. abortus AbvrRS

Los genes bvrR (BAW_12006) y bvrS (BAW_12007) de la cepa parental B.
abortus 2308W se mutaron utilizando una estrategia de eliminacion de genes no
polar sin marca previamente descrita (Caswell et al., 2012a; 2012b) con
modificaciones. Se amplific6 un fragmento corriente arriba (Up) de bvrR de
aproximadamente 1 kb al segundo coddn de la secuencia de codificacion de bvrR
(coordenadas 2010312 a 2011285) con los cebadores bvrRS-Up-For y bvrRS-Up-
Rev (Anexo 1). Se amplié un fragmento corriente abajo (Dn) de bvrS que contenia
los dos ultimos codones de la region codificante de bvrS y aproximadamente 1 kb
corriente abajo (coordenadas 2013910 a 2014911) con los cebadores bvrRS-Dn-
Fory bvrRS-Dn-Rev (Anexo 1). El fragmento Up se corté con BamHI (Thermo Fisher
Scientific, USA) y el fragmento Dn se corto con Pstl (Thermo Fisher Scientific, USA).
Ambos fragmentos se trataron con polinucledtido kinasa en un buffer de ligasa y se

incluyeron en una mezcla de ligacion unica con el pNPTS138 (Cuadro 2) digerido
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con BamHI/Pstl. Este es un vector suicida que expresa resistencia a kanamicina
(Km) y el gen sacB para la contraseleccion con sacarosa (Suc). El plasmido
resultante se llamo pAbvrRS (Cuadro 2) y carecia de una regién de 2623 pb ubicada
entre los fragmentos Up y Dn en el genoma de la cepa parental y que correspondia
a la mayoria de las secuencias codificantes de bvrR y bvrS (coordenadas 2011286
a 2013909). Se electroporaron 1-3 ul de pAbvrRS (resuspendido en agua destilada)
en 40 ul de células competentes de B. abortus 2308W preparadas segun lo descrito
por otros autores (Caswell et al., 2012a; 2012b). La electroporacion se realiz6é en un
electroportador de células BTXTM con los siguientes parametros: 2.5 kV a 400
ohmios y 50 mF. Después de la electroporacion, se agregé 1 ml de medio SOC y
las células se incubaron durante toda la noche. Luego, se inocularon volimenes de
100-200 ul en ACS + Km para seleccionar clones que portaran pAbvrRS. Las placas
se incubaron durante 6-10 dias. Se seleccionaron colonias individuales, se
transfirieron a CTS y se incubaron durante toda la noche. Se inocularon volimenes
de 50, 100 y 200 pl en ATS + 10% Suc para seleccionar clones que integraran el
constructo Up-Dn en el cromosoma de la cepa parental mediante recombinacién
alélica. Las placas se incubaron durante 3-6 dias. Se eligieron colonias individuales
y se hicieron réplicas exactas en ATS + 10% Suc y ATS + Km, para seleccionar
clones SucR y KmS que se esperaba que hubiesen perdido ambos genes bvrR y
bvrS, asi como el vector suicida. Las placas se incubaron durante 2-3 dias. Los
clones SucR y KmS se examinaron mediante PCR de colonias con los cebadores
bvrRS-Con-For y bvrRS-Con-Rev (Anexo 1) en una reaccion con DreamTaq PCR
Master Mix (2X) (Thermo Fisher Scientific, USA). Los cebadores "Con" amplifican
un fragmento de 3332 pb en la cepa parental (coordenadas 2011017 a 2014349) y
un fragmento de 709 pb en la cepa mutante B. abortus AbvrRS. Los clones que
dieron el resultado esperado para la cepa mutante también se sometieron a una
PCR con el par de cebadores bvrR_bvl (Anexo 1), los cuales amplifican un
fragmento de 63 pb de la secuencia codificante de bvrR en la cepa parental
(coordenadas 2011468 a 2011531) y no se espera que amplifiquen ningun producto
de PCR en la cepa mutante. Los clones mutantes seleccionados en funcion de la

presencia del amplicon Con de 709 pb y la ausencia del amplicén bvl de 63 pb se
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sometieron también a pruebas de identificacion bioquimica y confirmacion adicional
mediante secuenciacion de ADN Sanger, Southern Blot, Western Blot y
secuenciacion de genoma completo, como se describe mas adelante.

e |dentificacion bioquimica de la cepa B. abortus AbvrRS

Se realizaron pruebas bioquimicas bésicas segun lo descrito por otros
autores (Castillo-Zeledon et al., 2021), utilizando los posibles clones mutantes y la
cepa B. abortus 2308W. Las pruebas realizadas incluyeron ureasa (1h y 24h),
oxidasa, produccion de H2S, reduccion de nitrato, sensibilidad a 20 pg/ml de tionina
(24h y 72h) y 20 pg/ml de fucsina bésica (24h y 72h). La presencia de un LPS liso
se verificO mediante la prueba de aglutinacion de acriflavina segun lo descrito por
otros autores (Castillo-Zeledon et al., 2021).

e Southern Blot:

La mutacion fue confirmada mediante Southern Blot (Castillo-Zeledon et al.,
2021), con algunas modificaciones. EI ADN gendémico de las cepas parentales y
mutantes se extrajo utilizando el kit “Wizard® Genomic DNA Purification Kit”
(Promega, USA). EI ADN purificado fue digerido con las enzimas de restriccion
BshTl (Agel) y Misl (Mscl) (Thermo Scientific, USA), con 25 U y 125 U
respectivamente, cortando el ADN gendmico de B. abortus 2308W en las posiciones
2011220 (a 60 bases del codon de inicio de bvrR) y 2014898 (a 983 bases del codén

terminacion de bvrS), generando fragmentos de 3679 pb y 1055 pb en la cepa

parental y en las cepas mutantes de B. abortus AbvrRS. ElI ADN digerido de cada

cepa se separd mediante electroforesis en un gel de agarosa al 0,6% durante 2 h a
100V, y el gel se transfiri6 a una membrana de nailon (Roche, Alemania). La sonda
se generd utilizando los cebadores bvrRS-South (Anexo 1), amplificando un
fragmento de 299 pb de la secuencia codificante del gen corriente abajo de bvrS
(BAW_12008, coordenadas 2013977 a 2014276). El marcaje, hibridacion y
deteccion de la sonda se realizaron utilizando el kit “DIG DNA Labeling and detection
kit” (Roche, Alemania).

e \Western Blot:



37

La expresion de BvrS, BvrR y Omp25 se evaluaron por Western Blot (Castillo-
Zeleddn et al.,, 2021), con algunas modificaciones. Los cultivos bacterianos se
incubaron durante un maximo de 32 h para evaluar la expresion de proteinas en
diferentes fases de crecimiento. El control de carga fue Omp19.

e Secuenciacion Sanger:

El amplicon Con-mutante se secuencié mediante Secuenciacion Sanger para
confirmar la ausencia de bvrR y bvrS. También se secuenciaron las regiones
recombinadas durante la eliminacion de los genes bvrR y bvrS. La region de
recombinacién corriente arriba se amplific6 con los cebadores pckA (Anexo 1),
obteniendo un amplicén de 677 pb (coordenadas 2009968 a 2010645). La regién
de recombinacion corriente abajo se amplificé con los cebadores revtrans20682069-
2.3 y revtrans20692070-2.5 (Anexo 1), obteniendo un amplicbn de 628 pb
(coordenadas 2014621 a 2015249). Todos los amplicones se secuenciaron
utilizando el Kit “BigDye™ Terminator v3.1 Cycle Sequencing Kit” (Thermo Fisher
Scientific, USA) y se enviaron al "Centro de Investigacion en Biologia Celular y
Molecular" de la Universidad de Costa Rica para la electroforesis capilar. Los
resultados de la secuenciacion se analizaron utilizando BLAST (Altschul et al., 1990)
como blastn y con parametros predeterminados para buscar su correspondencia en
la secuencia gendmica de B. abortus 2308, cromosoma | (Secuencia de Referencia
del NCBI: NC_007618.1).

e Secuenciacion del genoma completo:

Para la secuenciacion del genoma completo, el ADN gendmico de B. abortus
2308W y B. abortus AbvrRS se segun lo descrito mas atras para el Southern Blot.
Las bibliotecas gendmicas se prepararon con el kit “Rapid barcoding sequencing
SQK-RBK004 kit” (Oxford Nanopore Technologies, Reino Unido) para la
secuenciacion en una plataforma minlON utilizando el software MinKNOW, segun
las recomendaciones del fabricante. El “Basecalling” y la conversion de los datos
crudos al formato FASTQ se realizaron con Guppy v.3.6.0, mientras que la calidad
de las lecturas se verificd con nanoplot 1.40.2 (De Coster et al., 2018). Las lecturas
de baja calidad (Q<10 y longitud minima de 1000) se filtraron con nanofilt 2.8.0 (De
Coster et al., 2018). Los adaptadores y cédigos de barras se recortaron con
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Porechop 0.2.4. Las lecturas que pasaron la calidad se utilizaron para el ensamblaje
del genoma completo con Unicycler v0.4.8 (Wick et al., 2017). Los genomas
ensamblados se verificaron con QUAST 5.0.2 (Quality Assessment Tool for
Genome Assemblies Version) (Gurevich et al., 2013) y CheckM v1.1.3 para verificar
la integridad y contaminacién (Parks et al., 2015). El proyecto se depositd en
DDBJ/ENA/GenBank con los siguientes numeros de accesion: Bioproyecto
PRJINA891361, ensamblajes CP109916-CP109917 y CP109914-CP109915 y datos
crudos de secuenciacion SRR21939256 y SRR21939255 para B. abortus 2308W y
B. abortus AbvrRS, respectivamente. Los ensamblajes completos resultantes a nivel
de cromosoma se compararon mediante BLAST (Altschul et al., 1990) con el tipo
blastn y pardmetros predeterminados para verificar las diferencias gendmicas entre
B. abortus AbvrRS y B. abortus 2308W. La cobertura del contenido genémico
también se verificO mediante el mapeo de lecturas contra el genoma ensamblado
utilizando la plataforma de mapeo de lecturas largas Vulcan 1.0.3 (Fu et al., 2021).
Las visualizaciones gendmicas se realizaron con la Herramienta de Comparacion
Artemis 18.2.0 (Carver et al., 2005).
e Pruebas de integridad de membrana:

La sensibilidad a la accion bactericida del suero no inmune se llevo a cabo
segun lo descrito en la literatura (Castillo-Zeleddn et al., 2021), con un periodo de
incubacion de 45 minutos con el suero no inmune en lugar de 90 minutos. Se utilizé
la prueba de Kruskal-Wallis para comparaciones mdultiples (Castillo-Zeledon et al.,
2021). La concentracién minima inhibitoria a Polimixina B en CTS pH 7.0 y 6.0 fue
determinada mediante el método de microdilucion, segun lo descrito en la literatura
(Castillo-Zeledon et al., 2021).

e Ensayo de proteccion con gentamicinay cuantificacion de la
replicacion intracelular:

Se cultivaron macrofagos murinos RAW 264.7 (ATCC TIB-71) y células
epiteliales HeLa (ATCC clon CCI-2) y se infectaron con cepas de B. abortus en fase
de crecimiento exponencial, tal como lo describen otros autores (Altamirano-Silva
et al., 2018; Castillo-Zeledon et al., 2021). EI nimero de Unidades Formadoras de
Colonias (UFC) viables de B. abortus intracelulares se determiné alas 0, 24y 48 h
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después de la infeccion. Se utilizo la prueba de Kruskal-Wallis para comparaciones
multiples (Castillo-Zeledon et al., 2021).
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CAPITULO IV: RESULTADOS

e El reqgulén del TCS BvrR/BvrS revela una coordinacion de vias

metabolicas requeridas parala vida intracelular de B. abortus

1. Resumen:

El TCS BvrR/BvrS estd conservado en miembros de la clase
Alphaproteobacteria y esta relacionado con la expresion de genes requeridos para
la interaccion con el hospedero y la sobrevivencia intracelular. Sin embargo, se
desconocia si esa regulacion era directa o indirecta. Por lo tanto, nos interesamos
por describir el regulon del TCS BvrR/BvrS. En primer lugar, reportamos que los
genes bvrR y bvrS se cotranscriben con otros 14 genes corriente abajo,
conformando un operoén. La anotacion de estos genes refleja funciones relacionadas
con el metabolismo del nitrdgeno, la reparaciéon y recombinacion del ADN, el arresto
del ciclo celular y la respuesta al estrés. La sintenia de esta region entre miembros
cercanos de Alphaproteobacteria sugiere un rol conservado en la coordinacion y
expresion de vias metabdlicas relacionadas con el carbono y el nitrégeno.
Adicionalmente, realizamos un analisis de ChIP-seq con anticuerpos contra BvrR
después de exponer cultivos bacterianos a condiciones de estrés acidico y
nutricional que simulan el ambiente intracelular. Como resultado, encontramos que
BvrR se une directamente a mas de 300 genes que codifican enzimas implicadas
en vias metabdlicas entrelazadas como la via de las pentosas fosfato y la
gluconeogénesis, ademas de la homeostasis de la envoltura celular, sintesis de
nucleodtidos, division celular y virulencia. Entre estos genes blanco seleccionamos
los siguientes: virB1, bvrR, pckA, omp25 y tamA. Ademas, corroboramos por EMSA
la union directa de BvrR a las regiones corriente arriba de estos genes. Por ultimo,
desciframos un motivo de unién a ADN de 14 nucléotidos, cuya presencia logramos
identificar en el sitio de unién a BvrR que delimitamos en la region promotora del
gen virB1. Consideramos que comprender la regulacion génica que ejerce BvrR en
Brucella es esencial para dilucidar como la bacteria logra orquestar una respuesta

fisiol6gica que conlleva a una estrategia patogénica sigilosa.
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2. Introduccion:

El TCS BvrR/BvrS se relaciond inicialmente con la virulencia y la integridad
de la OM de Brucella spp. (Sola-Landa et al., 1998; Guzman-Verri et al., 2002;
Manterola et al., 2005; Lamontagne et al., 2007; Martinez-Nufiez et al., 2010; Viadas
et al., 2010; Altamirano-Silva et al., 2018). Estudios posteriores revelaron que en la
mutante por transposicion en bvrR existian mas de 100 genes con expresion
alterada en comparacion con la cepa parental (Viadas et al., 2010). Sin embargo,
se desconocia si todos esos genes eran regulados de forma directa por el TCS
BvrR/BvrS, o mas bien indirecta, pues entre estos genes se encontraban otros
factores de transcripcién (Viadas et al., 2010). Por lo tanto, en la presente Tesis nos
interesamos por estudiar el regulon controlado de forma directa por el TCS
BvrR/BvrS. Para ello analizamos en primer lugar la organizacion transcripcional de
los genes bvrR/bvrS. En Rhizobiales, se ha observado una sintenia conservada en
las regiones gendmicas que codifican los ortdlogos del TCS BvrR/BvrS y varios
genes corriente abajo, algunos de los cuales codifican un PTS relacionado al
nitrégeno (PTSN') (Dozot et al., 2010; Bélanger et al., 2013; Sanchez-Cafiizares et
al., 2020).

El PTSN" es un mecanismo de regulaciéon global utilizado para ajustar el
metabolismo de acuerdo con las fuentes de carbono y nitrégeno disponibles y, en
Rhizobium leguminosarum, actda en conjunto con el TCS (Sanchez-Cafiizares et
al., 2020). En B. melitensis, un estudio previo habia demostrado la cotranscripcién
de los genes que codifican para ambos sistemas (Dozot et al., 2010). Ademas, otro
estudio previo de protedmica intracelular de B. abortus a diferentes puntos post-
infeccion en macréfagos habia revelado ajustes metabdlicos consistentes con las
diferentes condiciones encontradas en los compartimentos intracelulares en los

cuales transita la bacteria (Lamontagne et al., 2009).

En tiempos tempranos, B. abortus reprime la utilizacién de carbohidratos en
el metabolismo del carbono, asi como la sintesis de transportadores periplasmicos

y proteinas; mientras que activa el uso de fuentes de energia alternativas basadas
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principalmente en rutas anapleréticas y generacion de glutamato por conversion
enzimatica de aminoacidos, y un tipo de respiracion de baja tension de oxigeno. Al
mismo tiempo, la bacteria cambia la composicién de su membrana y restringe la
sintesis de proteinas y &cidos nucleicos, probablemente para contrarrestar las
condiciones de estrés de la vacuola temprana (Lamontagne et al., 2009). El T4SS
VirB y los mecanismos que inhiben la apoptosis son criticos para la sobrevivencia
en la BCV, la cual eventualmente se asocia con compartimentos del reticulo
endoplasmico a través de modificaciones en el LPS, glucanos B-ciclicos y efectores
de VirB (Gorvel & Moreno, 2002). Aproximadamente a las 24 h post-infeccion, al
alcanzar el reticulo endoplasmico, el metabolismo bacteriano muestra signos de una
completa adaptacion al tipo de respiracién de baja tension de oxigeno, un aumento
en la sintesis de transportadores de aminoacidos, péptidos y hierro. La sintesis de
proteinas y acidos nucleicos se reactiva y la topologia de la OM se ajusta al huevo
ambiente. Después de dos dias de vida intracelular, la bacteria se ha replicado
extensivamente en una vacuola asociada al RE y ha restaurado, a niveles pre-
infeccion, la mayoria de las proteinas diferencialmente expresadas (Lamontagne et
al., 2009). Seguidamente, la bacteria alcanza un compartimento con caracteristicas
autofagicas que le permite salir de la célula hospedera e iniciar un nuevo ciclo de
infeccién (Starr et al., 2012).

En la presente Tesis demostramos primeramente la cotranscripcion, en B.
abortus 2308W, de los genes del TCS BvrR/BvrS y el PTSN' junto con otros diez
genes corriente abajo, lo que implica que ambos sistemas forman parte de un
operon de 16 genes en total. Cabe resaltar que la anotacion de los genes que
componen este operdn refleja funciones relacionadas con la transicién entre los
ambientes extra e intracelular. Adicionalmente, analizamos el grado de
conservacion de este operon en bacterias filogenéticamente relacionadas,
encontrando una mayor sintenia en bacterias que transitan entre nichos extra e
intracelulares como parte de su ciclo de vida, en comparacién con las intracelulares
obligadas, lo cual sugiere que el operdn bvrR/bvrS es relevante para la adaptacion

de Brucella al ambiente intracelular, lo que a su vez tiene relacion con la virulencia.
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Por otra parte, una vez descrito el operon bvrR/bvrS, nos interesamos por
describir el regulon del TCS BvrR/BvrS en condiciones fisiologicamente relevantes.
En B. abortus, la activacion por fosforilacion del regulador BvrR es transitoria a lo
largo de la curva de crecimiento en medio rico en nutrientes y con pH neutro, pero
puede ser inducida por una breve exposicion a un medio acido pobre en nutrientes
(Altamirano-Silva et al., 2018). De manera que realizamos un ensayo de ChIP-seq
con anticuerpos contra BvrR en cultivos bacterianos crecidos hasta la fase mid-log
de la curva de crecimiento y posteriormente expuestos a estrés acidico y nutricional,
lo que nos permiti6 identificar mas de 300 regiones gendmicas directamente unidas
a BvrR. Algunos de estos genes codifican enzimas que participan en vias
metabdlicas entrelazadas en el metabolismo del carbono y el nitrdgeno, lo que
refuerza la nocién de que el TCS BvrR/BvrS coordina la expresiéon de genes

necesarios para la adaptacion al ambiente intracelular.

Entre todos los genes blanco identificados en el analisis de ChIP-Seq,
seleccionamos cinco para corroborar por EMSA la union directa de BvrR a sus
regiones corriente arriba. Entre los genes seleccionados se encuentran virB1, bvrR,
pckA, omp25 y tamA. Como se coment6 en el Capitulo 1, virB1 y omp25 han sido
respectivamente relacionados con la virulencia y la integridad de la envoltura celular
y por esta razon se eligieron para el EMSA. El gen bvrR se escogi6 para corroborar
la posibilidad de una autorregulacion del TCS, como se ha reportado en otros
miembros de la subfamilia de reguladores de respuesta OmpR/PhoB (Haydel et al.,
2002; Gupta et al., 2006). EI gen pckA se eligié ya que su expresion aumenta en
mutantes por transposicion en bvrR (Viadas et al., 2010). Este gen se encuentra
ubicado corriente arriba de bvrR y se transcribe en direccién opuesta (Halling et al.,
2005; Suarez-Esquivel et al., 2016). Ademas, codifica una enzima denominada
fosfoenolpiruvato carboxiquinasa (Viadas et al., 2010). En A. tumefaciens, la
expresion de pckA estd bajo el control de un ortélogo del TCS BvrR/BvrS y es
importante para la virulencia (Liu et al., 2005). En B. abortus, pckA esta anotado
como un pseudogen (Suarez-Esquivel et al., 2016). Sin embargo, la enzima de PckA
de B. abortus conserva el dominio requerido especificamente para la actividad de la
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carboxiquinasa, asi como el sitio de union al fosfato y los sitios de unién a ATP y
metal, por lo que se especula que podrian ser funcionales (Zufiga-Ripa et al., 2014).
Por ultimo, el gen tamA se eligio debido a que esté ubicado corriente arriba de tamB,
cuya expresion esta ausente en la cepa vacunal atenuada B. abortus S19
(Lamontagne et al., 2009) y disminuida en la mutante por transposicion en bvrR
(Lamontagne et al., 2007). Las proteinas TamA y TamB, estan involucradas en
biogénesis de la envoltura celular, divisidbn celular, virulencia y crecimiento

intracelular (Sternon et al., 2018; Bialer et al., 2019).

Por otra parte, también demostramos por EMSA que BvrR no se une a la
region corriente arriba del regulador transcripcional tetR2 (datos no incluidos en la
publicacién), a diferencia de lo que se ha reportado para los ortélogos de estas dos
moléculas en S. melitoti (Cuadro 2). Los resultados obtenidos se presentan en el
anexo 3, Figura 5. También analizamos genes blanco comunes entre BvrR, VjbR,
CtrA, MucR (datos no incluidos en la publicacién). Los resultados obtenidos se
presentan en el anexo 3, Cuadro 6. Como se puede observar, BvrR presenta una
mayor cantidad de genes blanco en comun con VjbR (n=29), seguido de CtrA (n=22)
y MucR (n=11). Adicionalmente, BvrR-VjbR-CtrA presentan 3 genes blanco en
comun, principalmente relacionados con el LPS; mientras que BvrR-VjbR-MucR
también presentan 3 genes en comun, uno de los cuales también esta relacionado
con el LPS. Estos datos refuerzan la nocién de que en Brucella se da un control
transcripcional muy estricto de los genes implicados en la virulencia, de forma
similar a lo que ya se ha reportado para el operén virB.

Por dltimo, mediante el uso de una herramienta bioinformatica para analizar
las secuencias de ADN unidas a BvrR que se determinaron mediante el ensayo de
ChiIP-seq, generamos un motivo de union a ADN compuesto por 14 nucleétidos, el
cual fue posible localizar en la regién promotora de virB1, sugiriendo que este motivo

tiene relevancia bioldgica.

3. Articulo cientifico:
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A continuacion, se adjunta en pdf el articulo cientifico publicado en la revista
“PLOS ONE”, el cual trata sobre el regulon controlado de forma directa por el TCS
BvrR/BvrS, reflejando una coordinacion de vias metabdlicas necesarias para la vida

intracelular.
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Abstract

Brucella abortus is a facultative intracellular pathogen causing a severe zoonotic disease
worldwide. The two-component regulatory system (TCS) BvrR/BvrS of B. abortus is con-
served in members of the Alphaproteobacteria class. It is related to the expression of genes
required for host interaction and intracellular survival. Here we report that bvrR and bvrS are
part of an operon composed of 16 genes encoding functions related to nitrogen metabolism,
DNA repair and recombination, cell cycle arrest, and stress response. Synteny of this geno-
mic region within close Alphaproteobacteria members suggests a conserved role in coordi-
nating the expression of carbon and nitrogen metabolic pathways. In addition, we performed
a ChlP-Seq analysis after exposure of bacteria to conditions that mimic the intracellular
environment. Genes encoding enzymes at metabolic crossroads of the pentose phosphate
shunt, gluconeogenesis, cell envelope homeostasis, nucleotide synthesis, cell division, and
virulence are BvrR/BvrS direct targets. A 14 bp DNA BvrR binding motif was found and
investigated in selected gene targets such as virB1, bvrR, pckA, omp25, and tamA. Under-
standing gene expression regulation is essential to elucidate how Brucella orchestrates a
physiological response leading to a furtive pathogenic strategy.

Introduction

Brucella spp. are Gram-negative, facultative intracellular Alphaproteobacteria related to endo-
symbionts, animal, and plant pathogens [1]. These organisms cause brucellosis, a worldwide
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distributed and neglected zoonotic disease [2]. Brucella abortus induces abortion and infertility
in cattle. Humans are accidental hosts, showing an acute febrile illness that may persist and
evolve into a long-lasting infection with severe complications [2]. Brucella pathogenicity
resides in its ability to invade, survive, and replicate inside host cells, including professional
and non-professional phagocytes [3]. Once inside the cell, the bacterium is found within a
membrane-bound compartment avoiding the lysosomal route and redirecting its trafficking to
a compartment derived from the endoplasmic reticulum (ER), where it replicates [3]. Eventu-
ally, this compartment acquires autophagosome features required for cell egress and spreading
[4]. An exhaustive proteomic analysis of bacteria at different time points during macrophage
trafficking revealed metabolic adjustments consistent with the different conditions found in
the intracellular compartments [5]. Early in infection B. abortus 2308 Wisconsin downregu-
lates carbohydrate-based carbon utilization, periplasmic transporters, and protein synthesis.
Alternative energy sources based mainly on anaplerotic routes and generation of glutamate by
enzymatic conversion of amino acids and low oxygen tension-type of respiration are evident.
At the same time, bacteria change their membrane composition and restrict their protein and
nucleic acid synthesis, probably reflecting the stress conditions in the shelter vacuole [5]. The
type IV secretion system VirB and apoptosis inhibitory mechanisms are critical for the survival
within these Brucella-containing vacuoles, which in time, associate with compartments of the
ER through LPS modifications, beta-cyclic glucans, and VirB effectors [3]. Twenty-four hours
after infection, after reaching the ER, bacterial metabolism shows signs of complete adaptation
to a low oxygen tension-type of respiration, an increase of transporters involved in the capture
of amino acids, peptides and iron. Protein and nucleic acid synthesis resume, and the outer
membrane’s topology shows signs of changes again according to the new environment. After
two days of intracellular life, bacteria extensively replicate in a vacuole associated with the ER,
restoring most of the differentially expressed proteins to pre-infection levels [5]. Bacteria then
reach an autophagosome-like exit compartment where they are ready to egress from the host
cell and start a new infection cycle [4].

Transitioning from an extracellular to an intracellular milieu requires a highly coordinated
gene expression achieved through several regulatory mechanisms, including two-component
regulatory systems (TCSs): signal transduction systems that allow bacteria to sense and
respond to environmental variations [6]. The simplest TCS includes a sensor histidine kinase
and a response regulator. When the histidine kinase senses external signals, it autophosphory-
lates on a conserved histidine residue. Then it transfers the phosphoryl group to a conserved
aspartate residue in the response regulator. The phosphorylated form of this protein shows an
increased affinity for DNA binding sites, activating or repressing a particular set of genes,
which constitute a direct regulon [6].

Alphaproteobacteria closely associated with eukaryotic cells, such as Bartonella, Rhizobium,
Sinorhizobium, Agrobacterium, and occasionally Ochrobactrum, have ortholog TCS regulating
functions involving host-microbe interactions (7, 8]. In Brucella, this TCS is BvrR/BvrS. B.
abortus mutants in byrR and in byrS are avirulent, displaying reduced invasiveness and replica-
tion failure in cells and mice [9]. Previous studies showed transient activation of BvrR through
phosphorylation in bacteria grown in nutrient-rich media at neutral pH (rich conditions) [10].
Brief exposition to an acidic nutrient-limited media (stress conditions) mimics B. abortus
intracellular environment and also induces BvrR phosphorylation [10]. Proteomics and tran-
scriptomics studies showed that B. abortus BvrR/BvrS is a master regulator of cell envelope
homeostasis, carbon and nitrogen metabolism, and virulence-related proteins [11-16].
Accordingly, it regulates the expression of genes coding for outer membrane proteins, such as
Omp25 and Omp22, and genes involved in lipid A acylation [12, 13]. In addition, a bvrR-
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deficient B. abortus strain expresses reduced levels of TamB [15], a protein involved with
TamA in cell envelope biogenesis, cell division, virulence, and intracellular growth [17, 18].

Bvr§ likely senses changes in pH and nutrients, such as the acidic and low nutrient environ-
ment found during the endosomal route. Activated BvrS triggers a transcriptional response
that includes activation of a virulence circuit composed of the phosphorylated cognate regula-
tor BvrR (BvrR-P), the quorum-sensing regulator VjbR and the type IV secretion system VirB
(T4SS VirB) required to redirect bacterial trafficking to the ER [19]. Later in infection, BvrR/
BvrS also senses environmental cues that reactivate the virulence circuit required to exit the
host cell and increase bacterial infectivity [19].

Conserved synteny is observed in Rhizobiales genomic regions encoding ortholog TCS and
downstream genes, encoding a nitrogen-related phosphotransferase system (PTSN"). The
PTS™ isa global regulatory mechanism used to reach metabolic fitness according to carbon
and nitrogen availability by Rhizobium leguminosarum [20] and probably by Brucella meliten-
sis [21] and Sinorhizobium meliloti [22]. A coordinating role between this TCS and pTSN
could allow bacteria to regulate the metabolic crossroad between carbon and nitrogen sources
and adjust to the environments encountered during host cell interaction [23]. Recent evidence
suggests that in Rhizobium leguminosarum this coordination is exerted by direct interaction
between PtsN1 and the response regulator ChvI [20].

Here we confirm the relationship between BvrR/BvrS and the Pts™" system, showing that
B. abortus bvrR and bvrS belong to an operon of 16 genes with conserved synteny in analyzed
Alphaproteobacteria genomes. Furthermore, we expand our knowledge of the BvrR/BvrS regu-
lon, describing genomic regions bound directly by BvrR-P under conditions that mimic the
intracellular environment confronted by B. abortus while trafficking to its replicative niche.
Some of these regions were related to genes encoding enzymes at the metabolic crossroads of
carbon and nitrogen pathways, reinforcing the role that BvrR/BvrS has in the coordination of
gene expression required for a successful B. abortus infection.

Methods
Bacterial strains and growth conditions

B. abortus 2308 Wisconsin (2308W) was used as a wild-type strain [24], and its derivative B.
abortus 65.21 byrR::Tn5, a BvrR-deficient strain, was used as control [9]. Both strains were
grown at 37°C in Tryptic Soy Broth (TSB), pH 7.2. All procedures involving live B. abortus
were performed following the “Reglamento de Bioseguridad de la CCSS 39975-0”, 2012, after
the “Decreto Ejecutivo #30965-S”, 2002 and research protocol SIA 0652-19 approved by the
National University, Costa Rica.

RNA extraction, RT-PCR, and conservation analysis of bvrR/bvrS operon

For co-transcriptional analysis of bvrR and downstream genes, total RNA isolation and
RT-PCR were performed as previously described [11] from B. abortus 2308W cultures grown
in TSB at the log and stationary growth stages. S1 Table lists the primers used for this purpose.
The PCR products were analyzed on agarose gels using standard procedures [25]. The
obtained amplicons were sequenced using the Big Dye terminator kit 3.1 (Life Technologies),
following manufacturer instructions.

The conservation analysis of the bvrR/bvrS operon homologs in representative Alphaproteo-
bacteria was performed using BLAST. B. suis 1330 genome was used as a reference for this
comparison since it has been re-sequenced and is one of the largest Brucella genomes.

Artemis [26] and Artemis Comparison Tool were used to visualize the results [27]. The 16s
rRNA genes were used for molecular phylogenetic reconstruction by the Maximum Likelihood

PLOS ONE | https://doi.org/10.1371/journal.pone.0274397 September 21, 2022 3/25




PLOS ONE

48

Brucella BvrR/BvrS regulon

method based on the Tamura-Nei model [28] to infer the evolutionary history of the Alphapro-
teobacteria selected genomes. The bootstrap consensus tree inferred from 500 replicates [29]
was taken to represent the evolutionary history of the taxa analyzed. The analysis involved 17
nucleotide sequences (52 Table). All positions containing gaps and missing data were elimi-
nated. There were a total of 1191 positions in the final dataset. Consistent with previous
reports [30], an outgroup conformed by Escherichia coli, Ralstonia solanaceum, and Geobacter
sulfurreducens was introduced in the analysis; however, it was trimmed from the tree to
enhance visual resolution. Evolutionary analyses were conducted in MEGA7 [31].

The BvrR/BvrS operon was examined through bwa alignment [32] and SMALT v.0.5.8
mapping (http://www.sanger.ac.uk/resources/software/smalt/) in 126 B. abortus genomes to
assess the presence and identity level of the genes included in the region, using as reference a
region inferred from B. suis 1330. In addition, the number of SNPs, insertions, and deletions
in each one of the genes was recorded manually (53 Table).

ChIP-Seq assay

The ChIP-Seq assay was performed as previously described [33] with the following modifica-
tions. The wild-type strain B. abortus 2308W and its derivative bvrR-mutant strain (negative
control) were cultured until the mid-log phase in TSB. The bacterial cultures of each strain
were divided into two equal parts. One part of each cultured strain was incubated for five min-
utes in a nutrient-limited medium (33 mM KH,PO,, 60.3 mM K,HPO,, 0.1% yeast extract) at
pH 5.5 adjusted with citric acid. Those are stress conditions described previously for inducing
BvrR phosphorylation [10]. The other part of the cultured strains was incubated in fresh TSB
for 5 minutes as an additional control condition in which BvrR phosphorylation was expected
to occur only transiently (rich conditions) [10]. Protein-DNA crosslinking was performed as
indicated [33] and stopped by adding glycine to a final concentration of 125 mM, as described
elsewhere [34]. After adding lysis buffer with lysozyme at 10 mg/ml, bacteria were lysed in the
cell Disruptor Genie from Scientific Industries at 2800 rpm for 1 h, at 4°C, followed by over-
night incubation with ChIP buffer at 37°C. The lysate was sonicated on ice (Branson Sonifier
Digital cell disruptor S-450D 400W) by applying 25 bursts of 30 s at 30% amplitude and 30 s
pause. A polyclonal rabbit anti-BvrR antibody [11] and magnetic beads coated with protein A
were used for immunoprecipitation. DNA was extracted using a standard protocol of isopro-
panol precipitation [25]. Library construction and Illumina HiSeq 2500 HT sequencing were
performed at Genomics Core Leuven, Belgium. The Bluepippin system (Sage Science) was
used to select DNA fragments of approximately 220 bp that were sequenced paired-end.
Sequencing results were analyzed using Bioinformatics tools available on the Galaxy Project
platform (https://usegalaxy.org/) [35]. The average and variance of reads per nucleotide were
calculated in R Studio (http://www.rstudio.com) to establish a Z-score measured in terms of
standard deviations from the mean, as described elsewhere [33, 36]. For each condition tested,
ChIP-Seq signals considered significant were those that met all the following selection criteria:
1. To have a count of reads per nucleotide above the threshold (Z>3), 2. To be absent in the
negative control, and 3. To have a minimum length of seven consecutive nucleotides. Interac-
tive visualization of the ChIP-Seq signals for the stress condition was constructed using the
Bokeh Visualization Library (http://www.bokeh.pydata.org), and a custom Python code avail-
able at S1 File. Artemis [26] was used to look for the closest genes surrounding the significant
signals. For significant ChIP-Seq signals located near the start of two divergent genes, both
genes were considered bonafide putative BvrR target genes. For significant ChIP-Seq signals
located within coding sequences, the corresponding gene and its adjacent downstream gene
were considered bonafide putative BvrR target genes. The function annotation of all bonafide
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putative BvrR target genes was manually curated using COG nomenclature and compared
between conditions. The bonafide putative BvrR target genes found under stress conditions
were used as input to perform an in-depth metabolic pathway analysis with BioCyc [37, 38]
and manual curation. The DNA sequences of the significant ChIP-Seq signals were extracted
from Artemis [26] and used as input for motif discovery with GLAM2 [39] to deduce a con-
sensus sequence recognized by BvrR [40].

Electrophoretic Mobility Shift Assay (EMSA)

Recombinant BvrR protein was produced and phosphorylated in vitro [11]. The direct interac-
tion between BvrR-P and the upstream intergenic region of five selected target genes was ana-
lyzed by EMSA as described [10]. The selected target genes were: tamA (BAW_10045), pckA
(BAW_12005), bvrR (BAW_12006), omp25 (BAW_10696) and virBI (BAW_20068). The
intergenic upstream regions of the 50S ribosomal protein L7/L12 gene rpIL (BAW_11206) and
dhbR (BAW_21104) were included as a negative control. DNA probes were prepared by PCR
amplification of regions of ~200 bp located upstream of the selected genes with primers listed
in the S1 Table. The DIG Gel Shift 2nd Generation Kit" (Roche) was used for probe labeling,
following manufacturer instructions. For EMSAs involving the tamA-probe, the probe was
denatured 10 minutes at 95°C before each assay. A 226 bp region from the virBI promoter
known to bind directly to BvrR [11] was selected to analyze the described DNA binding motif.
Ten overlapping oligonucleotides (S1 Table) covering this region were chemically synthesized
(=40 bp) (Invitrogen) and used as probes for EMSA as described [10]. Competitive EMSAs
were performed as described [10]. Briefly, the digoxigenin-labeled probes tested in the direct
EMSA for tamA, omp25, and virBI were incubated with BvrR-P (0.6 uM) and either an excess
of the respective non-labeled probe as a competitor or separately, with an excess of non-labeled
negative control probe (rplL or dhb) as a competitor. Samples were then processed as described
for direct EMSAs.

Mapping of transcriptional start sites

Total RNA was extracted from B. abortus 2308W as described above [11] and submitted to
primer extension analysis according to a previously described protocol [41]. S1 Table lists the
primers used for this purpose.

Dnase I footprinting analysis of virB upstream region

The same 226 bp amplicon analyzed by EMSA was amplified using primer pvirdownlI 5'-FAM
labeled (S1 Table) and conditions described previously [42]. The fragment was gel purified
with QiaQuick kit (Qiagen) and mixed with BvrR-P as described above for EMSA. The ampli-
con was digested using Dnase I and sequenced as described [43]. The bases protected from
digestion were identified using Peak Scanner software from Applied Biosystems by super-
imposing the electropherograms of digested and non-digested DNA fragments.

Results
BvrR/BvrS and PTS™ form an operon with cell cycle arrest, DNA repair,
and stress response genes

In a previous study, co-transcription of bvrR, bvrS, and four downstream genes encoding a
PTSN" with regulatory functions was described in B. melitensis [21]. Thus, we first investigated
if this transcriptional organization was conserved in B. abortus 2308W. Co-transcription of
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Fig 1. Transcriptional organization of the byrR/bvrS operon in B. abortus 2308W. A. Schematic representation of the genomic region encoding the
bvrR/bvrS operon (approximate coordinates in B. abortus 2308W genome: 2009267-2030918). The 5°-gene pckA was known to transcribe
independently from bvrR, byrS, and the PTS genes, unlike the 3°-genes BAW_12014 to folC [21]. The arrows indicate the orientation of transcription.
The genes are color-coded according to their annotated general function: Brown = Pseudogenes and partial genes (remnants), Light blue = Regulators,
Light green = Unknown, Dark green = Surface (inner membrane, outer membrane, secreted, surface structures), Yellow = Central/intermediary/
miscellaneous metabolism, Red = Information transfer (transcription/translation + DNA/RNA modification). The lines below the genes illustrate the
intergenic regions interrogated with primer pairs listed in S1 Table. The numbers1 to 16 follow their intergenic position along the operon. Black = co-
transcribed regions as demonstrated by RT-PCR, Gray = non-co-transcribed regions as demonstrated by RT-PCR. B. Agarose gel electrophoresis of
RT-PCR products obtained per region interrogated. Three lanes are shown for each RT-PCR result numbered from 1 to 16: a-minus RT (RNA, no RT),
b-RT-PCR result and c-positive control (gDNA). The last five bands of the molecular marker (M) are 100, 200, 300, 400, and 500 bp-long. In total, 31
primer pairs were tested to span 16 overlapping regions of no more than 400bp. Only one representative RT-PCR product per region is shown. All
amplicons were sequenced to corroborate their identity. The results shown correspond to the log phase of the growth curve in TSB and are also
representative of the co-transcription events observed at the stationary growth phase in the same medium.

https://doi.org/10.1371/journal.pone.0274397.g001

bvrR, bvrS, and 14 downstream genes was demonstrated by RT-PCR assays spanning inter-
genic regions and confirmed by Sanger sequencing of each obtained amplicon. (Fig 1).

Besides the PTS™", the downstream genes encode proteins/enzymes probably involved in
functions related to shifting metabolic needs according to the environment, such as cell cycle
arrest, LPS structure, DNA repair, gene recombination, and stress responses (Table 1). Synteny
analysis of 126 whole-genome sequences of B. abortus strains showed the same organization
and orientation as B. abortus 2308W operon and was consistent with B. suis 1330. The gene
pckA, encoding a gluconeogenesis-essential PEP carboxykinase, was upstream and opposite
the operon in the genomes analyzed. The gene is functional in B. suis 513 but not in B. abortus
2308W [44] and is consistently found as a pseudogene in the B. abortus genomes studied, with
a premature stop codon in the same position. $3 Table describes additional detected SNPs in
this region.

Conservation analysis of this region within representative Alphaproteobacteria genomes
was performed. The overall structure of this operon is conserved in facultative intracellular/
extracellular bacteria, practically absent in free-living bacteria, and absent in the strict intracel-
lular animal pathogens (Fig 2). This configuration indicates that the operon was ancestral to
Alphaproteobacteria members and subsequently reduced, translocated, or partially lost during

PLOS ONE | https://doi.org/10.1371/journal.pone.0274397 September 21, 2022 6/25

50



PLOS ONE

Brucella BvrR/BvrS regulon

Table 1. Description of the 16 genes that belong to bvrR/bvrS operon in B. abortus 2308W and correspondence
with B. abortus 2308 genome.

Name(s) Functi ding to g ion and li

BAW_12006, bvrR, Two-component transcriptional regulator BvrR [9]

BAB1_2092

BAW_12007, bvrS, Two-component histidine kinase BvrS [9]

BAB1_2093

BAW_12008, hprK, HPr kinase. Participates in the regulation of B. melitensis phospho-transfer system

BAB1_2094 (PTS). The PTSNtr p the accumulation of a second ger called (p)ppGpp
in conditions of nitrogen starvation [21, 45]

BAW_12009, BAB1_2095 | Predicted protein with unknown function [24]

BAW_12010, ptsM, PTS system fructose subfamily transporter subunit I1A [21, 24]

BABI1_2096

ptsO NPr phosphocarrier protein:histidine phosphorylation site in HPr protein. Participates
in B. melitensis PTS [21, 24]

BAW_12012, BAB1_2098 | Pseudogene. Frame shift and important deletion near 5’ end; similar to BS1330_12090
and BruAbl_2071 [24]

ahcY Catalyzes the reversible hydrolysis of S-adenosylhomocysteine (SAH), producing
homocysteine and adenosine. These compounds can be used as nitrogen sources
during the intracellular life of Brucella spp [24, 46]

BAW_12014, BAB1_2100 | Predicted protein with unknown function [24]

BAW_12015, divL Two-component sensor histidine kinase. Interacts with DivK and CCKA and controls
the phosphorylation and proteolysis of CtrA [24, 47]
BAW_12016, BAB1_2102 | tRNA th Icarb lad ine bi hesis protein TsaE. Participates in the

Y )
processing of tRNA that read codons beginning with adenine [24]

BAW_12017, BAB1_2103 | Mannose-1-phosphate guanylyltransferase. Participates in amino sugar and sugar
nucleotide metabolism (transferase activity). Could participate, redundantly with other
genes, in the addition of mannose residues to LPS core structure, which helps to avoid

the recognition by complement, antimicrobial peptides and pathogen recog;
receptor complk [24, 48, 49]

addB ATP-dependent helicase/nuclease subunit B. Participates in DNA repair and
recombination [24]

addA Double-strand break repair helicase AddA. Also named ATP-dependent helicase

UvrD/REP. AddA and AddB participate in the maintenance of DNA integrity during
oxidative stress associated to a hostile intracellular environment [24, 36, 50]

BAW_12020, BAB1_2106 | Predicted protein with unknown function [24]

trx-1 Thioredoxin. Chaperones and folding catalysts. Participates in cell redox homeostasis
and stress response. Trx-1 is diffe iall d in the d strain B. abortus
S$19, which suggests it has a role in bacterial virulence [5, 24]

https://doi.org/10.1371/journal.pone.0274397.1001

the evolution of some groups. The absence of this operon in Rickettsiae and Wolbachia is com-
mensurate with the genome reduction observed in these intracellular pathogens, experiencing
drastic gene loss [51]. This absence reinforces the idea that the operon is required to transition
from extracellular to intracellular environments.

BvrR-P binds directly to genes related to virulence, cell envelope, energy
metabolism, and cell division

TCS BvrR/BvrS is a gene master regulator essential for intracellular survival [9, 17]. It contrib-
utes to the metabolic fitness required to confront the different environments Brucellae encoun-
ter during host interaction [15, 16]. However, the genes directly regulated by TCS BvrR/BvrS,
i.e., the direct regulon, are unknown. By ChIP-Seq analysis, we described and compared this
regulon after exposure to conditions promoting BvrR phosphorylation, such as acidic nutri-
ent-limited medium (stress conditions) and after exposure to rich medium at neutral pH (rich
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evolutionary history of Alphapi b ia. The analysis involved 17 nucleotide sequences; the outgroup was trimmed
from the tree to enhance resolution. There were a total of 1191 positions in the final dataset.

https://doi.org/10.1371/journal. pone.0274397.9002

conditions). Sequencing results generated a sum of reads between 7.6 and 11.91 million per
strain per condition tested. After trimming, 67.2-83.7% of the reads per sample were uniquely
mapped, as expected for a ChIP-Seq experiment [52]. We corrected the noise signal back-
ground using a BvrR deficient strain under both tested conditions.

S1 File includes an interactive visualization of the obtained ChIP-Seq signals under stress
conditions and according to the significance criteria described in Methods, after correcting for
background noise. This stringent background noise correction lowered the absolute intensity
signal; however, 321 ChIP-Seq signals were statistically significant: 63% in chromosome I and
37% in chromosome II (84 Table). There was a five-fold increase in the number of significant
ChIP-Seq signals under stress conditions compared to rich conditions. Analysis of the function
category of the closest gene to a significant signal showed that the number of genes in all func-
tional categories detected under rich conditions increased under stress conditions (Fig 3A and
$4 Table), an observation that has also been described in other pathogens’ TCSs [53]. Func-
tions like energy metabolism and cell cycle control that were undetected under rich conditions
appeared under stress conditions. This result suggests that the BvrR/BvrS direct regulon
depends on external bacterial conditions. We consistently found significant ChIP-Seq signals
surrounding 18 loci regardless of the condition tested (S4 Table). For example, we detected
btaE encoding for an adhesion molecule required for full virulence and associated with a
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https://doi.org/10.1371/journal.pone.0274397.9003

specific adhesive pole in B. suis [54]. Other genes detected were the cyclic beta 1-2 glucan syn-
thetase gene cgs, required for virulence in a mice model [55]; its upstream gene encoding an
ABC transporter ATPase; and the omp25 gene, already known to be regulated by BvrR/BvrS
[12]. Additionally, the position of the significant signals related to each gene varied according
to the external condition tested. In many cases, we found more than one signal close to the
same gene (see below).

We detected a significant (p<<0.05) clustering of genes related to specific metabolic path-
ways in the dataset obtained under stress conditions (Fig 3B, Table 2). These include glutamate
degradation, phospholipid biosynthesis (particularly the phosphatidylserine synthase path-
way), UDP-glucose biosynthesis, LPS biosynthesis, and degradation of adenine and adenosine.
The following carbohydrate related pathways had significant gene clustering: glycolysis vari-
ants, pentose-phosphate, erythritol, glucuronate interconversions, and gluconeogenesis from
specific amino acids (e. g. arginine, cysteine, and glutamate). Several links between pathways
related to energy metabolism and cell division are evident. GdhZ, part of the Gdh system
(GdhZ/GdhA), is fundamental for the metabolic control of cell division [56]. The gene dxs
encodes a 1-deoxy-D-xylulose-5-phosphate synthase linked to the pentose phosphate cycle
and nucleotide synthesis and is upstream of tlyA, an rRNA methyltransferase related to fts/
(BAW_20532). The regulation of purA, encoding an adenylosuccinate synthetase, by BvrR
seems relevant since we detected five different signals surrounding this gene (Table 3). The
enzyme uses aspartate as substrate, linking amino acid pathways to nucleic acid synthesis and
cell division due to its clustering with ade (Table 2). The gene omp16, involved in the
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Table 2. Manually curated Biocyc enrichment analy boli hways found in the BvrR ChIP-Seq under stress conditions.
Pathways p-values # of BVR Genes found near the binding site
binding | 5308w locus |2308locus |Name | Function
sites tag tag
L-glutamate degradation 0.009982516 1 BAW_10217 | BAB1_0228 |gdhA | Glutamate dehydrogenase
1 BAW_11748 | BABI_1827 |gdhZ | NAD-gl dehydrog
Phospholipid biosynthesis 0.009982516 1 BAW_10452 | BAB1_0469 | psd Phosphatidylserine decarboxylase
(Chosplatidylsesineand oo 1 BAW_10453 | BABI 0470 |pssA | CDP-alcohol phosphatidyltransf
B 1 BAW_11116 | BABI_1172 |[ND | phosphatidate cytidylyltransfe
3 BAW_11911 | BAB1_1994 | ND 1-acyl-sn-glycerol-3-phosphate acyltransferase
UDP-alpha-D-glucose biosynthesis 0.009982516 1 BAW_10055 | BABI_0055 | pgm Phosphogl catalyzes the interconversion of
alpl:a-D;glucusc 1-phosphate to alpha-D-glucose
6
1 BAW_10301 | BAB1_0316 | pgi Glucose-6-phosphate isomerase
1 BAW_11625 | BAB1_1702 | glmM | Phosphogl ine mutase, ¢ the conversion
of gluc 6-phosph i
8 phosp
1-phosphate. Peptidoglycan precursor biosynthesis.
2 BAW_20070 | BAB2_0070 |galU | UTP-glucose-1-phosphate uridylyltransf
Glycolysis variants 0.017889686 1 BAW_10506 | BAB1_0525 | ppdK | Pyruvate phosphate dikinase
1 BAW_11576 | BAB1_1650 |rbsA-2 | Ribose import ATP-binding protein rbsA-2 xylitol
transporter
2 BAW_11664 | BABI_1741 | gap Glyceraldehyde 3-phosphate dehydrog
2 BAW_11665 | BAB1_1742 | pgk Phosphoglycerate kinase: G-protein beta WD-40
repeat
1 BAW_12010 | BAB1_2096 | ND PTS system fructose subfamily transporter subunit
A"
2 BAW_10366 | BAB1_0382 | ND Cysteine desulfurase
1 BAW_20108 | BAB2_0109 |gnd 6-phosphogluconate dehydrogenase, catalyzes the
formation of D-ribulose 5-phosphate form 6-phospho-
D-gluconate*
Thiazole biosynthesis I 0.025337795 1 BAW_10912 | BAB1_0951 |ND Class V aminotransferase. Cysteine desulfurase.
2 BAW_10445 | BAB1_0462 | dxs 1-deoxy-D-xylulose-5-phosphate syntk
Lipopolysaccharide biosynthesis 0.025337795 1 BAW_10036 | BAB1_0035 | kdsB CMP-2-keto-3-deoxyoctulosonic acid synthetase, LPS
biosynthesis (KDO)*
1 BAW_11115 | BABI_1171 |IpxB Lipid-A-disaccharide synthase
1 BAW_11116 | BABI_1172 |[ND | phosphatidate cytidylyltransfe
2 BAW_20204 | BAB2_0209 |waaA | 3-deoxy-D- -octul ic acid t fe
(kdtA)
Adenine and adenosine salvage 0.027998101 5 BAW_11618 | BAB1_1695 |purA Adenyl inate th catalyzes the formation of
N6-(1;2;-dicarboxyethyl)-AMP from L-aspartate;
inosine hospt dGTP in AMP bi hesis *
1 BAW_11903 | BAB1_1986 | hpt Hypoxanthine phosphoribosyltransf
1 BAW_20563 | BAB2_0587 | ade Adenine d i 1 of ch

5
st

ND: not determined,
“manually inferred

https://doi.org/10.1371/journal.pone.0274397.t002

invagination of the outer membrane during cell division [33], seems regulated by the TCS; this
gene is next to ftsH, a protease upregulated during intracellular growth [57]. As anticipated,
BvrR/BvrS seems to regulate other metabolic pathways related to membrane composition and
virulence (Table 2) [16, 58, 59]. Fig 3C compares the results of this study and those reporting
putative BvrR/BvrS targets, using transcriptomic and proteomic analysis of B. abortus 2308
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and byrR mutant strains. The three studies converged on identifying four common target
genes, while our study compared only to proteomics or transcriptomics presented respectively
20 and 15 additional common target genes (S4 Table). Altogether, these results suggest that
BvrR/BvrS TCS regulates crucial pathways vital for intracellular trafficking and survival. This
is probably achieved by directly regulating enzymes located at crossroads or in tandem within
these metabolic pathways [5, 57]. More work is needed to establish whether these bonafide
BvrR-P binding sites are gene regulation sites.

We manually searched for genes relevant to intracellular survival [5, 16, 46, 75, 76] in this
dataset and counted the significant ChIP-Seq signals near them. We identified 71 genes with
one and up to five associated significant ChIP-Seq signals (S4 Table). We consider these genes
as target genes putatively regulated by BvrR under stress conditions. Table 3 shows a selection
of virulence-related genes. The genes with the highest number of binding sites detected (five)
are involved in membrane transport and secretion (virB1, zinc, and arginine transport) and
cell division. We found four binding sites in between bvrR and the upstream pseudogene
pckA. Two genes, byrS and ftsY (encoding part of the signal recognition particle), have three
BvrR binding sites near them. Other genes related to the BvrR/BvrS and virulence such as
vjbR, virB2, virB4, virB5, VirB effectors (btpB, bspB, vceA), ptsH genes related to flagella, and
membrane-associated genes such as omp25, omp16, tamA, tamB, sagB, and btaE, have two or
one binding sites near them. Genes related to cell cycle, receptor binding, erythritol metabo-
lism, nickel, manganese, and magnesium transport showed one or two BvrR-P binding sites.
Additional genes related to virulence, such as cgs, ppdK, and ureC had one binding site [44, 55,
57, 68, 77]. These observations suggest that the regulation of virulence genes is complex and
that bacterial transcription factors do not always behave as per the textbook operon model.

The interactions between BvrR-P and its binding sites probably depend on the concentration
of BvrR-P at a given moment. The involvement of additional transcription factors might also
be possible, as described for virB (see below).

To confirm that genes tamA, pckA, bvrR, omp25, and virB1 are direct BvrR-target genes, we
evaluated by EMSA the interaction of DNA fragments encoding their upstream intergenic
regions with recombinant in vitro BvrR-P. As shown in Fig 4A, incubation of BvrR-P with
these DNA probes retarded the electrophoretic migration pattern compared to identical
probes incubated without the BvrR-P, indicating DNA-protein interaction. We did not
observe differences in the migration pattern of the two DNA probes selected as negative con-
trols (rplL and dhbR). The interaction was specific because an excess of unlabeled control
probes did not alter the migration pattern, compared to experiments with an excess of unla-
beled target probes (Fig 4B).

In 54 Table, we have included the information obtained after mapping the transcriptional
start sites (TSS) of target genes confirmed by EMSA and previously known information about
additional TSS. For example, the TSS of tamA is downstream of the EMSA binding site, and in
the case of omp25 and virB1, the TSS is within the EMSA binding site. Furthermore, through
ChIP-Seq, we detected five binding sites related to virB (Table 3 and Fig 5F), suggesting that
additional TSS located within the coding region could function under different conditions
(8 79].

BvrR recognizes a consensus sequence of at least 14 bp nucleotides long

The sequences of the significant ChIP-Seq signals were used as input for motif discovery with
GLAM2 [39] to unveil a possible DNA primary structure pattern recognized by BvrR-P under
conditions that mimic the intracellular environment. The 14 nucleotides long DNA binding
motif is depicted in Fig 5A, with the last six nucleotides matching a previously reported in silico
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Table 3. Selection of manually curated genes of interest according to number of significant signals close or within their CDS.
2308W I 2308 ‘ Name JFunction

Genes with 5 binding sites
BAW_11618 | BAB1_1695
BAW_20068 | BAB2_0068

| Adenylosuccinate synth important for virulence [17]

Type IV secretion system protein VirBl, important for virulence, important for virulence [60]

BAW_11934 | BAB1_2018
BAW_11935 | BAB1_2019
BAW_11873 | BAB1_1956
BAW_11874 | BAB1_1957

Zn responsive regulator of zntA, important for virulence [61]

-3

Zn exporter, important for virulence [61]

ABC transporter permease binding-protein d t system inner membrane protein

1
P P

‘ Arginine ABC transporter ATP-binding protein

Genes with 4 binding sites

BAW_12005 | BAB1_2090
-BAB1_2091

Pseudogene. Premature stop codon. Similar to BS1330_12083 and BruAb1_2064; phosphoenolpyruvate
carboxykinase (ATP). A pckA mutation in B. abortus 2308 has no effect in Raw 264.7 macrophage intracellular
replication and is not d in the mice model

BAW_12006 | BAB1_2092
Genes with 3 binding sites
BAW_11853 | BAB1_1934

Two-component transcriptional BvrR, important for virulence [9]

B8

ell division protein

BAW_12007 | BAB1_2093 Two-comp histidine kinase BvrS, important for virulence [9]
Genes with 2 binding sites

BAW_20152 | BAB2_0156 Flagellar basal body L-ring protein, important for virulence [62]
BAW_21057 | BAB2_1103 Flagellar motor protein MotB, important for virulence [62]
BAW_10069 | BAB1_0069 Hyal binding porter adhesin required for virulence, important for virulence [54]
BAW_10727 | BAB1_0756 VirB type IV secreted effector, important for virulence [63]
BAW_20067 | BAB2_0067 Type 1V secretion system protein VirB2, important for virulence [60]
BAW_20116 | BAB2_0118 LuxR family regulatory protein VjbR, imp for virulence [64]
BAW_20365 | BAB2_0377 eryG; rbsB-2 | Erythritol periplasmic binding protein, important for virulence [65]
BAW_20366 | BAB2_0378 deoR DeoR family reg y protein, erythritol regulator [66]
BAW_20415 | BAB2_0432 Nickel-responsi gul of nikA, nikB, nikC, nickD and nikE
BAW_20417 | BAB2_0435 Nickel transporter permease NikB

Genes with 1 binding site

BAW_10106 | BAB1_0108 cgs Cyclic beta 1-2 glucan synthetase, important for virulence [67]
BAW_10506 | BAB1_0525 Pyruvate phosphate dikinase, important for virulence [68]

| 6-phosphogluconate dehydrogenase, catalyzes the formation of D-ribulose 5-phosphate form 6-phospho-D-
gluconate

BAW_20108 | BAB2_0109

BAW_11379 | BAB1_1445

BAW_11380 | BAB1_1446
BAW_10696 | BAB1_0045
BAW_10045 | BAB1_0722
BAW_11648 | BAB1_1725
BAW_11649 | BAB1_1726

ell division protein FtsQ
Bacterial surface antigen (D15), important for virulence [17]

Outer membrane protein Omp25 precursor
Flagellar motor protein MotA, important for virulence [69]
COG1360 Flagellar Motor Protein

BAW_21059 | BAB2_1105 Flagellar MS-ring protein, the MS-ring anchors the flagellum to the cytoplasmi brane; part of the flagellar

basal body which consists of four rings L; P; §;and M d on a central rod, important for virulence [62]

BAW_11312 | BAB1_1378
BAW_11626 | BAB1_1703
BAW_11630 | BAB1_1707

Urease subunit alpha
TP-dependent zinc metall

al =

P

peptidogly ciated lipoprotein; also called omp16

BAW_10046 | BAB1_0046 Autotransporter translocation and assembly factor TamB This protein translocates adhesins and is essential for full
virulence and intracelullar trafficking, important for virulence [70]

F RS

BAW_10686 | BAB1_0712
BAW_11394 | BAB1_1460
BAW_11577 | BAB1_1652
BAW_20064 | BAB2_0064

Type IV secretion effector. This protein of host secretion, important for virulence [71]

Manganese transport protein MntH, important for virulence [72]
VirB type IV secreted effector vceA, important for virulence [73]

Type IV secretion system protein VirB5, important for virulence [60]

(Continued)

PLOS ONE | https://doi.org/10.1371/journal.pone.0274397 September 21, 2022 12/25

56



PLOS ONE

Brucella BvrR/BvrS regulon

Table 3. (Continued)

2308W 2308 Function

BAW_20065 | BAB2_0065 Type IV secretion system protein VirB4, important for virulence [60]

BAW_12010 | BABI_2096 PTS system fructose subfamily transporter subunit IIA

BAW_12011 | BAB1_2097 Phosphocarrier HPr protein:histidine phosphorylation site in HPr protein

BAW_20348 | BAB2_0360 Divalent cation transporter/ porter MtgE

BAW_20420 | BAB2_0438 Nickel porter ATP-binding protein NikE with NikABCD is involved with nickel transport into the cell
BAW_21102 | BAB2_1150 TonB-dependent receptor protein, important for chronic infection in mice [74]

Purple: Cation metabolism related
Green: BvrR/BvrS-VjbR-VirB related

Blue: Cell cycle control, cell division, ¢ partiti

h

Gold: Receptor binding related
Grey: Erythritol metabolism

https://doi.org/10.1371/journal.pone.0274397 1003

sequence prediction recognized by BvrR [81]. We decided to further analyze and contextualize
this finding in the most characterized Brucella virulence factor, the T4SS virB. According to
our data, BvrR-P binds by EMSA to the previously characterized virB1 promoter region [42]
located in a 226 bp fragment upstream of the start codon. None of the significant ChIP-Seq sig-
nals were detected in this region. However, four nucleotide sequences within this 226 bp frag-
ment are similar to the DNA binding motif (orange triangles in Fig 5F). Hence, we decided to
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significant ChIP-Seq signals obtained in this study and previous information about transcriptional units and promoter structures when available [24,
42, 78]. Protein concentrations for each experiment varied from 0.05 to 2.6 uM. B. Competitive EMSA using increasing concentrations of free probe
(competitor). The protein concentration was 0.6 uM. Red asterisks represent the migration pattern of a protein-DNA complex (shift). Blue asterisks
represent the migration pattern of a free probe (no shift). Experiments in panels A and B are independent of each other. All gels have either negative
(probe without protein) or positive controls (probe with protein) to compare. These results are rep ive of at least three independent experiments.
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Fig 5. Location of the DNA binding motif recognized by BvrR-P in the promoter region of virBIl. A. DNA binding motif recognized by BviR-P
under conditions that mimic the intracellular environment obtained using GLAM2 for motif discovery within the significant ChIP-Seq signals dataset.
B. Schematic non-scale representation of the virB operon and upstream gene BAW_20069. Orange numbers represent each of the three significant
ChIP-Seq signals in this region. The zoomed area represents a 226bp virB1 upstream region, with a promoter region previously reported [42]. Red and
black lines represent oligonucleotides that did and did not interact with BvrR-P by EMSA. C. EMSA results for the virBI-oligonucleotides number 10
and 5. Red and blue asterisks represent the migration patterns of a protein-DNA complex (shift) and a free probe (no shift). D. Dnase I footprinting
results using BvrR-P and the 226 bp DNA fragment encoding the virBI promoter region. The traces are the Dnase I digested DNA fragments incubated
with bovine serum albumin as control (red) or with BvrR (blue). Blue-filled peaks represent the Dnase I-protected region inferred according to [43].
The panel includes the DNA sequence obtained after Sanger sequencing. E. Sequence alig; two confi ions of the DNA binding motif
(first and last line) derived from the motif shown in Fig 5A, the virBI-oligonucleotide 10 (second line), and the Dnase] -protected region (third line). F.
BvrR-P binding sites in the virB regulatory region. The orange squares represent the location of ChIP-Seq signals obtained in this study. The orange
triangles represent the location of regions with percentages of sequence similarity to the DNA binding motif shown in A, ranging from 50 to 71.43%.
The orange circle represents the BvrR-P binding site confirmed by EMSA and Dnasel footprinting. The colored circles (purple, green, blue, and gray)
represent the binding sites for other transcription factors described to regulate the expression of the virB operon [80]. Number coordinates are relative
to the transcription start site (black arrow). These results are representative of at least three independent experiments.

https://doi.ora/10.1371/journal.pone.0274397.q005

design and test by EMSA ten overlapping oligonucleotides (Fig 5B) encompassing the 226 bp
intergenic upstream region of virB1, previously used as a probe (Fig 4A). VirB1-oligonucleo-
tide number 10 was the only one interacting with BvrR-P (Fig 5C). Dnase I footprinting analy-
sis using BvrR-P and the virB1 upstream 226 bp fragment confirmed BvrR-P binding (Fig 5D).
The protected sequence partially matches virBI-oligonucleotide number 10 (Fig 5E, third and
second lanes). Additionally, it contains one of the nucleotide sequences with similarity
(71.43%) to the DNA binding motif (Fig 5E, third and fourth lanes). Next to the protected
sequence, another DNA fragment showed 50% sequence similarity to the DNA binding motif
(Eig 5E, second and first lanes), suggesting that alternative DNA binding sites with different
affinities might be available under different environmental conditions. Fig 5F shows a sche-
matic representation of the location of the five ChIP-Seq signals found within the vicinity of
virB1 and BAW_20069, the four putative DNA binding motifs found within the virB pro-
moter, and the BvrR-P binding site confirmed by EMSA and Dnase I footprinting. Fig 5F also
shows the location of other binding sites for different transcription factors previously shown
to regulate the expression of the virB operon. As shown, the ChIP-Seq signals did not match
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the location of the biochemically confirmed BvrR-P binding site. The reason why the described
binding site found by EMSA and Dnase I footprinting was not detected by ChIP-Seq remains
elusive. However, the experimental conditions for EMSA and Dnase I footprinting are by prin-
ciple different than those of ChIP-Seq. These results contribute to highlighting the complexity
of the virB promoter fine-tuning expression.

Discussion

In B. abortus, the ability to sense environmental changes through BvrR/BvrS TCS is transcrip-
tionally linked to strategic functions for successful trafficking and survival in different milieus
bvrS were transcriptionally coupled to a downstream encoded PTS™" with regulatory func-
tions [21]. Our results indicate that BvrR/BvrS TCS is co-transcribed with 14 additional genes
in B. abortus, independently of the growth stage. The synteny and organization of this operon
in some Alphaproteobacteria members closely related to Brucella suggest that this region is
responsible for coordinating the expression of carbon and nitrogen metabolic pathways,
according to the energy sources and environmental conditions found during events leading to
host association. This observation agrees with recent reports [20].

Orthologs to BvrR/BvrS TCS described in the Alphaproteobacteria, required for patho-
genic/symbiotic lifestyles, sense and respond to local conditions associated with their specific
environments. For example, BatR/BatS from Bartonella spp. senses the physiological pH of the
mammalian blood (pH 7.4), discriminating the host environment from the arthropod vector
and regulating the expression of several virulence genes, like the T4SS VirB and its effectors
[82]. In A. tumefaciens, ChvG/Chvl is essential for membrane integrity, virulence, and bacte-
rial growth under acidic conditions [83]. In the plant endosymbiont S. meliloti, the TCS
ExoS/Chvl is essential to establish endosymbiosis [84, 85]. Interestingly, this transcriptional
organization is not conserved in all the Alphaproteobacteria, which correlates with the group
evolution and lifestyles. Intracellular bacteria associated with invertebrates, animals, humans,
or both have evolved by gene loss, such as Bartonella spp., Rickettsia spp., and Wolbachia spp.,
intracellular pathogens with smaller genomes than Brucella spp., a facultative intracellular
extracellular parasite 10, 86].

During intracellular stages, it is likely that B. abortus grows using a low oxygen tension type
of respiration with a rate reduction of central carbon metabolic pathways, such as the TCA
cycle, the pentose phosphate pathway, and decrease of periplasmic transporters. When sugar
supplies are limited, the bacterium switches to anaplerotic routes increasing amino acid catab-
olism. Therefore, glutamate fuels the TCA as an energy source, and role of the glyoxylate shunt
is minimum [5, 46, 76]. As in Rhizobium species, glutamate could be used as carbon, nitrogen,
and energy source. This double role of glutamate can be explained by its connection with the
TCA cycle, gluconeogenesis, and the urea cycle [46, 56].

The TCS BvrR/BvrS could regulate these energy pathways in a temporal and spatial simulta-
neous fashion since most of the described target genes are at these pathways’ crossroads or in
tandem. The proposed model of energy influx (76, 87] agrees with our results (Fig 6). Due to a
lack of phosphofructokinase, glycolysis is unlikely to be active in B. abortus. Accordingly, in
zoonotic Brucella, the pentose phosphate pathway fuels the TCA cycle for glucose oxidation
[88, 89]. Phosphorylated glucose enters the pentose cycle to produce glyceraldehyde-3-phos-
phate, channeled into the TCA via pyruvate. The TCS BvrR/BvrS also controls sugar transport-
ers (PTS) genes as well as the metabolism of erythritol and xylitol. These monosaccharides can
enter the pentose phosphate pathway. The energy pathways under BvrR/BvrS control probably
include anaplerotic routes using glutamate and other glucogenic amino acids (arginine,
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cysteine). The evidence presented here also indicates that TCS BvrR/BvrS synchronizes this
energy flow with vital functions, such as cell division, nucleic acid synthesis, and cell envelope
homeostasis (Fig 6).

During intracellular life, Brucella requires prototrophy and tight regulation of nitrogen
sources available for metabolism [46]. In agreement with those requirements, BvrR/BvrS could
regulate the adenine and adenosine salvage pathways. The fact that five significant signals were
found related to purA, encoding an adenylosuccinate synthetase, relating nucleic acid and
amino acid biosynthesis pathways, suggests that the regulation is relevant and probably exerted
at different growth conditions, as previously suggested for this enzyme [17]. BvrR/BvrS proba-
bly regulates enzymes involved in the biosynthetic pathways of phosphatidylserine and
phosphatidylethanolamine. This finding is consistent with the peculiar cell envelope phospho-
lipid composition required for full virulence [46, 58]. However, no differences in phospholipid
profiles were observed between B. abortus wild type and bvrR or bvrS mutant [14]. We also
found several genes encoding functions related to LPS biosynthesis as direct BvrR-P targets.
Studies have demonstrated that the stealthy pathogenic strategy of Brucella is related to the
structure of its LPS [49, 90]. Interestingly, galU encoding a UTP-glucose-1-phosphate uridylyl-
transferase and pgm encoding phosphoglucomutase are in the same metabolic crossroad (Fig
6). They participate in the biosynthesis of glucose-1-phosphate, the activated form of glucose
required to synthesize polysaccharides, glycoproteins, and glycolipids. A pgm mutant carries
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an incomplete LPS core and is defective in synthesizing periplasmic B-glucans [59, 91]. Expres-
sion of this enzyme increases when erythritol is present and is highly increased during intracel-
lular Brucella stages [5].

Genes related to virulence show direct binding to BvrR-P, including the BvrR/BvrS operon
itself. Some new BvrR-P virulence-related targets are unveiled, reinforcing the idea that BvrR/
BvrS coordinates the expression of virulence traits according to environmental signals. Some
of these targets were selected to confirm the direct and specific binding of BvrR-P to their
upstream regions by EMSA and Dnase I footprinting. Transcription of the T4SS VirB is tightly
controlled as Brucella transit in different intracellular compartments [4, 92]. Several regulators
have been implicated in the expression of the virB operon besides BvrR [34, 42, 93-96], sug-
gesting that the expression of virB is regulated through an intricate regulatory network as
depicted in Fig 5E. Five putative binding sites were detected related to virB by ChIP-Seq. Addi-
tionally, four regions with sequence similarity to the DNA binding motif were identified
within the virBI promoter, and one of them was confirmed as a BvrR-binding site by biochem-
ical means. These binding sites show different degrees of similarity to the obtained consensus
sequence, suggesting that the affinity of BvrR-P for these sites might play a role in controlling
virB transcription in coordination with other regulatory molecules previously described [75].
The detection of more than one significant ChIP-Seq signal close to a gene, including some
within the coding region and even at the 3 end of the coding region, is opening possibilities
for further research related to the role of antisense transcription [97] within the BvrR/BvrS reg-
ulon, the presence of gene overlapping [98] and non-conventional promoter structure [99] in
Brucella. To our knowledge, transcription could be promoted from unusual sites, and multiple
binding sites could be needed for optimal binding. Some activators are known to bind to
unusual regions and induce promoter activity, as it has been described for other bacterial path-
ogens [100, 101]. PhoP of B. subtilis is a response regulator for phosphate starvation, which
induces activation of pstS by binding to an upstream region (-40 to -132) and a coding region
(+17 to +270) required for complete promoter activity. In addition, the coding region box had
a low affinity for PhoP-P, suggesting a dynamic DNA-protein binding, in which the regulator
is required to start transcription [102]. Global regulators are known to bind to a collection of
sites, and the regulatory effect on each binding site would be dependent on the protein concen-
tration at any given moment, its affinity, and additional transcription factors. Hence, they can
be activators, repressors, have dual regulatory roles, or have no described regulatory function
[103-107].

In Salmonella, the global response regulator OmpR activates the expression of SsrAB, a
two-component system located on the pathogenicity island 2 (SPI-2). Several OmpR binding
sites were found upstream of ssrA and upstream and within the ssrB coding sequence [108-
110].

The BvrR binding sites described in this work should be considered bonafide putative gene
regulation sites. Some of these regions have been previously identified as putative BvrR/BvrS
targets [15, 16] and deserve further investigation. Additionally, to our knowledge, very few
Brucella promoter regions have been functionally characterized; hence, this essential informa-
tion to unveil the mechanisms of gene regulation is missing. In this sense, confirmation of the
role of each BvrR-P binding site, by itself or in combination with other BvrR-P binding sites or
additional regulatory mechanisms, as well as gene promoter characterization, certainly will
shed some light on understanding this complex phenomenon.

The work presented here helps to understand how a conserved TCS contributes to the
dynamics and complex gene regulatory functions during host-microbe interactions. BvrR/
BvrS seems to contribute to metabolic fitness at several levels: i) regulating specific carbon and
nitrogen pathways via interaction with a Pts™** co-transcribed system, ii) by direct interaction
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with genetic regions coding for enzymes located at the crossroads of these specific pathways,
iii) possible interaction of different BvrR-P binding sites according to BvrR-P concentration
and presence of additional transcriptional factors known to be involved in this process and iv)
adjusting the target genes according to the external bacterial conditions. Further work is
needed to understand the role of BvrR/BvrS in the Brucella life cycle. Similar metabolic con-
trols might be present in other Alphaproteobacteria living in close association with cells.
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e El regulador BvrR se une a tres cajas de regulacion génica en la

region corriente arriba del gen omp25

1. Resumen:

El TCS BvrR/BvrS modula la expresion de genes necesarios para la
transicion entre estilos de vida extra e intracelular. Sin embargo, se han estudiado
pocas regiones reguladoras de los genes directamente regulados por BvrR. En este
Tesis, caracterizamos la region reguladora de omp25, un gen que codifica una OMP
y que es regulado positivamente por el TCS BvrR/BvrS. Mediante fusiones
transcripcionales omp25-lacZ y ensayos de actividad de [(-galactosidasa,
descubrimos que la region entre -262 y +127 es necesaria para la actividad
transcripcional, en particular un fragmento de 111 pb de longitud, ubicado entre -
262 y -152. Ademas, demostramos la unién de BvrR fosforilada in vitro a tres sitios
dentro de la region -140 a +1. Dos de estos sitios fueron delimitados entre -18 y +1
y entre -99 y -76 mediante un ensayo de huella de ADNasa I, y se denominaron
cajas reguladoras 1y 2, respectivamente. El tercer sitio de union (caja 3) se delimité
entre -140 y -122 mediante una combinacion de resultados de ensayos de movilidad
electroforética y anisotropia de fluorescencia. Un andlisis de acoplamiento
molecular con HDOCK predijo interacciones entre BvrR y sus cajas reguladoras.
Estas interacciones involucran 11, 13 y 12 nucleétidos en las cajas 1, 2 y 3
respectivamente. El alineamiento manual de las secuencias de las tres cajas reveld
la presencia de repeticiones invertidas y no invertidas de cinco a ocho nucleotidos
gue coinciden parcialmente con los motivos de union de ADN descritos para BvrR.
Por lo tanto, proponemos que BvrR se une directamente al menos a tres cajas
reguladoras y probablemente interactia con otros factores de transcripcién para
regular la expresion de omp25. Este modelo de regulacién génica podria aplicarse
a otros genes regulados por BvrR y a los ortélogos del TCS BvrR/BvrS y Omp25 en

Rhizobiales filogenéticamente relacionados con Brucella.

2. Introduccion:
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El gen omp25 codifica para una OMP que se encuentra conservada en
Brucella. Este gen fue el primer gen diana descrito para el TCS BvrR/BvrS en B.
abortus (Guzman-Verri et al., 2002). Se conocia que BvrR lo regulaba positivamente
y su regién corriente arriba fue detectada entre las regiones unidas por BvrR en el
ensayo de ChIP-Seq reportado en el primer articulo cientifico derivado de la
presente Tesis. Adicionalmente, en dicho articulo cientifico se describid, mediante
EMSA, una interaccion directa entre BvrR y la region corriente arriba del gen omp25
ubicada entre las coordenadas -159 a +34 desde el codon de inicio. También se
reporté un motivo de unién a ADN comprobado experimentalmente. Anterior a ello,
se habia descrito otro motivo de union a ADN mediante predicciones in silico
(Ramirez-Gonzalez et al.,, 2019). Ademas, se han reportado, de forma
independiente, dos sitios de inicio de transcripciébn (TSS) para omp25, en las
posiciones -131 (Suéarez-Esquivel et al.,, 2016) y -82 (esta Tesis). Por lo tanto,
elegimos la region corriente arriba de este gen como un prototipo de region
promotora regulada por el TCS BvrR/BvrS, para adentrarnos en el estudio de las
interacciones proteina-ADN que establece el regulador transcripcional BvrR con sus
genes blanco. Para ello, en primer lugar, mediante ensayos de actividad [3-
galactosidasa, delimitamos la region promotora de omp25, la cual no habia sido
estudiada anteriormente. Luego, mediante el uso de diferentes técnicas
experimentales para el estudio de interacciones proteina-ADN; como EMSA con
sondas que comprendian distintas regiones corriente arriba de omp25, encontramos
gue existia union directa de BvrR a tres regiones de aproximadamente 40 pb.
Mediante ensayos de huella de ADNasa, dos de esas tres regiones se delimitaron
a fragmentos de aproximadamente 20 pb y por medio de ensayos de anisotropia de
fluorescencia, se logré corroborar el tercer sitio de union a BvrR.

Adicionalmente, llevamos a cabo un modelaje molecular in silico con la
herramienta HDOCK, para predecir las posibles interacciones tedricas entre BvrR y
los tres sitios de union delimitados en el estudio. Nuestros resultados sugieren que
el TCS BvrR/BvrS regula la expresion de omp25 mediante la union directa a al
menos tres cajas reguladoras con repeticiones invertidas y no invertidas de ADN.

La presencia de estos tres sitios de union a BvrR o cajas reguladoras en la regién
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promotora de omp25, respalda la posibilidad de una regulacion diferencial de este
gen en respuesta a condiciones ambientales, lo cual coincide con lo reportado para
otros reguladores de la familia OmpR, a la cual pertenece BvrR. La investigacion
presentada aqui contribuye a comprender como el TCS BvrR/BvrS regula sus genes

diana y podria aplicarse a otros sistemas TCS ortologos en Rhizobiales.

3. Manuscrito aceptado para publicacion:
A continuacion se adjunta en pdf el articulo publicado en la revista “Frontiers
in Microbiology”, el cual trata sobre la descripcién de los tres sitios de union a BvrR

en la region corriente arriba de omp25.
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regulator BvrR binds to three DNA
regulatory boxes in the upstream
region of omp25

Amanda Castillo-Zeledén*, Olga Rivas-Solano®#,
Fabian Villalta-Romero?, Olman Gémez-Espinoza?,
Edgardo Moreno?, Esteban Chaves-Olarte® and
Caterina Guzman-Verri*

'Programa de Investigacion en Enfermedades Tropicales, Escuela de Medicina Veterinaria, Universidad
Nacional de Costa Rica, Heredia, Costa Rica, “Centro de Investigacion en Biotecnologia, Escuela de
Biologia, Instituto Tecnolégico de Costa Rica, Campus Tecnolégico Central Cartago, Cartago, Costa
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Brucella abortus is a facultative extracellular-intracellular bacterial zoonotic
pathogen worldwide. It is also a major cause of abortion in bovines, generating
economic losses. The two-component regulatory system BvrR/BvrS modulates
the expression of genes required to transition from extracellular to intracellular
lifestyles. However, few regulatory regions of BvrR direct target genes have
been studied. In this study, we characterized the regulatory region of omp25, a
gene encoding an outer membrane protein that is positively regulated by TCS
BvrR/BvrS. By omp25-lacZ reporter fusions and p-galactosidase activity assays,
we found that the region between-262 and + 127 is necessary for transcriptional
activity, particularly a 111-bp long fragment located from-262 to -152. In
addition, we demonstrated the binding of P-BvrR to three sites within the —140 to
+1 region. Two of these sites were delimited between —18 to +1 and - 99 to -76
by DNase | footprinting and called DNA regulatory boxes 1 and 2, respectively.
The third binding site (box 3) was delimited from —-140 to —122 by combining
EMSA and fluorescence anisotropy results. A molecular docking analysis with
HDOCK predicted BvrR-DNA interactions between 11, 13, and 12 amino acid
residue-nucleotide pairs in boxes 1, 2, and 3, respectively. A manual sequence
alignment of the three regulatory boxes revealed the presence of inverted and
non-inverted repeats of five to eight nucleotides, partially matching DNA binding
motifs previously described for BvrR. We propose that P-BvrR binds directly to
up to three regulatory boxes and probably interacts with other transcription
factors to regulate omp25 expression. This gene regulation model could apply
to other BvrR target genes and to orthologs of the TCS BvrR/BvrS and Omp25 in
phylogenetically closed Rhizobiales.

KEYWORDS

two-component regulatory system, outer membrane protein (OMP), Rhizobiales,
Brucella, Brucella abortus
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1. Introduction

Brucella abortus is a facultative extracellular-intracellular Gram-
negative pathogen. It belongs to Rhizobiales, an order composed of
cell-associated pathogens, symbionts, and free-living bacteria (Batut
et al,, 2004; Moreno, 2021). B. abortus causes brucellosis, a widely
distributed zoonotic disease. In infected cattle, the disease manifests
with abortion and infertility, causing economic losses (Spink, 1957).

The pathogenicity of brucellae resides in their ability to invade,
survive, and replicate inside host cells (Roop et al., 2021). In B. abortus,
the two-component regulatory system (TCS), BvrR/BvrS, is important
for the transition from the extracellular to the intracellular milieu
(Sola-Landa et al., 1998; Guzman-Verri et al., 2002; Lépez-Goni et al.,
2002; Altamirano-Silva et al, 2018). This TCS comprises a
transmembrane sensor protein with histidine kinase activity called
BvrS and a cytoplasmic response regulator called BvrR, which has
homology to OmpR (Lépez-Goni et al,, 2002; Altamirano-Silva
etal, 2018).

Phylogenetic analyses revealed that the TCS BvrR/BvrS is
orthologous to other Rhizobiales TCSs, including ExoS/Chvl from the
plant endosymbiont Sinorhizobium meliloti, ChvG/Chvl from the
plant pericellular pathogen Agrobacterium tumefaciens, and BatR/BatS
from the intracellular zoonotic pathogen Bartonella sp. Those
orthologous TCSs respond to environmental conditions and regulate
the expression of target genes involved in distinct stages of host
invasion and intracellular survival (Charles and Nester, 1993; Cheng
and Walker, 1998; Batut et al., 2004; Beier and Gross, 2006; Quebatte
et al,, 2010; Bélanger and Charles, 2013; Heavner et al., 2015; Ratib
etal., 2018).

In brucellae, BvrS senses low pH and low nutrient availability,
conditions probably encountered when the bacterium is trafficking
through the endosomal pathway (Altamirano-Silva et al,, 2018, 2021).
Following this, BvrS probably auto-phosphorylates and transduces the
signal via a phosphate group to BvrR, increasing its affinity for specific
chromosomal regions (Lopez-Goni et al., 2002; Nguyen et al., 2015;
Altamirano-Silva et al., 2021). A B. abortus bvrR mutant lacks
virulence in murine models and does not replicate in cell culture
models (Sola-Landa et al., 1998). This mutant differentially expresses
outer membrane and periplasmic proteins (Guzman-Verri et al., 2002;
Lamontagne et al., 2007; Viadas et al., 2010) and shows a distinctive
lipopolysaccharide acylation pattern compared to the wild-type strain
(Manterola et al,, 2005). Regarding outer membrane proteins, the TCS
BvrR/BvrS positively regulates the expression of omp25 (Guzman-
Verri et al., 2002; Lamontagne et al., 2007; Viadas et al., 2010). This
gene encodes a major outer-membrane protein of 25kDa (Omp25)
belonging to the Omp25/31 family (Vizcaino et al,, 2001), the most
abundant outer-membrane proteins of brucellae (Martin-Martin etal,,
2009). In B. abortus, although Omp25 is not essential for the invasion,
survival, and replication inside RAW macrophages and HeLa cells, it
has a structural function in the covalent attachment of the outer
membrane to peptidoglycan (Manterola et al, 2007; Godessart
etal,, 2021).

The TCS BvrR/BvrS also regulates the expression of virulence
genes related to intracellular trafficking and cell egress, like the Type
IV Secretion System VirB and the quorum-sensing regulator VjbR
(Lamontagne et al., 2009; Martinez-Nufiez et al., 2010; Viadas et al.,
2010; Altamirano-Silva et al., 2018, 2021), and is related to the carbon
and nitrogen metabolic fitness according to the encountered
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environment (Lamontagne et al.,, 2009; Viadas et al., 2010; Rivas-
Solano et al., 2022).

Recently, two DNA binding motifs putatively recognized by BvrR
have been reported by in silico predictions (Ramirez-Gonzilez et al.,
2019) and experimental approaches (Rivas-Solano et al, 2022).

A direct interaction has been described between BvrR and the
upstream region of omp25, located between coordinates —159 and + 34
from the start codon (Rivas-Solano et al, 2022). Two transcriptional
start sites (TSS) have been independently reported for omp25, at
positions —131 and - 82 (Sudrez-Esquivel et al,, 2016; Rivas-Solano
etal, 2022).

Here, we characterized the omp25 transcriptional regulatory
region as a prototype of a regulatory element directly controlled by
the TCS BvrR/BvrS. Our results suggest that the TCS BvrR/BvrS
regulates omp25 expression directly by binding to up to three
regulatory boxes with inverted and non-inverted DNA repeats. The
research presented here contributes to understanding how the TCS
BvrR/BvrS regulates target genes and might apply to other ortholog
TCSs in Rhizobiales.

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

Escherichia coli and B. abortus strains (Table 1) were incubated at
37°C at 200rpm and grown on Luria Bertani Broth (LB) (Sambrook
etal., 1989) or Tryptic Soy Broth (TSB) (Sudrez-Esquivel et al., 2016).
Additionally, culture media were supplemented with antibiotics
(kanamycin 30 pg/ml, gentamicin 20 pg/ml, or ampicillin 100 pg/ml)
when necessary. All procedures involving live B. abortus were
performed according to the “Reglamento de Bioseguridad de la CCSS
39975-0,” 2012, after the “Decreto Ejecutivo #30965-S,” 2002, and
research protocol SIA 0652-19, approved by the National University,
Costa Rica.

2.2. Construction of transcriptional fusions
and p-galactosidase activity assays

The primers used in this study are detailed in
Supplementary Table 1. A DNA fragment from the genome of
B. abortus 2308 W (GenBank Accession ERS568782), encompassing
the omp25 region from —392 to +127 and two smaller ones from
—262 to +127 and —151 to +127 (Figure 1A), was amplified by PCR
and purified with the QIAquick® Gel Extraction Kit (Qiagen). The
amplicons and the pMR15 vector (Table 1) were excised separately
with BamHI (10 U/pl) and Xbal (10 U/pl) (Fermentas®) for 18h at
37°C. The restriction enzymes were inactivated at 80°C for 20 min.
The DNA fragments were ligated with the pMR15 vector using T4
DNA ligase (5U/pl) (Fermentas®) at room temperature overnight
to obtain plasmids p392, p262, and p151 (Table 1). Then, the
plasmids were electroporated into the E. coli strain XL1-Blue to
generate the strains E392, E262, and E151 (Table 1) using the
Electro Cell Manipulator ECM 630 BTX®. Colonies with the new
plasmids were selected using kanamycin and screened using primers
omp25lacZF and omp25lacZR (Supplementary Table 1). Plasmid
DNA was isolated and electroporated into B. abortus using the
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TABLE 1 Bacterial strains and plasmids.
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Strain  Relevant characteristics Reference
E. coli
XLIBlue | oo A] endAl gyrA96 thi-1 hsdR17 supE4d relAl Aflac-proAB) [F* proAB laclyZAMI5]. Tnl0(Tet) Sambrook et al. (1989)
E392 XLI1Blue carrier of p392, Km* “This study
E262 XL1Blue carrier of p262, Km® “This study
El51 | XLI1Blue carrier of p151, Km® “‘[Ilis study
B. abortus
. 2308'W . ‘Wild-type, virulent strain, Nal* . Sudrez-Esquivel et al. (2016) .
I 3aZ . 2308 W carrier of transcripcional ch 1l fusion Po; :lacZ, Gm' Amp [ ‘Guzman-Verri et al. (2002) .
B392 2308 W carrier of p392, Km' “This study
B262 | 2308 W carrier of p262, Km' | “This study
B151 2308 W carrier of p151, Km' “This study
BpMRI15 | 2308W carrier of pMRI15, Kmr “This study
Plasmids
. pMR15 High copy number vector, promoterless lacZ gene, Km* Gober and Shapiro (1992),
Courtesy of M. Roop.
p39z PMRI15-derivative with a cloned fragment of 521-bp, 392-bp upstream omp25, and the first 127-bp of the coding sequence, Km* = This study
. p262 PMRI15-derivative with a cloned fragment of 391-bp, 262-bp upstream omp25, and the first 127-bp of the coding sequence, Km*  This study
. plsl | PpMRI15-derivative with a cloned fragment of 280-byp, 151-bp upstream omp25, and the first 127-bp of the coding sequence, Km* [ This study
Nalf, resistance to nalidixic acid; G, resi to in; Amp, resi to K, to kanamycin.

Electro Cell Manipulator ECM 630 BTX® to obtain the strains B392,
B262, and B151 (Table 1). The vector pMR15 was also electroporated
into B. abortus as a non-promoter activity control (strain BpMR15,
Table 1). The p-galactosidase assays were performed with
modifications (Guzman-Verri et al.,, 2002). Bacteria were grown
until the exponential phase, permeabilized with 0.5% sodium
dodecyl sulfate (SDS), 6% chloroform for 10min at 28°C, and
incubated with O-nitrophenyl-p-D-galactopyranoside (ONPG) for
10min at 28°C. The reaction was stopped with 1M sodium
carbonate, the absorbance was measured at 420 nm, and the specific
activity was expressed as nmol of O-nitrophenol produced/
minxmg protein (Miller Units). The reported p-galactosidase
activity was corrected according to the residual activity obtained
from the empty vector strain, BpMR15. A previously constructed
lacZ:omp25 chromosomal fusion B. abortus strain (3aZ) was used
as a positive control of promoter activity (Guzman-Verri et al., 2002;
Table 1). A one-way ANOVA statistical analysis followed by Tukey’s
multiple comparisons test was performed using GraphPad Prism
version 8.00 for Windows (Graph Pad, 2019).

2.3. Electrophoretic mobility shift assay
(EMSA)

Expression and purification of GST-BvrR were carried out as
described (Martinez-Nufez et al, 2010). Before each assay, BviR was
phosphorylated with carbamoyl phosphate as described previously
(Altamirano-5ilva et al., 2018). DNA probes were labeled using the
DIG Gel Shift Kit 2nd Generation (Roche®). Protein and DNA probes
were incubated together following the protocol described in the DIG
Gel Shift Kit 2nd Generation (Roche®). Protein-DNA mixtures were
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separated by native polyacrylamide electrophoresis at 150V at 4°C for
1, 1.5, 0r 2.5h, depending on the size of the DNA probe. The gels were
electro-blotted into posiljvaly charged Nylon membranes, and the
results were visualized by an enzymatic immunoassay using anti-
digoxigenin-alkaline phosphatase (InvitrogenTM Electrophoretic
Mobility Shift Assay Kit). The generated chemiluminescent signals
were recorded on an X-ray film. Size and shape are factors that affect
the electrophoretic migratory pattern of a molecule (Hellman and
Fried, 2007). In our assays, the same protein is used, but the DNA
fragments differ, so specific protein-DNA complexes for each DNA
fragment run by EMSA were identified based on the following criteria:
absence of shifted bands in the lane without P-BvrR, absence of shifted
bands in the specificity binding control, P-BvrR concentration-
dependent shifted bands, and consistency between independent
[eplicas. If any of these criteria were not met, the shifted band was
classified as unspecific (Hellman and Fried, 2007; Altamirano-Silva
etal., 2018).

For direct EMSA, two DNA fragments used as probes were
obtained by PCR using the following primer pairs: omp25.262 and
omp25.152 or omp25.262 and omp25.122 (Supplementary Table 1).
Labeled probes at 0.033pM were incubated with increasing
concentrations of phosphorylated BviR (P-BvrR) (0.1-1.6 uM) for
15min on ice. Mixtures were electrophoresed for 2.5h and analyzed
as described above. A coding region of the ribosomal protein (rpIL)
was amplified by PCR with the primers L12.F and L12.R
(Supplementary Table 1) and used as a specificity-binding control.

For competitive EMSA, a 193-bp fragment (coordinates —159
to +34 from the omp25 start codon), previously shown to interact
with P-BvrR by EMSA (Rivas-Solano et al., 2022), was amplified by
PCR with primers omp25R and omp25F (Supplementary Table 1).
The 193-bp labeled probe (0.033pM) was mixed with P-BvrR
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111 bp
(-262 to -152)

Basal transcriptional activity
(-151 to +127)

FIGURE 1

A 111-bp fragment upstream of omp25 is needed for wild-type levels of transcription. (A) Schematic representation of the omp25 upstream region
analyzed by constructing three p-galactosidase transcriptional fusions. Gray rectangle = region with wild-type levels of transcription (from =392 to
+127), blue rectangle = 111-bp region (from —262 to —152) needed for wild-type levels of transcription, and black rectangle = fragment with basal
transcriptional activity. DNA coordinates are given according to the omp25 adenine in the start codon. (B) p-galactosidase results (unfilled figures) and
a representative growth curve (asterisks). B. abortus 2308 W-derived strains containing the promoterless reporter vector fusions with upstream omp25
fragments were grown in TSB at 37°C and assayed for f-galactosidase activity at different times of the growth curve. Absorbance was measured at
420 nm at the indicated times. B151 presented significant statistical differences for fi-galactosidase activity compared to the rest of the strains. These
results are representative of at least three independent experiments. The residual fi-galactosidase activity from the empty vector (BpMR15) was
removed from each test carried out in the corresponding growth phases {one-way ANOVA followed by Tukey’s multiple comparisons test] (p<0.03).
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(0.4pM) and an excess (1,000x) of each nine ~40 pb unlabeled
oligonucleotide obtained by
(Supplementary Table 2), encompassing the region covered by the
193-bp probe. The protein-DNA mixtures were incubated as
described for direct EMSA, electrophoresed for 1.5h, and analyzed
as described above.

The oligonucleotide pairs that competed with the 193-bp probe
for binding to P-BvrR were then labeled and used as probes in

pairs chemical  synthesis

another direct EMSA with increasing concentrations of P-BvrR, as
described for the direct EMSA above. Mixtures were electrophoresed
for 1h and analyzed as described above. One of the oligonucleotide
pairs that did not compete for P-BvrR was used as a specificity-
binding control.

2.4. DNase | footprinting

For DNase I footprinting, the same 193-bp region used for
competitive EMSA was amplified as described above, labeled with
HEX (hexachlorofluorescein) or FAM (5" 6-carboxyfluorescein),
incubated with P-BvrR at 8.32 pM, and proceeded as described for
EMSA. The samples were then incubated for 15min at 15-25°C and
placed again in ice. DNAse I (0.05U) was added, and the samples were
incubated for 2min at 15°C in a thermocycler, followed by 10-min
incubation at 75°C. The samples were purified using the Qiagen
Qiaquick PCR purification kit and eluted with 30 pl of EB buffer. The
samples (10 pl) were run in a 3730 Genetic Analyzer after mixing with
7 pl of HiDi formamide and 0.1 pl of GeneScan 500 Liz size marker
and the following running parameters: genotyping module, injection
time: 30, and injection voltage: 3kV (Zianni et al., 2006). The Peak
Scanner software was used to infer the protected regions by
superimposing the electropherograms from digested DNA in the
presence of P-BvrR or BSA (3.64nM). Base pair coordinates of the
protected regions were inferred after Sanger sequencing of the 193-bp
DNA fragment.
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2.5. Fluorescence anisotropy

The fluorescence anisotropy assays were performed as described
(Owen and McMurray, 2009) with modifications. Recombinant BvrR
was phosphorylated as described for EMSA and serially diluted in a
binding buffer (10 mM Tris, 1 mM EDTA, 0.1 M NaCl). The forward
oligonucleotide 2 (173.1330mp25-0, Supplementary Table 2) was
5'-labeled with FAM and mixed with the non-labeled reverse
complementary oligo (173.1330mp25-ORC, Supplementary Table 2)
at a final concentration of 50 mM. The oligonucleotides Oligo rplL-O
(5"-FAM labeled) and the reverse complementary Oligo rplL-ORC
(Supplementary Table 2) were used as a negative control at a final
concentration of 50mM. Blank samples without protein were also
prepared for background fluorescence estimation. Samples were
incubated for 30 min at 37°C inside a CytationTM 3 microplate reader
(Biotek, Instruments). Fluorescence anisotropy was measured with the
appropriate polarized filters, and the results were graphed following a
one-site-specific binding model (Favicchio et al., 2009) using the
GraphPad Prism (Hulme and Trevethick, 2010; Graph Pad, 2019).

2.6. Molecular docking analysis of
BvrR-DNA interactions

The interactions between BvrR and its three binding sites were
explored by molecular docking using the HDOCK server (default
parameters) (Yan et al, 2017). The Fasta BviR sequence (UniProt
accession: Q2YQY4) was used as an input receptor molecule, and the
sequences Box 1 (TTGTGTAAGGAGAATGCCAT), Box 2 (GATA
TGTCACCCCTGTCAGCGCGG), and Box 3 (CTCGACAGAT
TATCTCCACACAATGGGGCA) were used as input ligand
molecules. Before the free docking, the software selected the crystal
structure of the OmpR-like response regulator KdpE from E. coli
(RCSB PDB: 4KFC) as a modeling template for the BvrR structure
(Seq_ID %=29.4). To ensure the reliability of the model generated by
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HDOCK, its quality was analyzed using the QMEANDisCo parameter
(Studer et al., 2020) and Ramachandran plots. The model was
compared to those generated by SWISS-MODEL (Waterhouse et al.,
2018), I-TASSER (Yang et al., 2015), and AlphaFOLD (Jumper et al.,
2021; Varadi et al, 2022). The crystal structures of two proteins with
DNA-binding domains were used as positive controls for the docking
experiments: a B. abortus DNA binding protein (RCSB PDB: 4QP])
and the KdpE protein from E. coli. As negative controls, the crystal
structures of two proteins lacking DNA-binding domains were used:
a B. suis 1330 hydrolase (RCSB PDB: 6NQ4) and a B. abortus
peptidoglycan hydrolase inhibitor (RCSB PDB: 7DPY). For the
interpretation, docking scores lower than —200 and confidence scores
superior to 0.7 were considered to have good performance and a high
likelihood of binding between the analyzed molecules. The NUCPLOT
tool (Luscombe et al, 1997) was used to analyze and visualize a 2D
interaction coloring scheme of the HDOCK results.

3. Results

3.1. A111-bp long fragment at position
—262 to —152 is needed for transcriptional
activity

In B. abortus 2308 W, the omp25 upstream intergenic region
2016). To
characterize the minimal promoter region of omp25, we constructed

comprises 401 nucleotides (Sudrez-Esquivel et al,

three plasmid-borne omp25-lacZ reporter fusions harboring 392-,
262-, and 151—bp upstream of omp25, respedivelyn All three reporter
fusions included the first 127-bp of the omp25 coding sequence
(Figure 1A). The resulting plasmids were introduced into B. abortus
2308 W-generating strains B392, B262, and B151. Then, we assayed
the p-galactosidase activity of each resulting strain at different time
points of the growth curve. We used strain 3aZ, carrying a
transcriptional chromosomal fusion Pemp3a:lacZ, as the positive
control (Table 1). The strain B392 exhibited similar j-galactosidase
activity compared to strain 3aZ, except for the late log phase of the
growth curve (Supplementary Figure 1; Supplementary Table 3). The
strains B392 and B262 reached a peak of p-galactosidase activity at
mid—log phase, between 18 and 22h of groth, without signiﬁcaﬂl
along the (Figure  1B;
Supplementary Table 3). However, strain B151, harboring 111-bp less
than B262 (Figure 1A), presented significantly reduced p-galactosidase
activity compared to B262 and B392. Yet some basal transcriptional
activity was observed in this strain at all time points tested, as

statistical  differences curve

compared to the empty vector activity (Supplementary Table 3).
Therefore, the omp25 promoter region is located between coordinates
—262 and +127 from the start codon, and the additional 111-bp
region in B262 (—262 to —152), as compared to B151, is needed for
wild-type transcriptional levels.

3.2. The upstream omp25 regulatory region
displays three BvrR binding sites

In B. abortus 2308 W, BvrR positively regulates the expression of

omp25 (Guzman-Verri et al,, 2002), and a direct binding to the region
between —159 and+34 from the omp25 start codon has been
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demonstrated previously (Rivas-Solano et al., 2022). Therefore, based
on the results of the p-galactosidase assay, we tested if P-BvrR could
also bind by EMSA to the 111-bp fragment required for optimal
transcription (—262 to —152, Figure 2A). However, the 111-bp
fragment used as a labeled probe and incubated with increasing
concentrations of P-BvrR did not reveal shifted bands as compared to
the probe alone or to the binding specificity control using rpiL
(Figure 2B), indicating a lack of interaction. Thus, we tested if a larger
fragment of 141-bp (—262 to —122, Figure 2A), which included 30
additional bp from the region known to bind to P-BvrR (—159 to +34)
(Rivas-Solano et al., 2022}, could bind to P-BvrR by direct EMSA. As
a result, the probe incubated with growing concentrations of P-BvrR
showed shifted bands as compared to the probe alone and the binding
specificity control rpiL (Figure 2B), indicating a specific protein-DNA
interaction with the omp25 upstream region between coordinates
—262 and - 122. Altogether, these two direct EMSA results prompted
us to infer a putative P-BvrR binding site between positions —151
and — 122 from the omp25 start codon.

However, since OmpR has been shown to bind to multiple binding
sites on the promoter of its target gene ompF (Kenney, 2002),
we decided to look for multiple BvrR binding sites in the region from
—159 to +34, already known to bind to P-BvrR (Rivas-Solano et al,
2022), including the putatively inferred binding site from —151 to
—122. This 193-bp region (—159 to +34) was depicted in nine
overlapping sequences of ~40 pb (Figure 3A; Supplementary Table 2).
An excess of each non-labeled oligonucleotide was tested in a
competitive EMSA with the 193-bp region (—159 to +34) as the
labeled probe and P-BvrR at a final concentration of 0.4 pM. As shown
in Figure 3B, the oligonucleotides 4 (=100 to —59) and 7 (-39 to +1)
outcompeted the 193-bp probe, indicating a specific P-BvrR binding
to these oligonucleotides. Additionally, for oligonucleotide 2 (—140 to
—100}, we observed a less defined lower band that suggested a possible
partial competition, although less evident than the one observed for
oligonucleotides 4 and 7.

Subsequently, the oligonucleotides 2, 4, and 7 were labeled to
perform a direct EMSA with P-BvrR. We also tested the
non-competing oligonucleotide 5 (=80 to —39) as a specificity-
binding control. As a result, Dligonuclecltides 2, 4, and 7 showed
shifted bands (Figure 4). We did not observe these interactions with
the probe in the absence of P-BvrR and with the specificity binding
control (oligonucleotide 5), confirming binding specificity to the
three oligonucleotides.

To validate and further delimit the P-BvrR binding sites suggested
by the competitive and direct EMSA results, we performed a DNase
I footprinting analysis using the entire 193-bp fragment (—159 to +34)
and P-BvrR. As a result, we found two protected sequences that
we called DNA regulatory boxes: one spanning from —18 to +1 (box
1) and the other from =99 to =76 (box 2) (Figure 5A). Boxes 1 and 2
matched oligonucleotides 7 and 4. However, any clear protected
sequence matched oligonucleotide 2 (—140 to —100), which was the
one that showed a less clear result in the competitive EMSA
(Figure 3B), despite showing binding to P-BvrR in the direct EMSA
(Figure 4). To further confirm the binding of P-BvrR to oligonucleotide
2 by ﬂ.noﬂ-]er Expel_imeﬂtﬂl aPPmaC}l, we PEr{Drmed a ﬂuDreSCEnCE
anisotropy assay with 5-FAM-labeled oligonucleotide 2 and
increasing concentrations of P-BvrR. In this method, a fluorescent
signal is placed on the smaller DNA molecule, and when it binds to
the much larger protein, a change in the fluorescence anisotropy is
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FIGURE 2

A P-BvrR binding site is inferred by EMSA from —152 to —122. (A) Schematic representation of the omp25 intergenic studied region. White

rectangle = fragment displaying wild-type levels of transcription (-262 to +127), black rectangle = fragment displaying basal transcriptional activity
(~151 to +127), purple rectangle = fragment previously known to bind to P-BvrR by direct EMSA (-159 to +34), blue rectangle = 111-bp fragment (from
—-262 to —152) needed to enhance transcription and tested as a probe by direct EMSA with P-BvrR, and light blue rectangle = larger fragment of 141-bp
(from —262 to —122), comprising 30 additional downstream bp. (B) Direct EMSA results were obtained when using increasing concentrations of P-BvrR
from 0.1 to 1.6 uM and one of the following labeled probes: the 111-bp fragment from —262 to —152 (left gel) and the 141-bp fragment from -262 to
-122 (middle gel). A 290-bp DNA fragment from the coding region of the ribosomal gene rpiL (right gel) was used as a specificity P-BvrR binding
control. Lanes marked as *-" contain the probe without P-BvrR. Blue asterisks = shifted bands (protein-DNA complexes) selected based on the
following criteria: absence in the negative control, P-BwrR concentration dependency, and consistency between independent replicas. Black

asterisks = bands with the migration pattern of a free probe. These results are representative of at least three independent experiments.

produced, confirming protein-DNA interactions (Owen and
McMurray, 2009). As a BvrR specificity binding control, we included
a  5-FAM-labeled  oligonucleotide  called rplL
(Supplementary Table 2). The fluorescence anisotropy results showed
a positive change in the anisotropy DNA-binding curve for
oligonucleotide 2 compared to the specificity binding control
(Figure 5B), confirming P-BvrR-DNA-specific interactions with
oligonucleotide 2.

Since oligonucleotide 2 (—140 to —100) partially overlaps the first
EMSA-inferred binding site between —151 and — 122, these EMSA
and fluorescence anisotropy results allowed us to narrow down this
third binding site to a 19-bp region between —140 and — 122, which
was named box 3.

oligo

3.2.1. Molecular docking and sequence alignment
of the three DNA regulatory boxes predict BvrR
recognition of inverted and non-inverted DNA
repeats

To investigate the theoretical interaction between BvrR and the
three DNA regulatory boxes confirmed by different experimental
approaches including direct and competitive EMSAs, DNase
I footprinting, and fluorescence anisotropy, we performed molecular
docking using the HDOCK web server. The quality report of the
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homology modeling showed that the BvrR model falls within the
range of low to medium based on the Seq_ID (Supplementary Table 4).
However, based on the TMscore, the model demonstrates high quality
(Supplementary Figure 2). Similarly, upon comparing HDOCK's BvrR
model with models generated by SWISS-MODEL, I-TASSER, and
AlphaFold using standard quality parameters, we observed only
minimal differences among the models (Supplementary Table 5),
suggesting that despite its low identity to the template, the model
generated by HDOCK shares similarities with those produced by
other widely used software.

The three sequences and the positive controls achieved docking
scores lower than =200 (Supplementary Table 6), indicating good
performance. Furthermore, BvrR and the positive controls exhibited
confidence scores superior to 0.7, suggesting a high likelihood of
binding between the molecules, while the negative controls scored
more than —200 and their confidence scores were lower than 0.7.
These results increase the confidence in the binding of BvrR to
its ligands.

The docking results predicted the possibility of hydrogen bonds
and non-bonded contacts between 13, 15, and 14 amino acid residues
from the C terminal domain (Trans_reg C) of BvrR and DNA
portions from boxes 1 (GTAAGGAGAAT), 2 (ACCCCTGTCA), and
3 (AATGGGGCQ), respectively, with distances in the appropriate
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FIGURE 3

Competitive EMSA results suggest the presence of three putative P-BvrR binding sites on the upstream studied region of omp25. (A) Schematic
representation of the DNA fragments from the omp25 upstream region that were analyzed in competitive EMSA with P-BvrR. The 193-bp region
known to bind to P-BvrR by EMSA (purple rectangle] was used as the labeled probe. This fragment was depicted in nine overlapping 40-bp

oligonucleotides that were used as non-labeled competitors (white squares). Numbers in blue = competing oligonucieotides, showing the position of
the three putative binding sites. (B) Competitive EMSA results, using the 193-bp fragment (159 to +34) as the labeled probe, P-BvrR (0.4 uM), and an
excess (1,000x) of the nine different competitors tested. Lanes marked as "~" contain probes without P-BvrR. Blue asterisks = shifted bands (protein-

of at least three independent experiments.

DNA complexes) selected based on the following criteria: absence in the negative control, P-BvrR concentration dependency, and consistency
between independent replicas. Black asterisks = bands with the same migration pattern as a free probe. For oligonucleotides 4 and 7, a clear
competition was observed. In the case of oligonucleotide 2, a less defined lower band suggested possible competition. These results are representative

range for these bonds (Figure 6 and Supplementary Figure 3).
Regarding the amino acids interacting with DNA, in all three boxes,
BvrR utilizes the polar and positively charged amino acids Tyr 230,
Thr 228, Arg 213, Lys 210, and Tyr 234 to interact with the DNA
molecule through hydrogen bonds. When comparing BvrR with the
KdpE template, it becomes apparent that the E. coli protein primarily
utilizes the Tyr, Ile, Gln, and Arg residues to interact with
DNA. However, it is worth noting that the DNA interaction site
(TTTATA) differs between BvrR and KdpE (Narayanan et al., 2014).

The sequence alignment of the three boxes (Figure 7A) revealed
the presence of the inverted DNA repeat GTAAG - GAATG,
separated by two nucleotides (GA) in box 1. In box 2, the
non-inverted DNA repeat TGTCA - TGTCA is separated by four
nucleotides (CCCC), and nearby in box 3, we found the non-inverted
repeat TCTCNACA - TCTCNACA (where N=G or C), separated by
five nucleotides (GATTA). Moreover, the sequences of boxes 1 and 3
partially match (83.33 and 66.67%, respectively) a 6-nucleotide long
DNA binding motif predicted in silico as putatively recognized by
BvrR (Ramirez-Gonzalez et al,, 2019). The location of the three boxes
is also in agreement with previous P-BvrR ChIP-Seq data, suggesting
P-BvrR binding upstream of omp25 (Rivas-Solano et al., 2022). Since
the P-BvrR ChIP-Seq data was used to infer a P-BvrR consensus
sequence, it was expected that this region would have some similarity
to this sequence. In fact, the three boxes show 78.57 and 71.42%
similarity to the 14-bp long consensus sequence (Rivas-Solano
etal, 2022).
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As shown in Figure 7B, we manually predicted the —35 and —10
elements and the ribosome binding site according to the canonical
E. coli models. The —35 elements possibly have the sequence
GCATTT. This sequence is located at positions —35 to —30 from the
first omp25 TSS, which was described at position —131 from the start
codon (Sudrez-Esquivel et al,, 2016). The sequence GCATTT is also
located at positions —41 to —36 from the second TSS described at
position —82 from the omp25 start codon (Rivas-Solano et al., 2022).
The —10 elements may have a TATNTC sequence (where N=C or G)
located between —10 and—6 and—15 and—10 from the —131
and—82 TSSs, respectively. The ribosome binding sequence is
probably TAAGGAG, located at —13 to —7 from the omp25 start
codon. Detailed sequence information is presented in
Supplementary Figure 4.

4. Discussion

Despite the crucial role of the TCS BvrR/BvrS in Brucella, the
DNA-regulatory regions controlled by this TCS are not characterized.
Here, we delimited a DNA y region for the gene omp25,
encoding an outer-membrane protein in B. abortus and positively
regulated by the TCS BvrR/BvrS (Guzman-Verri et al, 2002). Our
results show that a DNA fragment of 380-bp, including 127-bp from the
coding region and the first 262-bp upstream of the omp25 start codon,
allows transcription. Additionally, a 111-bp sequence between — 262
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FIGURE 4

independent experiments

Direct EMSA results confirm the presence of three specific P-BvrR binding sites on the upstream region of omp25. The competing oligonucleotides 2,
4, and 7, and the non-competing oligonucleotide 5 (specificity control for P-BvrR binding) were labeled and incubated with increasing concentrations
of P-BwiR (0.1to 1.6 uM). Lanes marked as "-" contain probes without P-BvrR. Blue asterisks = shifted bands (protein-DNA complexes) selected based
on the following criteria: absence in the negative control, P-BvrR concentration dependency, and consistency between independent replicas. Black
asterisks = bands with the same migration pattern as a free probe. “ns” = non-specific bands. These results are representative of at least three

and -151 is required for optimal transcription. P-BvrR binds
downstream of this 111-bp sequence in three different boxes. It is
possible that binding of P-BvrR to these boxes could recruit other
transcription factors to impact omp25 transcription. Many transcription
factors play an architectural role in the genome and remodel DNA
structure through bending, kinking, wrapping, or bridging (Dorman
etal, 2020). In brucellae, other DNA regulatory regions interplay with
different transcription factors (de Jong et al., 2008; Sieira, 2013). For
instance, the regulatory region of the virB operon displays a complex
architecture with binding sites for up to six different types of
transcriptional regulators, including BvrR, demonstrating a high
versatility in responding to various environmental signals at different
stages of the infection process (Sicira, 2013). Small RNAs also seem to
influence the expression of the virB operon in B. abortus at a post-
transcriptional level (Caswell et al, 2012). Likewise, the regulatory
region of btaE, a gene encoding a trimeric autotransporter adhesin
relevant for virulence (Ruiz-Ranwez et al,, 2013), contains binding sites
for three different transcription factors also involved in regulating the
expression of the virB promoter (Sieira et al, 2017). Thus, it seems
possible that other transcription factors could work with BvrR to
regulate omp25 expression. In B. abortus, the cell-cycle regulator CtrA,
conserved in the Alphaproteobacteria, has been implicated in controlling
outer membrane composition, particularly the abundance and spatial
distribution of Omp25 (Francis et al., 2017; Poncin et al,, 2018). The
CtrA binding site in the omp25 upstream region is between positions
—389 and—337 (Francis et al, 2017; Figure 7B). Additional
transcriptional regulatory mechanisms involved in a BvrR-CtrA
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interplay remain elusive. In brucellae, mutants in the transcriptional
regulators VjbR and GntR display decreased production of Omp25 and
altered outer membrane composition (Uzureau et al,, 2007; Li et al,
2017). However, the direct interaction between these transcriptional
gulators and the ory region of omp25 is currently unknown.

The positions of the BvrR regulatory boxes described here disagree
with the canonical E. coli models for positive transcriptional regulation.
Box 1 (~18 to +1) is next to the omp25 annotated first codon (Sudrez-
Esquivel et al, 2016), and box 3 (—140 to —122) includes the
transcriptional start site reported for omp25 at position —131 in
brucellae grown to the stationary phase (Sudrez-Esquivel et al, 2016),
close to —35 and — 10 elements. Additionally, another downstream
transcription start site at position —82, matching box 2 (-99 to —-76)
in brucellae grown to the mid-log phase, has recently been reported
(Rivas-Solano et al., 2022). How these regions interact deserves further
studies. In prokaryotes, a few transcriptional activators are known to
bind to unusual regions to induce promoter activity. For example, in
Bacillus subtilis, PhoP, a response regulator for phosphate starvation
response, induces the activation of the gene pstS by binding to an
upstream region (—40 to —132) and a coding region (+17 to +270) (Liu
etal,, 1998). The coding region-box has a low affinity for PhoP-P (Liu
et al, 1998), suggesting a dynamic DNA-protein binding in which the
regulator is required to start transcription but can easily unbind to
allow RNA polymerase to proceed. Global regulators like BvrR can
bind to a collection of sites, so the regulatory effect on each binding site
would depend on the protein concentration and its affinity. Thus, they
could have dual roles as activators, or both

Trepressors,
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FIGURES
Confirmation of BvrR binding sites by additional experimentation. (A) DNase | footprinting analysis of the omp25 upstream fragment (193-bp, —159 to
+34). The Peak Scanner software inferred the protected regions by analyzing the electropherograms from digested DNA with 3.64 nM BSA (upper
panel) or 8.32uM P-BvrR (bottom panel). Base pair positions were inferred from the Sanger sequencing of the 193-bp fragment compared to the
DNAse | protected regions. Two protected DNA regions of approximately 20 nucleotides between positions —18 to +1 (box 1) and — 99 to 76 (box 2),
matching the oligonucleotides 7 and 4, are shown. The straight red line across each electropherogram represents the molecular size calibration
obtained with molecular weight markers run together with the samples. (B) Fluorescence anisotropy analysis. The oligonucleotide 2 and a smaller
fragment of the negative control used for EMSA were labeled with FAM and separately incubated with P-BvrR. The fluorescence anisotropy of each
sample was measured, and the obtained curves show a positive change for the oligonucleotide 2 compared to the negative control. This result,
combined with the EMSA results shown in Figures 2-4, allowed us to delimit box 3 to the region between —140 and - 122. These results are
representative of at least two independent experiments.
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FIGURE 6

Molecular docking of BvrR and its three binding sites on the promoter region of omp25. (A) Box 1; (B) box 2; and (C) box 3. The model of BvrR and the
docking with its ligands were generated using the HDOCK server. For the protein, the amino acids involved in hydrogen bonds are highlighted in
purple. Hydrogen bridges are represented in yellow.

A
Box 1(-18 to +1)
Box 2 (-9 to -76) GATATGTCACCCCTGTCAGCIGCG
Box3(-140t0-122) tctcgacagat TAN
-151 -140
B Box 3 Box 2 Box1[
111bp 1400122 -99t0-76 A8 to +1
CtrA 262 to 152 oA £
-389 to -337
A ] 4 AT
Cowsomss 11,0 ) PLOTHLHTLS

-131TSS

FIGURE7

B. abortus BvrR regulatory boxes on the regulatory region of omp25. (A) Nucleotide sequence alignment of the three BvrR regulatory boxes. Dashed
squares = nucleotides docked with BvrR. Purple nucleotides = DNA repeats (in italics, the inverted ones in box 1). The 12 upstream nucleotides in
lowercase letters next to box 3 (from —151 to —141) were added to show the presence of the repeat. Asterisks = nucleotides matching a 6-nucleotide-
long DNA binding motif predicted in silico as putatively recognized by BvrR (Ramirez-Gonzalez et al, 2019). White circles = nucleotides matching a
14-nucleotide-long consensus sequence predicted and experimentally validated for BvrR (Rivas-Solano et al., 2022). (B) Non-scale schematic
representation of the omp25 regulatory region. White rectangles = genes BAW_10695 and omp25; DNA chain = intergenic region. Gray circle = CtrA
bound to the region from —-389 to —337 (Francis et al.,, 2017), blue DNA chain = 111-bp region from —-262 to —152 needed for transcriptional activity,
black DNA chain = significantly reduced transcriptional activity, protein structures cartoons = BvrR bound to its three requlatory boxes, right angle
arrow = omp25 coding region, pink squares = predicted —10 and - 35 regulatory elements, pink triangle = predicted ribosome binding site (RBS), vertical
black arrows = transcriptional start sites reported elsewhere at positions —131 and — 82, respectively, in bacteria grown until stationary phase (Sudrez-
Esquivel et al, 2016) and until mid-log phase (Rivas-Solano et al., 2022). The P-BwrR ChiP-Seq signals previously reported have the following
coordinates: —242 to —56, —181 to —40, and -159 to +34 (Rivas-Solano et al, 2022)

(Martinez-Antonio and Collado-Vides, 2003; Lozada-Chavez et al.,
2008; Balleza et al,, 2009). The E. coli global response regulator OmpR
regulates the expression of the gene ompF by binding to four sites with
different affinities. At low osmolarity, OmpR concentration is low, and

Frontiers in Microbiology

10

the regulator binds to the four boxes, which promotes OmpF
expression. At high osmolarity, OmpR concentration increases, and
new interactions of OmpR with a distant box (—380 to —350) repress
ompF transcription (Huang et al., 1994; Kenney, 2002).
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Although hydrogen bonds may vary in vivo, hydrogen bond
formation capability, the docking scores, and the protein-DNA binding
position suggest that BvrR has a binding affinity for the three boxes in
the Trans_reg_C domain. The DNA-sequence alignment of the three
boxes revealed the presence of inverted and non-inverted repeats
separated by variable distances, suggesting that variations in the
recognition sequences may influence BvrR affinity for a differential
regulation of its target genes. The effector domains of some OmpR-like
regulators are known to bind tandem sequences or, more rarely, to
inverted repeats for the regulation of transcription. The recognition site
in the DNA ranges from 18 to 23-bp, with binding sites between 6 and
10-bp separated by 2 to 5-bp of the intervening sequence (Harlocker
et al,, 1995; Blanco et al,, 2002; He and Wang, 2014). However, the
regulator Chvl from S. meliloti recognizes an 11-bp-long motif sequence
present at least once in the analyzed sequences (Chen et al., 2009).
Therefore, the target promoters of the OmpR-like response regulators
contain multiple binding sites that vary in nucleotide frequency,
position, and relative binding affinities. As a result, cooperativity and
differential binding are critical components of the transcriptional
regulation exerted by the OmpR-like response regulators.

In brucellae, the current model postulates that the TCS BvrR/BvrS
senses environmental conditions and regulates gene expression
accordingly (Lamontagne et al., 2007; Viadas et al., 2010; Altamirano-
Silva et al, 2018, 2021). Based on the results described here,
we conclude that (i) A 111-bp region upstream of BvrR binding boxes
is needed for wild-type transcriptional levels at different times of the
growth curve, suggesting that additional regulators are binding to this
region; (ii) P-BvrR could differentially regulate omp25 expression by
direct binding to three DNA regulatory boxes. Whether a particular
condition such as phosphorylation or oligomerization affects BviR
binding remains elusive, as well as how many sites are bound
simultaneously or independently; and (iii) BvrR possibly recognizes
repeated sequences as has been described for other OmpR-like
response regulators, and their influence on BvrR binding affinity and
preferences remains to be clarified. The oligonucleotides predicted to
bind to BvrR by molecular docking could be mutated and tested by
EMSA or fluorescence anisotropy with P-BvrR, to prove the impact of
each nucleotide on binding affinity. Additionally, crystallography
studies of BvrR and BvrR-DNA complexes could also contribute to
revealing the mechanistic insights of the binding of BvrR to the
regulatory boxes identified here. The results presented here are
observations that contribute to a better understanding of the gene
regulation mediated by a TCS conserved in Rhizobiales, an essential
component for environmental adaptation and host-microbe
interactions in these organisms. Additional studies should
be performed to elucidate the omp25 transcriptional regulation.
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e La construccion y caracterizacion fenotipica de una cepa de B.
abortus con unadoble delecidn en los genes bvrRy bvrS permitio
confirmar el papel del TCS BvrR/BvrS en la virulencia y la

integridad de la membrana:

1. Resumen:

El TCS BvrR/BvrS se describio mediante el aislamiento de dos mutantes
atenuados denominados bvrR::Tn5 y bvrS::Tn5, los cuales fueron generados por
transposicion. La caracterizacion de estos mutantes permitio la comprension del
papel del TCS BvrR/BvrS en la sobrevivencia intracelular. Sin embargo, no se habia
podido realizar una comparacion fenotipica con mutantes por delecion, debido a que
su construccion, consistentemente, se habia reportado como infructuosa en
Brucella y dificil en Rhizobiales filogenéticamente relacionadas con ortélogos de
BvrR/BvrS. En este trabajo, utilizamos una estrategia de escisidon de genes sin
marcadores de resistencia a antimicrobianos, para generar una cepa mutante de B.
abortus que carece de ambos genes, llamada B. abortus AbvrRS. La doble delecién
se verific6 mediante PCR, Southern blot, Western blot, secuenciacion Sanger y
secuenciacion de genoma completo, confirmando una mutacién limpia sin otras
alteraciones a nivel gendémico. La cepa B. abortus AbvrRS compartié rasgos
fenotipicos atenuados con ambos mutantes de transposicion, confirmando el papel
de BvrR/BvrS en la virulencia y la integridad de la membrana. Esta nueva cepa sera
una excelente herramienta para continuar los estudios sobre el papel de BvrR/BvrS

en el estilo de vida de B. abortus.

2. Introduccion:

El TCS BvrR/BvrS fue descrito en 1998 mediante el aislamiento y la
caracterizacion fenotipica de dos cepas mutantes de B. abortus generadas por
transposicién, una en bvrR y otra en bvrS. Estas mutantes son resistentes a la
kanamicina y fueron seleccionadas con base en una asociacion de la virulencia con
ciertas propiedades de membrana que rara vez estan presentes de forma

simultdnea en otros patdgenos Gram negativos (Sola-Landa et al., 1998), como un
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LPS poco inmunogénico, permeabilidad a agentes hidrofébicos y resistencia a
péptidos cationicos bactericidas y a polimixina B.

Ambos mutantes por transposicion presentan un fenotipo atenuado
caracterizado por una reducida capacidad de invasion celular y ausencia de
replicacion en células HeLa y macréfagos, incapacidad para evitar la via endocitica
y ausencia de virulencia en el modelo murino (Sola-Landa et al., 1998). De acuerdo
con estudios posteriores, BvrS probablemente detecta sefiales asociadas al entorno
intracelular, como bajo pH y disponibilidad de nutrientes (Altamirano-Silva et al.,
2018; 2021), y BvrR regula proteinas de la envoltura celular para las interacciones
hospedero-patdgeno, entre ellas Omp25 (Guzman-Verri et al., 2002), una OMP con
funciones estructurales (Godessart et al., 2021) que esta asociada con la
persistencia bacteriana in vivo (Degos et al., 2020). BvrR también regula el estado
metabdlico (Viadas et al., 2010) y los circuitos de virulencia para el transito
intracelular y la salida de la célula hospedera (Altamirano-Silva et al., 2018; 2021).

El uso de mutantes de transposiciobn que codifican resistencia a los
antimicrobianos, aunque no es ideal, ha sido una alternativa a la construccion de
mutantes en este TCS, la cual ha resultado dificil en Brucella (Sola-Landa et al.,
1998; Barbier et al., 2011) y en Rhizobiales filogenéticamente relacionados que
tienen ortdlogos de BvrR/BvrS, como el TCS ExoS/Chvl de S. meliloti (Doherty et
al., 1988; Osteras et al., 1995; Cheng et al., 1988; Wells et al., 2007; Bélanger et al.,
2009), el TCS ChvG/Chvl de A. tumefaciens (Charles & Nester, 1993; Mantis et al.,
1993; Wu et al., 2012) y el TCS BatR/BatS de Bartonella henselae (Quebatte et al.,
2010). Por lo tanto, obtener un mutante por delecion sin resistencia adquirida a
antibioticos es de utilidad para comparar y corroborar los fenotipos (Maksymiuk et
al., 2015).

En esta Tesis, construimos cepa de B. abortus con una doble delecién en
bvrR y bvrS llamada B. abortus AbvrRS. El fenotipo de B. abortus AbvrRS resulté
atenuado en el modelo de cultivo celular, al igual que el descrito para ambos
mutantes de transposicion, lo cual contribuy6 a validar el papel de BvrR/BvrS en la

virulencia.
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3. Articulo cientifico:
A continuacion, se adjunta en pdf el articulo publicado en la revista
“Microorganisms” sobre la generacion de la doble mutante en los genes que
codifican el TCS BvrR/BvrS y su caracterizacion fenotipica.
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Abstract: Brucella abortus is a bacterial pathogen causing bovine brucellosis worldwide. This faculta-
tive extracellular-intracellular pathogen can be transmitted to humans, leading to a zoonotic disease.
The disease remains a public health concern, particularly in regions where livestock farming is
present. The two-component regulatory system BvrR/BvrS was described by isolating the attenuated
transposition mutants borR::Tn5 and borS::Tn5, whose characterization led to the understanding of
the role of the system in bacterial survival. However, a phenotypic comparison with deletion mutants
has not been performed because their construction has been unsuccessful in brucellae and difficult
in phylogenetically related Rhizobiales with BvrR/BvrS orthologs. Here, we used an unmarked
gene excision strategy to generate a B. abortus mutant strain lacking both genes, called B. abortus
AborRS. The deletion was verified through PCR, Southern blot, Western blot, Sanger sequencing, and
whole-genome sequencing, confirming a clean mutation without further alterations at the genome
level. B. abortus AbvrRS shared attenuated phenotypic traits with both transposition mutants, con-
firming the role of BvrR/BvrS in pathogenesis and membrane integrity. This B. abortus AborRS with a
non-antimicrobial marker is an excellent tool for continuing studies on the role of BvrR/BvrS in the B.
abortus lifestyle.

Keywords: Brucella abortus; two-component system BvrR/BvrS; attenuated mutants

1. Introduction

Brucella organisms are Gram-negative facultative extracellular-intracellular pathogens
that cause brucellosis, a neglected zoonotic disease with a worldwide distribution. Brucella
abortus infects cattle and exhibits a strong tropism for the reproductive system, causing abor-
tion, infertility, decreased milk production, reproductive failure, epididymitis, and hence,
economic losses. Humans are accidental hosts, initially developing an acute febrile disease
that could become a chronic infection with osteoarticular, gastrointestinal, hepatobiliary,
pulmonary, genitourinary, cardiovascular, and neurological complications [1].

Brucellae lack classical virulence factors, and their pathogenicity depends on their
ability to invade, survive, and replicate inside host professional and non-professional
phagocytes. During their intracellular lifecycle, brucellae avoid the endocytic pathway
and redirect their trafficking to a replicative compartment derived from the endoplasmic
reticulum [2,3]. Therefore, the adaptation to this intracellular trafficking requires extremely
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well-coordinated gene expression, mainly through two-component signal transduction
systems (TCSs).

In brucellae, the TCS BvrR/BvrS comprises the sensor membrane protein BvrS and its
cognate cytoplasmic response regulator BvrR. This TCS was described in 1998 through the
isolation and phenotypic characterization of two B. abortus kanamycin-resistant transposi-
tion mutants, one in borR and the other in borS. These mutants were selected based on an
association of brucellae virulence with peculiar membrane properties rarely present simul-
taneously in other Gram-negative pathogens [4], like a low-immunogenic LPS, permeability
to hydrophobic agents, and resistance to bactericidal cationic peptides and polymyxin B.
Both transposition mutants exhibited an attenuated phenotype characterized by reduced
invasiveness and absence of replication in HelLa cells and macrophages, incapability to
avoid the lysosomal route, and lack of virulence in the murine model [4]. According to
subsequent studies, BvrS probably senses signals associated with the intracellular environ-
ment, like low pH and nutrient availability [5,6], and BvrR regulates cell envelope proteins
for host-pathogen interactions, among them Omp25 [7], an outer membrane protein with
structural functions [8] that is associated with bacterial persistence in vivo [9]. BvrR also
regulates metabolic fitness [10], pathways for intracellular life [11], and virulence circuits
for intracellular traffic and cell egress [5,6].

The use of transposition mutants encoding antimicrobial resistance, although not
ideal, has being an alternative to the construction of mutants in this TCS, which has proven
difficult to generate in brucellae [4,12] and in other phylogenetically related Rhizobiales
having orthologs of BvrR/BvrS, like the Sinorhizobium meliloti TCS ExoS/Chvl [13-17],
the Agrobacterium tumefacient TCS ChvG/Chvl [18-20], and the Bartonella henselae TCS
BatR/BatS [21]. Therefore, a clean deletion mutant with non-acquired antibiotic resistance
should be obtained to compare and corroborate phenotypes [22]. Here, we constructed
a B. abortus double-null mutant strain in bvrR and borS called B. abortus AbuvrRS. The
phenotype of B. abortus AbvrRS was attenuated in the cell culture model like the one
described for both transposition mutants, validating the role of BvrR/BvrS in virulence.

2. Materials and Methods

Bacterial strains, growth conditions, and plasmids. All procedures involving live
B. abortus were carried out according to the “Reglamento de Bioseguridad de la CCSS
39975-0", 2012, after the “Decreto Ejecutivo #30965-5”, 2002, and research protocol SIA
0652-19 approved by the National University, Costa Rica. The strains and plasmids used in
this study are listed in Table 1. The culture media were Tryptic Soy Broth (TSB), Tryptic
Soy Agar (TSA), SOC (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgCl,, 10 mM MgSOy, and 20 mM glucose), Columbia Agar supplemented with 5% (v/v)
of sheep blood (CBA), and Luria—Bertani (LB) medium. When required, the following
supplements were added to the different culture media: 10% (w/v) sucrose (Suc), 30 ug/mL
kanamycin (Km), 100 pg/mL spectinomycin (Spc), and 30 pug/mL chloramphenicol (Cm).
All bacterial cultures were incubated at 37 °C, under constant shaking at 200 rpm when
necessary. The cultures were inoculated with 7 x 10° CFU in a final volume of 20 mL TSB
to obtain growth curves. The optical densities were measured at 420 nm every 2 to 4 h.

Table 1. Bacterial strains and plasmids used in this study.

Bacterial Strains/Plasmids Phenotype/Characteristics Source/Reference
B. abortus 2308W Parental strain, smooth LPS, NalR, virulent [23]
B. abortus borS::Tn5 2308-derivative, bvrS::Tn5, smooth LPS, attenuated [4]
B. abortus burR::Tn5 2308-derivative, bvrR::Tn5, smooth LPS, attenuated [4]
B. abortus AburRS 2308W-derivative, AbvrRS, smooth LPS, attenuated This study
pNTPS138 Suicide vector, oriT, sacB Km® M.R.K. Alley, unpublished
pAburRS pNTPS138 derivative, AborRS, Km® Courtesy of Clayton C. Caswell
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The construction of B. abortus AburRS. The genes burR (BAW_12006) and borS (BAW_12007)
of the parental strain B. abortus 2308W were mutated using a previously described [24,25], non-
polar, unmarked gene excision strategy with modifications (Supplementary Figure S1). A
borR upstream (Up) fragment from approximately 1 kb to the second codon of the borR
coding sequence (coordinates 2010312 to 2011285) was amplified with the primers bvrRS-
Up-For and bvrRS-Up-Rev (Supplementary Table S1). A borS downstream (Dn) fragment
containing the last two codons of the bvrS coding region to approximately 1 kb downstream
(coordinates 2013910 to 2014911) was amplified with the primers bvrRS-Dn-For and bvrRS-
Dn-Rev (Supplementary Table S1). The Up fragment was cut with BamHI (Thermo Fisher
Scientific, Vilnius, Lithuania), and the Dn fragment was cut with Pst] (Thermo Fisher Scien-
tific, Vilnius, Lithuania). Both fragments were treated with polynucleotide kinase in a ligase
buffer and included in a single ligation mix with BamHI/PstI-digested pNPTS138 (Table 1),
a suicide vector expressing kanamycin (Km) resistance, and the gene sacB for sucrose (Suc)
counterselection. The resulting plasmid was called pAborRS (Table 1) and lacked a 2623 bp
region located between the Up and Dn fragments in the genome of the parental strain
and corresponding to most of the coding sequences of burR and borS (coordinates 2011286
to 2013909). Subsequently, 1-3 uL of pAborRS in distilled water was electroporated into
40 uL of B. abortus 2308W competent cells prepared as described in [24,25]. Electroporation
was performed in a BTX™ cell electroporator using the following parameters: 2.5 kV at
400 ohms and 50 mF. After electroporation, 1 mL of SOC medium was added, and the
cells were incubated overnight. Then, 100-200 uL volumes were plated on CBA + Km
to select the clones harboring pAburRS. The plates were incubated for 6-10 days. Single
colonies were selected, transferred into TSB, and incubated overnight. Volumes of 50, 100,
and 200 uL were plated on TSA + 10% Suc to counterselect clones integrating the Up-Dn
construct into the chromosome of the parental strain by allelic exchange. The plates were
incubated for 3-6 days. Single colonies were picked, and exact replicas were cultured on
TSA + 10% Suc and TSA+ Km, to select Suck and Km® clones that were expected to have
lost both burRS genes and the suicidal plasmid. The plates were incubated for 2-3 days. The
Suc® and Km® clones were screened by colony PCR with the primers bvrRS-Con-For and
bvrRS-Con-Rev (Supplementary Table S1) in a reaction with DreamTaq PCR Master Mix
(2X) (Thermo Fisher Scientific, Vilnius, Lithuania). The “Con” primers amplify a 3332 bp
fragment in the parental strain (coordinates 2011017 to 2014349) and a 709 bp fragment in
the B. abortus AbvrRS mutant strain. Clones giving the expected result for the mutant strain
were also subjected to PCR with the bvrR_bv1 pair of primers (Supplementary Table S1).
The “bv1” primers amplify a 63 bp fragment of the burR coding sequence in the parental
strain (coordinates 2011468 to 2011531) and are not expected to amplify any PCR product in
the mutant strain. Mutant clones selected based on the presence of the 709 bp Con-amplicon
and the absence of the 63 bp bvl-amplicon, were subjected to biochemical identification
tests and further confirmation by DNA Sanger sequencing, Southern blot, Western blot,
and whole-genome sequencing, as described below.

Biochemical identification. Basic biochemical tests were performed as described in [26]
using the potential mutant clones and the strain B. abortus 2308W. The performed tests
included urease (1 h and 24 h), oxidase, H,S production, nitrate reduction, and sensitivity
to thionine (20 pg/mL) (24 h and 72 h) and basic fuchsin (20 ug/mL) (24 h and 72 h).
The presence of a smooth LPS was verified through the acriflavine agglutination test as
described in [26].

Southern Blot. The mutation was confirmed by a Southern blot as described in [27],
with a few modifications. Genomic DNA from the parental and the mutant strains was
extracted with the Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA).
Purified DNA was double digested with 25 U of BshTI (Agel) and 12.5 U of MIsI (MscI)
restriction enzymes (Thermo Scientific, USA), respectively, cutting the B. abortus 2308 W
genomic DNA at positions 2011220 (—60 from borR start codon) and 2014898 (+983 from
borS stop codon) and, respectively, generating 3679 bp and 1055 bp fragments in the
parental strain and in the B. abortus AbvrRS mutant strains. The digested DNA of each

91



Microorganisms 2023, 11, 2014

40f11

strain was separated through electrophoresis in a 0.6% agarose gel for 2 h at 100 V, and the
gel was blotted onto a nylon membrane (Roche, Mannheim, Germany). The probe was
generated using the primers bvrRS-South (Supplementary Table S1), amplifying a fragment
of 299 bp of the coding sequence of the burS downstream gene (BAW_12008, coordinates
2013977 to 2014276). Probe labeling, hybridization, and detection were performed using
the DIG DNA Labeling and Detection kit (Roche, Mannheim, Germany).

Western Blot. The BvrS, BvrR, and Omp25 expressions were assessed as described
in [27], with modifications. The bacterial cultures were grown for up to 32 h to test protein
expression at different growth phases. The loading control was Omp19.

Sanger sequencing. The Con-amplicon of the mutant strain was Sanger sequenced
to confirm the absence of borR and borS. The regions recombined during the deletion of
the borR and borS genes were also sequenced. The upstream recombination region was
amplified with pckA primers (Supplementary Table S1), obtaining an amplicon of 677 bp
(coordinates 2009968 to 2010645). The downstream recombination region was amplified
with the revtrans20682069-2.3 and revtrans20692070-2.5 primers (Supplementary Table S1),
obtaining an amplicon of 628 bp (coordinates 2014621 to 2015249). All amplicons were
cycle sequenced using the BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific, Vilnius, Lithuania) and sent to “Centro de Investigacion en Biologia Celular y
Molecular”, at the University of Costa Rica, for capillary electrophoresis. The sequenc-
ing results were analyzed using BLAST (Basic Local Alignment Search Tool) [28], with
blastn and default parameters to look for their correspondence in the genomic sequence of
B. abortus 2308, chromosome I (NCBI Reference Sequence: NC_007618.1).

Whole-genome sequencing. For whole-genome sequencing, genomic DNA from
B. abortus 2308W and B. abortus AbvrRS was obtained using the Wizard® Genomic DNA
Purification Kit (Promega, Madison, WI, USA) from liquid cultures grown to the stationary
phase. Genomic libraries were prepared with the rapid barcoding sequencing SQK-RBK004
kit (Oxford Nanopore Technologies, Oxford, UK) for sequencing on a minION platform
using the MinKNOW software version 22.08.4, according to the manufacturers’ recommen-
dations. Base calling and the conversion of the raw data to the FASTQ format were per-
formed with Guppy v.3.6.0., while the reads’ quality was verified with nanoplot 1.40.2 [29].
Low-quality reads (Q < 10 and minimum length of 1000) were filtered using nanofilt
2.8.0 [29]. Adapters and barcodes were trimmed with Porechop 0.2.4. Reads that passed
the quality check were used for whole-genome assembly with Unicycler v0.4.8 [30]. The
assembled genomes were verified with QUAST 5.0.2 (Quality Assessment Tool for Genome
Assemblies Version) [31] and CheckM v1.1.3 for completeness and contamination [32]. The
project was deposited at DDBJ/ENA /GenBank under the following accession numbers:
Bioproject PRINA891361, assemblies CP109916-CP109917 and CP109914-CP109915, and
raw sequencing data SRR21939256 and SRR21939255 for B. abortus 2308W and B. abortus
AbourRS, respectively. The resulting complete-genome assemblies at the chromosome level
were compared using BLAST [33] with blastn type and default parameters to verify the
genomic differences between B. abortus AbvrRS and B. abortus 2308W. Genome content
coverage was also verified by read mapping against the assembled genome using the
long-read mapping pipeline Vulcan 1.0.3 [34]. Genomic visualizations were conducted
with Artemis Comparison Tool 18.2.0 [35].

Gentamicin-protection assay and intracellular replication quantification. Murine
RAW 264.7 macrophages (ATCC TIB-71) or HeLa epithelial cells (ATCC clone CCl-2) were
cultivated and infected with B. abortus strains in the exponential growth phase as described
in [5,27]. The number of intracellular, viable B. abortus CFUs was determined at 0, 24, and
48 h after infection.

Membrane integrity tests. The sensitivity to the bactericidal action of non-immune
serum was tested as described in [27], with an incubation time of 45 min with the non-
immune serum instead of 90 min. The minimal inhibitory concentration of polymyxin B in
TSB at pH 7.0 and 6.0 was determined by the microdilution method as described in [27].
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Statistical analyses. The Kruskal-Wallis test for multiple comparisons was used as
described in [27].

3. Results
3.1. The AburRS Mutant Strain Is a Null Mutant

In this study, we constructed a null mutant with a deletion in borR and borS using
an unmarked gene excision approach. The colony PCR screening of the Suc® and Km®
clones revealed four potential mutant clones lacking burR and burS, numbered 3, 4, 41,
and 42 (Supplementary Figure S2). Clone 4 was selected for further analysis and renamed
B. abortus AborRS. This strain tested positive in the following biochemical tests used for the
identification of the Brucella genus: urease at 1 h and 4 h; oxidase, H,S production, and
resistance to fuchsin (20 ug/mL) and thionine (20 pg/mL) at 72 h; and negative reactions
to nitrate reduction and resistance to fuchsin (20 ug/mL) and thionine (20 pg/mL) at 24 h.

Like the parental strain, B. abortus AbvrRS excluded crystal violet, did not agglutinate
with acriflavine, and agglutinated with antibodies against smooth LPS, indicating the
conservation of the S-LPS phenotype as the parental strain. In TSB, B. abortus AbvrRS
consistently exhibited a prolonged lag phase in all independent replicas, retarding entry
into the log phase and catching up with B. abortus 2308 W in the stationary phase (Figure 1a).
The Southern blot results demonstrated a deletion of approximately 3000 bp (Figure 1b);
the Western blot results confirmed a lack of expression of BvrR and BvrS (Figure 1c), and
the Sanger sequencing results showed an in-frame deletion of the bvrRS genes and the
correct recombination of the Up and the Dn fragments.

B. abortus
AbvrRS

B. abortus
2308W

4000 bp

—&—B. abortus
2308W

—e—B. abortus
AbWIRS

1000 bp

(@) (b)

Figure 1. Confirmation of the B. abortus AbvrRS double-mutant strain. (a) Growth curve of B. abortus
AborRS compared to B. abortus 2308W. An inoculum of 7 x 10° CFU/mL was incubated in TSB at 37 °C
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B. abortus AbvrRS

B. abortus 2308W

and 200 rpm. Optical density (OD) at 420 nm was measured every 2-3 h, up to 32 h. (b) Southern
blot assay. Genomic DNA of B. abortus AbvrRS and B. abortus 2308W was extracted and digested with
BshTI (Agel) and Misl (Mscl). A probe targeting the coding sequence of BAW_12008 downstream
of borS, hybridized with a ~1000 bp band in B. abortus AbvrRS and a ~4000 bp band in B. abortus
2308W. The difference in molecular weight between these two bands matched the size of the excised
genes (2635 bp), confirming the deletion of the bvrRS genes. (c) Western blot analysis of BvrR and
BvrS expression according to growth phase in B. abortus AbvrRS and B. abortus 2308W. Both strains
were grown in TSB for 32 h, and representative time points of the different growth phases were
analyzed according to the growth curves shown in the first panel. Equal amounts (20 pg) of whole-
bacterium lysates were separated through 12.5% SDS-PAGE, blotted, and analyzed with anti-BvrR,
anti-BvrS, and anti-Omp19 as the loading control. The results are representative of at least three
independent experiments.

3.2. Whole-Genome Sequencing

The obtained coverage was over 68 x; the GC content was 57.22% GC, and over 97.99%
predicted completeness was achieved with contamination below 0.71% (complete sequenc-
ing and assembly results in Supplementary Table S2). The genome assembly resulted in two
contigs for both strains, representing the complete chromosomes of B. abortus composed of
2.1 and 1.2 Mb, respectively.

BLAST comparison between the strain 2308W and the mutant strain confirmed the
deletion of the burRS genes (coordinates 2011286 to 2013909) without further alterations in
the genome (Figure 2).

1308000 1308800 1300660 1310400 1311200 1312000 1312800 1313600 1314460 1315200
lacte 1OXDLLESE pease—

v IR P [Burs DLLES o1 sPLLES BLLED ahcY |
[1310400 l}nlzee [1312000 [1312800 1313608 1314400 1315200

Figure 2. BLAST comparison of the genomic sequences obtained from the strains B. abortus AbvrRS
and B. abortus 2308W, confirming the deletion of the bvrRS genes in B. abortus AborRS. The orange lines
show the 2.1 Mb chromosome of B. abortus, with the reads’ coverage across the genome shown by a
mapping visualization in the upper and lower graphs. The section of the chromosome with alignment
gaps is highlighted and amplified, showing gray lines as the genome sequences and blue boxes as
coding sequences (CDSs), and the red in the middle represents 99% identity among regions compared.
Deletion of the genes borR and borS is shown by the absence of similarity among both regions (white
triangle). Up- and downstream CDSs show no additional alterations in B. abortus AborRS.
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3.3. The AburRS Mutant Strain Displays an Attenuated Phenotype

To characterize the virulence phenotype of B. abortus AburRS, we assessed its ability
to replicate intracellularly in HeLa cells and RAW macrophages. As shown in Figure 3,
B. abortus 2308W was able to replicate intracellularly in both types of cells, but B. abortus
AborRS and the transposition mutants, B. abortus burR::Tn5 and B. abortus borS::Tn5, did
not, confirming attenuation in the cell model.

B. abortus AbvrRS

—— B. abortus bvrR::Tn5

— —B. abortus bvrS::-Tn5

B. abortus 2308W *%

Hela

~
(6]
J

Log 1, CFU/Well
()]

n
3

0 - “~ Time (h)
40
RAW
g
=
(I8
(&)
o
(]
-
0 T \I = J*‘ :
0 20 40 Time (h)

Figure 3. B. abortus AburRS displays lack of replication in HeLa cells and RAW macrophages. Cell
cultures were grown in DMEM until approximately 80% of confluence and then inoculated in triplicate
with an MOI of 100 for HeLa and 500 for the RAW macrophages. The extracellular bacteria were
killed with gentamicin, and the infected cells were incubated for 0, 24, and 48 h, and bacterial counts
were performed in triplicate at the three post-infection times. The results are representative of at
least three independent experiments. * Statistically significant differences (p < 0.05) between the four
strains (Kruskal-Wallis test for multiple comparisons). ** Statistically significant differences (p < 0.05)
between B. abortus 2308W and the other three strains (Kruskal-Wallis test for multiple comparisons).

3.4. The AburRS Mutant Strain Exhibits Altered Membrane Integrity

To assess the membrane integrity of B. abortus AbvrRS, we first performed a suscep-
tibility to polymyxin B test. As shown in Table 2, at pH 7.0 and pH 6.0, the MIC values
of B. abortus AburRS and both transposition mutants, B. abortus bvrR::Tn5 and B. abortus
borS::Tn5, were lower by at least two dilutions of difference than those of the parental
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strain, suggesting altered membrane integrity. All the MICs increased by at least two
dilutions of difference compared to that at pH 7.0, indicating a higher resistance under
acidic conditions.

Table 2. Results of the susceptibility test for polymyxin B.

; MIC (ug/mL)
Sirain pH 7.0 PH 6.0
B. abortus 2308W 4-8 64
B. abortus AburRS 14 4-8
B. abortus burR::Tn5 2 8-16
B. abortus borS::'Tn5 2 16

Then, we confirmed that B. abortus AbvrRS was susceptible to the action of a non-
immune serum, unlike the parental strain (Figure 4a), and we evaluated the expression of
Omp?25, known to be directly regulated by the TCS BvrR/BvrS, confirming that B. abortus
AborRS displayed a lack of expression of this outer membrane protein, unlike B. abortus

2308W (Figure 4b).
% Survival »
100 - ' S
) S
FrESTE S ES
80 - J o4 W A B A Y
N O
RV A i A
60 - ¥ & & & & & & &F
¥ o o ¥ & o & 9
40 «—Omp25
20 1 DRI - o5
0 —_ 8h 18h  24h 32h

B. abortus 2308W B. abortus AbvrRS

(a) (b)

Figure 4. Characterization of the membrane integrity of B. abortus AburRS. (a) Loss of resistance to
non-immune serum in B. abortus AbvrRS compared to B. abortus 2308W. Both strains were exposed
to non-immune human serum at 37 °C for 45 min, and the survival percentage was calculated. (b)
Western blot analysis of Omp25 expression, according to growth phase in B. abortus AburRS and
B. abortus 2308W. Both strains were grown in TSB for 32 h, and representative time points of the
different growth phases were analyzed according to the growth curves shown in Figure 1a. Equal
amounts (20 ug) of whole-bacterium lysates were separated through 12.5% SDS-PAGE, blotted, and
analyzed with anti-Omp25 and Omp19 as the loading control. These results are representative of at
least three independent experiments. * p < 0.05 (Kruskal-Wallis test for multiple comparisons).

4. Discussion

The role of the TCS BvrR/BvrS in the virulence of brucellae has been studied in
transposition mutants with a kanamycin-resistance marker in the inserted transposon [4].
Construction and characterization of a null mutant was necessary to compare and corrob-
orate phenotypic traits and to obtain an antibiotic-marker-free mutant strain. However,
previous attempts to construct clean mutants were unsuccessful, prompting the designation
of the burRS genes as essential [12]. Later it was shown that they did not seem to be essential
for extracellular growth [36], which implied that they could be mutated. Since the construc-
tion of single mutants in several orthologs of BvrR/BvrS in other cell-associated Rhizobiales
was consistently reported as difficult [13-21], we employed a non-polar, unmarked gene
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excision strategy [24,25] to construct a B. abortus mutant strain with a deletion in both borRS
genes. Different experimental approaches confirmed the in-frame double deletion, and
the whole-genome sequencing results demonstrated a clean null mutation without further
alterations in the genome.

The phenotypic characterization of B. abortus AburRS revealed a smooth LPS, unal-
tered biochemical characteristics, retarded lag growth phase defects, inability to replicate
intracellularly in cell models, susceptibility to polymyxin B and to human non-immune
serum, and lack of expression of Omp25. These results are consistent with previous studies
about the role of the TCS BvrR/BvrS that were performed using the transposition mutants
B. abortus burR::Tn5 and B. abortus borS::Tn5 [4,7,37].

In conclusion, a B. abortus null mutant in the borR/borS genes was successfully obtained
through allelic replacement. This novel mutant does not harbor any resistant marker gene
and will be useful for further studies on the TCS BvrR/BvrS.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /microorganisms11082014/s1: Figure S1: Unmarked gene excision
approach used in this study to generate the AborRS mutant; Figure S2: Colony PCR screening of the
Suc® and Km® clones to look for potential mutants; Table S1: List of primers used in this study; Table
S2: Quality results of B. abortus sequencing and whole-genome assembly.

Author Contributions: Conceptualization, C.G.-V.; methodology, O.R.-S. and K.N.-M; validation,
P.A.-S., N.R-V. and E.B.-C.; formal analysis, O.R.-S., K.N.-M. and P.A.-S.; investigation, O.R.-S.,
K.N.-M., PA.-S, N.R.-V,, EB.-C., EM., E.C.-O. and C.G.-V,; resources, E.C.-O. and K.N.-M.; data
curation, K.N.-M.; writing—original draft preparation, O.R.-S. and C.G.-V.; writing—review and
editing, O.R.-S., KN.-M,, PA.-S,, N.R.-V,, EB.-C,, EM.,, E.C.-O. and C.G.-V,; visualization, O.R.-S.,
K.N.-M. and P.A.-S.; supervision, C.G.-V,, EM. and E.C.-O.; project administration, C.G.-V., E.C.-O.,
O.R--S. and K.N.-M; funding acquisition, C.G.-V., E.C.-O., O.R.-S. and K.N.-M. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by FEES-CONARE, grant 02-2020 to C.G.-V.; FIDA-UNA, grant
SIA 0047-17 to C.G.-V.; UCREA-UCR, grant B8762 and C0456 to E.C.-O.; ITCR, grant 15-15-D to
O.R.-S. and 1510171 to K.N.-M.; PINN-MICITT, grant PND-137-15-1 to O.R.-S.; and ANID-CHILE,
grant FONDECYT 1210563 to K.N.-M.

Data Availability Statement: The data presented in this study are openly available in GenBank,
accession numbers [CP109914, CP109915, CP109916, CP109917], and the SRA accession numbers for
the raw reads are SRR21939256 and SRR21939255.

Acknowledgments: To Clayton C. Caswell and Roy Martin Roop II for the pAborRS. To Axel Cloeck-
aert for providing monoclonal antibodies against Omp19 and Omp25. To Danilo Solano Quesada for
his technical help with Western blot assays.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of this study; in the collection, analyses, or interpretation of data; in the writing of this manuscript; or
in the decision to publish the results.

References

1. Corbel, MJ.; Food and Agriculture Organization of the United Nations; World Health Organization; World Organisation for
Animal Health. Brucellosis in Humans and Animals; World Health Organization: Geneva, Switzerland, 2006.

2. Gorvel, J.P; Moreno, E. Brucella Intracellular Life: From Invasion to Intracellular Replication. Vet. Microbiol. 2002, 90, 281-297.
[CrossRef] [PubMed]

3. Moreno, E.; Moriyon, L. Brucella melitensis: A Nasty Bug with Hidden Credentials for Virulence. Proc. Natl. Acad. Sci. USA 2002,
99, 1-3. [CrossRef] [PubMed]

4.  Sola-Landa, A.; Pizarro-Cerda, J.; Grillo, M.; Moreno, E.; Moriyon, L; Blasco, J.; Gorvel, ].; Lopez-Goni, I. A Two-component
Regulatory System Playing a Critical Role in Plant Pathogens and Endosymbionts Is Present in Brucella abortus and Controls Cell
Invasion and Virulence. Mol. Microbiol. 1998, 29, 125-138. [CrossRef] [PubMed]

5.  Altamirano-Silva, P.; Meza-Torres, J.; Castillo-Zeledon, A.; Ruiz-Villalobos, N.; Zufiga-Pereira, A.M.; Chacon-Diaz, C.; Moreno,

E.; Guzman-Verri, C.; Chaves-Olarte, E. Brucella abortus Senses the Intracellular Environment through the BvrR/BvrS Two-
Component System, Which Allows B. Abortus To Adapt to Its Replicative Niche. Infect. Imnun. 2018, 86, €00713-17. [CrossRef]

97



Microorganisms 2023, 11, 2014 100f 11

10.

11,

12.

13.

14.

18,

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Altamirano-Silva, P.; Cordero-Serrano, M.; Méndez-Montoya, ].; Chacén-Diaz, C.; Guzman-Verri, C.; Moreno, E.; Chaves-Olarte,
E. Intracellular Passage Triggers a Molecular Response in Brucella abortus That Increases Its Infectiousness. Infect. Immun. 2021, 89,
e00004-21. [CrossRef]

Guzman-Verri, C.; Manterola, L.; Sola-Landa, A.; Parra, A.; Cloeckaert, A.; Garin, J.; Gorvel, ].-P.; Moriyon, IL.; Moreno, E.;
Lépez-Goi, I. The Two-Component System BvrR/BvrS Essential for Brucella abortus Virulence Regulates the Expression of
Outer Membrane Proteins with Counterparts in Members of the Rhizobiaceae. Proc. Natl. Acad. Sci. USA 2002, 99, 12375-12380.
[CrossRef]

Godessart, P,; Lannoy, A.; Dieu, M.; Van der Verren, S.E.; Soumillion, P; Collet, ] .-E; Remaut, H.; Renard, P.; De Bolle, X. 3-Barrels
Covalently Link Peptidoglycan and the Outer Membrane in the «-Proteobacterium Brucella abortus. Nat. Microbiol. 2021, 6, 27-33.
[CrossRef]

Degos, C.; Hysenaj, L.; Gonzalez-Espinoza, G.; Arce-Gorvel, V.; Gagnaire, A.; Papadopoulos, A.; Pasquevich, K.A.; Méresse, S.;
Cassataro, J.; Mémet, S.; et al. Omp25-dependent Engagement of SLAMF1 by Brucella abortus in Dendritic Cells Limits Acute
Inflammation and Favours Bacterial Persistence in Vivo. Cell. Microbiol. 2020, 22, e13164. [CrossRef]

Viadas, C.; Rodriguez, M.C.; Sangari, E]J.; Gorvel, ].-P.; Garcia-Lobo, ].M.; Lopez-Goni, L. Transcriptome Analysis of the Brucella
abortus BvrR/BvrS Two-Component Regulatory System. PLoS ONE 2010, 5, 10216. [CrossRef]

Rivas-Solano, O.; Van der Henst, M.; Castillo-Zeledon, A.; Suarez-Esquivel, M.; Mufioz-Vargas, L.; Capitan-Barrios, Z.; Thomson,
N.R.; Chaves-Olarte, E.; Moreno, E.; De Bolle, X.; et al. The Regulon of Brucella abortus Two-Component System BvrR/BvrS
Reveals the Coordination of Metabolic Pathways Required for Intracellular Life. PLoS ONE 2022, 17, 0274397. [CrossRef]
[PubMed]

Barbier, T.; Nicolas, C.; Letesson, ].J. Brucella Adaptation and Survival at the Crossroad of Metabolism and Virulence. FEBS Lett.
2011, 585, 2929-2934. [CrossRef] [PubMed]

Doherty, D.; Leigh, J.A.; Glazebrook, ].; Walker, G.C. Rhizobium Meliloti Mutants That Overproduce the R. meliloti Acidic
Calcofluor-Binding Exopolysaccharide. |. Bacteriol. 1988, 170, 4249-4256. [CrossRef] [PubMed]

Osteras, M.; Stanley, J.; Finan, T.M. Identification of Rhizobium-Specific Intergenic Mosaic Elements within an Essential Two-
Component Regulatory System of Rhizobium Species. |. Bacteriol. 1995, 177, 5485-5494. [CrossRef]

Cheng, H.-P.; Walker, G.C. Succinoglycan Production by Rhizobium meliloti Is Regulated through the ExoS-Chvl Two-Component
Regulatory System. J. Bacteriol. 1998, 180, 20-26. [CrossRef] [PubMed]

Wells, D.H.; Chen, E.J.; Fisher, R.E; Long, S.R. ExoR Is Genetically Coupled to the ExoS?Chvl Two-Component System and
Located in the Periplasm of Sinorhizobium meliloti. Mol. Microbiol. 2007, 64, 647-664. [CrossRef]

BA@langer, L.; Dimmick, K.A.; Fleming, ].S.; Charles, T.C. Null Mutations in Sinorhizobium meliloti ExoS and Chvl Demonstrate
the Importance of This Two-Component Regulatory System for Symbiosis. Mol. Microbiol. 2009, 74, 1223-1237. [CrossRef]
Charles, T.C; Nester, EW. A Chromosomally Encoded Two-Component Sensory Transduction System Is Required for Virulence
of Agrobacterium tumefaciens. |. Bacteriol. 1993, 175, 6614-6625. [CrossRef]

Mantis, N.J.; Winans, S5.C. The Chromosomal Response Regulatory Gene Chvl of Agrobacterium tumefaciens Complements an
Escherichia coli PhoB Mutation and Is Required for Virulence. ]. Bacteriol. 1993, 175, 6626-6636. [CrossRef] [PubMed]

Wu, C.-E; Lin, ].-S.; Shaw, G.-C.; Lai, E-M. Acid-Induced Type VI Secretion System Is Regulated by ExoR-ChvG/ChvI Signaling
Cascade in Agrobacterium tumefaciens. PLoS Pathog. 2012, 8, €1002938. [CrossRef]

Quebatte, M.; Dehio, M.; Tropel, D.; Basler, A.; Toller, I.; Raddatz, G.; Engel, P.; Huser, S.; Schein, H.; Lindroos, H.L.; et al. The
BatR/BatS Two-Component Regulatory System Controls the Adaptive Response of Bartonella henselae during Human Endothelial
Cell Infection. J. Bacteriol. 2010, 192, 3352-3367. [CrossRef]

Maksymiuk, C.; loerger, T.; Balakrishnan, A_; Bryk, R.; Rhee, K.; Sacchettini, J.; Nathan, C. Comparison of Transposon and
Deletion Mutants in Mycobacterium tuberculosis: The Case of Rv1248¢c, Encoding 2-Hydroxy-3-Oxoadipate Synthase. Tuberculosis
2015, 95, 689-694. [CrossRef]

Suarez-Esquivel, M.; Ruiz-Villalobos, N.; Castillo-Zeledon, A.; Jiménez-Rojas, C.; Roop II, R.M.; Comerci, D.J.; Barquero-Calvo, E.;
Chacon-Diaz, C.; Caswell, C.C.; Baker, K.S.; et al. Brucella abortus Strain 2308 Wisconsin Genome: Importance of the Definition of
Reference Strains. Front. Microbiol. 2016, 7, 1557. [CrossRef] [PubMed]

Caswell, C.C; Gaines, ].M.; Roop, RM. The RNA Chaperone Hfq Independently Coordinates Expression of the VirB Type IV
Secretion System and the LuxR-Type Regulator BabR in Brucella abortus 2308. |. Bacteriol. 2012, 194, 3-14. [CrossRef] [PubMed]
Caswell, C.C.; Gaines, ].M.; Ciborowski, P.; Smith, D.; Borchers, C.H.; Roux, C.M.; Sayood, K.; Dunman, PM.; Roop II, RM.
Identification of Two Small Regulatory RNAs Linked to Virulence in Brucella abortus 2308: Brucella Small RNAs Are Required for
Virulence. Mol. Microbiol. 2012, 85, 345-360. [CrossRef] [PubMed]

Alton, G.G.; Jones, L.M.; Angus, R.D.; Verger, ].M. Techniques for the Brucellosis Laboratory; INRA: Paris, France, 1988; ISBN
978-2-7380-0042-2.

Castillo-Zeledon, A.; Ruiz-Villalobos, N.; Altamirano-Silva, P.; Chacén-Diaz, C.; Barquero-Calvo, E.; Chaves-Olarte, E.; Guzman-
Verri, C. A Sinorhizobium meliloti and Agrobacterium tumefaciens ExoR Ortholog Is Not Crucial for Brucella abortus Virulence. PLoS
ONE 2021, 16, 0254568. [CrossRef]

Altschu, S.E; Gish, W.; Miller, W.; Myers, EZW.; Lipman, D.]. Basic Local Alignment Search Tool. ]. Mol. Biol. 1990, 215, 403-410.
[CrossRef]



Microorganisms 2023, 11, 2014 110f11

29. De Coster, W.; D'Hert, S.; Schultz, D.T.; Cruts, M.; Van Broeckhoven, C. NanoPack: Visualizing and Processing Long-Read
Sequencing Data. Bioinformatics 2018, 34, 2666-2669. [CrossRef]

30. Wick, RR; Judd, LM.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving Bacterial Genome Assemblies from Short and Long
Sequencing Reads. PLoS Comput. Biol. 2017, 13, €1005595. [CrossRef]

31. Gurevich, A,; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality Assessment Tool for Genome Assemblies. Bioinformatics 2013, 29,
1072-1075. [CrossRef]

32. Parks, D.H.; Imelfort, M.; Skennerton, C.T.; Hugenholtz, P.; Tyson, G.W. CheckM: Assessing the Quality of Microbial Genomes
Recovered from Isolates, Single Cells, and Metagenomes. Genome Res. 2015, 25, 1043-1055. [CrossRef]

33. BLAST Help Page. Available online: https://blast.ncbi.nlm.nih.gov /Blast.cgi?CMD=Web&amp;PAGE_TYPE=BlastDocs&amp
(accessed on 24 October 2022).

34. Fu, Y;; Mahmoud, M.; Muraliraman, V.V,; Sedlazeck, F].; Treangen, T.]. Vulcan: Improved Long-Read Mapping and Structural
Variant Calling via Dual-Mode Alignment. GigaScience 2021, 10, giab063. [CrossRef] [PubMed]

35. Carver, TJ.; Rutherford, K.M.; Berriman, M.; Rajandream, M.-A.; Barrell, B.G.; Parkhill, ]. ACT: The Artemis Comparison Tool.
Bioinformatics 2005, 21, 3422-3423. [CrossRef] [PubMed]

36. Sternon, J.-E; Godessart, P.; Gongalves de Freitas, R.; Van der Henst, M.; Poncin, K.; Francis, N.; Willemart, K.; Christen, M.;
Christen, B.; Letesson, ].-].; et al. Transposon Sequencing of Brucella abortus Uncovers Essential Genes for Growth In Vitro and
Inside Macrophages. Infect. Immun. 2018, 86, €00312-18. [CrossRef] [PubMed]

37. Manterola, L.; Moriyon, L.; Moreno, E.; Sola-Landa, A.; Weiss, D.S.; Koch, M.H.].; Howe, ].; Brandenburg, K.; Lopez-Goni, L.

The Lipopolysaccharide of Brucella abortus BvrS/BvrR Mutants Contains Lipid A Modifications and Has Higher Affinity for
Bactericidal Cationic Peptides. J. Bacteriol. 2005, 187, 5631-5639. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and /or the editor(s). MDPI and /or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

99



100

CAPITULO V: DISCUSION

En esta Tesis planteamos la hipotesis de que la regulacion ejercida por el
TCS BVrR/BvrS sobre genes relevantes para la virulencia (entendida como la
capacidad de invadir, sobrevivir y multiplicarse dentro de las células del hospedero)
es directa. Para demostrar dicha hipotesis, nos propusimos cuatro objetivos
especificos. El primero consistido en identificar regiones gendmicas directamente
unidas a BvrR en condiciones fisiolégicamente relevantes; el segundo en describir
la relacion del TCS BvrR/BvrS con otros sistemas de regulacion génica; el tercero
en caracterizar la region promotora del gen omp25, como regién prototipo regulada
positivamente por el TCS BvrR/BvrS; y el ultimo en construir una mutante por
delecion en los genes que codifican el TCS BvrR/BvrS y comparar su fenotipo con
el de las mutantes generadas por transposicion.

Para cumplir con nuestros dos primeros objetivos especificos, nos dedicamos
a definir el regulén de BvrR, lo que incluia a su propio operon. En procariotas, los
genes relacionados con una misma via metabdlica o un mismo proceso fisiolégico
generalmente se encuentran agrupados y se transcriben bajo el control de un mismo
promotor, lo que se conoce con el nombre de operén (Jacob & Monod, 1961). Un
estudio previo habia demostrado que, en B. melitensis, bvrR y bvrS estaban
acoplados transcripcionalmente a cuatro genes corriente abajo que codifican un
PTSN' con funciones reguladoras (Dozot et al., 2010). Nuestros resultados indican
que, independientemente de la etapa de crecimiento bacteriano, el TCS BvrR/BvrS
se transcribe junto con los genes del PTSN" y otros diez genes mas que se ubican
corriente debajo de los genes del PTSN', es decir que el operén bvrR/bvrS esta
compuesto por un total de 16 genes. Este operdn incluye genes que codifican
proteinas con funciones de regulacion, lo cual tiene relacién con objetivo 2. Por
ejemplo, los ya comentados genes del PTSN" (que regulan el metabolismo del
nitrdgeno), y divL, que es el sensor del TCS DivL/DivK, y esta implicado (junto con
CCKA) en controlar la fosforilacidén y protedlisis del regulador de respuesta CtrA, el
cual a su vez se encuentra conservado en Alphaproteobacteria y esta implicado en

la regulacién del ciclo celular (Suarez-Esquivel et al., 2016; de Bolle et al., 2015).
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La sintenia y organizacion transcripcional del operén bvrR/BvrS en miembros
de Alphaproteobacteria estrechamente relacionados con Brucella sugieren que esta
region es responsable de coordinar la expresion de vias metabdlicas de carbono y
nitrégeno, de acuerdo con las fuentes de energia y las condiciones ambientales
encontradas durante los eventos que conducen a la asociacion con el hospedador.
Esta observaciéon concuerda con informes recientes (Sanchez-Cafizares et al.,
2020).

En Alphaproteobacteria, los ortélogos del TCS BvrR/BvrS son necesarios
para los respectivos modos de vida patogénicos/simbidticos, ya que permiten
sensar y responder a condiciones ambientales asociadas con sus hospederos
especificos. Por ejemplo, BatR/BatS de Bartonella spp. percibe el pH fisioldgico de
la sangre de mamiferos (pH 7.4), logrando discriminar entre el entorno del
hospedador y el del vector artropodo, para regular la expresion de varios genes de
virulencia, como el sistema de secrecion tipo IV (T4SS VirB) y sus efectores
(Quebatte et al., 2010). En A. tumefaciens, ChvG/Chvl es esencial para la integridad
de la membrana, la virulencia y el crecimiento bacteriano en condiciones acidas (Wu
et al.,, 2012). En el endosimbionte vegetal S. meliloti, el sistema ExoS/Chvl es
necesario para establecer la endosimbiosis (Cheng & Walker, 1998; Bélanger et al.,
2009). Sin embargo, la organizacion transcripcional descrita en esta Tesis para B.
abortus no se encuentra conservada en todos los miembros de Alphaproteobacteria
por igual, sino que se evidencia una correlacion con la evolucién y los diversos
modos de vida de estas bacterias. Efectivamente, los patégenos intracelulares
obligados como Bartonella spp., Rickettsia spp. y Wolbachia spp., no transitan entre
ambientes extra e intracelulares y sus genomas son mas pequefios que el de
Brucella spp., debido a que han evolucionado mediante la pérdida de genes
(Moreno & Moriy6n, 2002).

Una vez dilucidada la organizacion transcripcional del operdn bvrR/bvrS y su
relacion con genes que codifican proteinas con funciones de regulacién (PTSN" y
divL), nos enfocamos en realizar un ensayo de ChIP-seq, para continuar
adentrandonos en el cumplimiento de los objetivos especificos 1 y 2. Nuestros

resultados permitieron identificar mas de 300 regiones gendmicas unidas a BvrR-P
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en condiciones fisioldgicamente relevantes. Muchos de los nuevos genes blanco
gue detectamos en esta Tesis tienen relacion con vias metabolicas necesarias para
la vida intracelular. Durante las etapas intracelulares, es probable que B. abortus
crezca utilizando un tipo de respiracion con baja tension de oxigeno y una reduccion
de las vias metabolicas centrales de carbono, como el TCA, la via de fosfato
pentosa y la disminucion de los transportadores periplasmicos. Cuando los
suministros de azucares son limitados, la bacteria cambia a rutas anapleréticas
aumentando el catabolismo de aminoé&cidos. Por lo tanto, el glutamato alimenta el
TCA como fuente de energia (Lamontagne et al., 2009; Ronneau et al., 2014,
Barbier et al., 2018). Al igual que en Rhizobium spp., el glutamato podria usarse
como fuente de carbono y nitrégeno. Este doble papel del glutamato puede
explicarse por su conexion con el TCA, la gluconeogénesis y el ciclo de urea
(Ronneau et al., 2014; Beaufayy et al., 2016). El TCS BvrR/BvrS podria regular
estas vias energéticas de manera simultanea y temporal, ya que la mayoria de los
genes blanco descritos se encuentran en las intersecciones de estas vias o en
tandem. El modelo propuesto de afluencia de energia en Brucella spp. (Barbier et
al., 2018; Moreno & Moriyén, 2006) concuerda con nuestros resultados, ya que,
debido a la ausencia de la fosfofructoquinasa, es probable que la via de la glucélisis
esté inactiva. Bajo este escenario, la via de fosfato pentosa alimenta el ciclo de TCA
para la oxidacion de glucosa (Gottschalk, 1986; Machelart et al., 2020). La glucosa
fosforilada entra en el ciclo de pentosa para producir gliceraldehido-3-fosfato, el cual
es canalizado hacia el TCA a través del piruvato. El TCS BvrR/BvrS también
controla los genes de los transportadores de azucar, asi como el metabolismo de
eritritol y xilitol. Estos monosacaridos pueden entrar en la via de fosfato pentosa.
Las vias de energia bajo el control de BvrR/BvrS probablemente incluyen rutas que
utilizan glutamato y otros aminodacidos glucogénicos (arginina, cisteina) como fuente
de energia. La evidencia presentada en esta Tesis también indica que el TCS
BvrR/BvrS regula este flujo de energia junto con funciones vitales, como la division
celular, la sintesis de acidos nucleicos y la homeostasis de la envoltura celular.
Cabe resaltar que la deteccién de mas de una sefial significativa de ChlP-

Seq cerca de un gen, incluidas algunas dentro de la regién codificante e incluso al
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final de esta, abre posibilidades para futuras investigaciones relacionadas con el
papel de la transcripcion antisentido (Brophy & Voigt, 2016) dentro del reguldn
BvrR/BvrS, el solapamiento de genes (Wright et al., 2022) y la estructura no
convencional de los promotores (Lagator et al., 2022) en Brucella. La transcripcién
podria promoverse desde sitios inusuales, y la interaccion con mas de un sitio de
unién podria ser necesaria para una transcripcion éptima, asi como reclutamiento
de otros factores de transcripcion que trabajen en conjunto. Por ejemplo, la
transcripcion del T4SS VirB esta estrictamente controlada a medida que Brucella
transita en diferentes compartimentos intracelulares (Boschiroli et al., 2002;
Altamirano-Silva et al., 2018; 2021) y se ha implicado a varios reguladores en el
control de la expresion del operén virB ademas de BvrR (Sieira et al., 2004; Dozot
et al., 2006; Rambow-Larsen et al., 2008; Sieira et al., 2010; 2012; Kleinman et al.,
2017), lo que sugiere gue la expresion de virB se regula a través de una compleja
red de regulacion.

Dentro de todos los genes blanco identificados en el ChIP-Seq,
seleccionamos cinco para confirmar la union directa y especifica de BvrR-P a sus
regiones corriente arriba mediante técnicas bioquimicas, incluyendo virB1, cuya
relacion con la virulencia ha sido ampliamente estudiada. Ademas, en relacién con
el objetivo 2, corroboramos que no existe interaccion, por ChiP-seq ni bioquimica,
entre BvrR y el regulador tetR2, a diferencia de lo que se ha reportado para los
ortélogos de estos reguladores en S. meliloti (Chen et al., 2008; Wells et al., 2007;
Lu & Cheng, 2010). También, con base en los resultados del ChlP-seq, analizamos
genes blanco en comun entre los factores de transcripcion BvrR, VbR, CtrA'y MucR.
Los resultados obtenidos refuerzan la nocién de que Brucella regula de forma muy
controlada los genes implicados en funciones vitales, como virulencia y divisién
celular.

Consideramos que la evidencia discutida hasta el momento permitié cumplir
con los objetivos especificos 1 y 2 de esta tesis, resaltando principalmente que el
TCS BvrR/BvrS tiene un papel importante en: i) participacion en la regulacion del
metabolismo a través de la interacciéon con el sistema regulador PTSNR i)

interaccién directa con regiones genéticas que codifican enzimas ubicadas en las
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encrucijadas de vias especificas necesarias para la virulencia, iii) posible unién
diferentes sitios en un mismo gen blanco y iv) posible interaccion con otros factores
de transcripcion adicionales en la respuesta a condiciones ambientales externas a
la bacteria.

Por otra parte, en relacion con el objetivo especifico 3, a pesar del papel
crucial del TCS BvrR/BvrS en Brucella, muy pocas regiones reguladoras de ADN
controladas por éste habian sido estudiadas. Por lo tanto, elegimos la region
promotora de omp25, que codifica una OMP regulada positivamente por el TCS
BvrR/BvrS (Guzméan-Veri et al., 2002), como region prototipo. Primeramente, nos
enfocamos en delimitar la region reguladora de este gen. Nuestros resultados
muestran que un fragmento de ADN de 380 pb, que incluye 127 pb de la regién
codificante y los primeros 262 pb corriente arriba del codén de inicio de omp25,
permite la transcripcion. Ademas, una secuencia de 111 pb entre -262 y -151 es
necesaria para una transcripcion optima. P-BvrR se une corriente abajo de esta
secuencia de 111 pb en tres cajas diferentes. Es posible que la unién de P-BvrR a
estas cajas pueda reclutar a otros factores de transcripcion para activar la
transcripcion de omp25. Muchos factores de transcripcion desempefian un papel
arquitectonico en el genoma y remodelan la estructura del ADN a través de
flexiones, torceduras, enrollamientos o puentes (Dorman et al., 2020). En Brucella,
otras regiones reguladoras de ADN interactian con diferentes factores de
transcripcion (de Jong et al., 2008; Sieira, 2013). Por ejemplo, la regién reguladora
del operén virB muestra una arquitectura compleja con sitios de union para seis
tipos diferentes de reguladores transcripcionales, incluido BvrR, lo que demuestra
una alta versatilidad para responder a varias sefiales ambientales en diferentes
etapas del proceso de infeccion (Sieira, 2013). Ademas, algunas moléculas de ARN
de pequefio tamafio también parecen influir en la expresion del operdn virB en B.
abortus a nivel post-transcripcional (Caswell et al., 2012a). En sintonia con lo
anterior, la region reguladora de btaE, un gen que codifica una adhesina
autotransportadora trimérica relevante para la virulencia (Ruiz-Ranwez et al., 2013),
contiene sitios de unidon para tres reguladores de transcripcion diferentes que

también estan involucrados en la regulacion del operén virB (Sieira et al., 2017). Por
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lo tanto, parece factible que otros factores de transcripcion puedan trabajar en
conjunto con BvrR para regular la expresion de omp25. En B. abortus, el regulador
del ciclo celular CtrA, conservado en miembros de la clase Alphaproteobacteria, ha
sido implicado en el control de la composicion de la OM, en particular la abundancia
y distribucion espacial de Omp25 (Francis et al., 2017; Poncin et al., 2019). El sitio
de union de CtrA en la regidn corriente arriba de omp25 esta entre las posiciones -
389 a -337 (Francis et al., 2017). Sin embargo, se desconocen los mecanismos de
regulacion transcripcional adicionales involucrados en la interaccion BvrR-CtrA. Las
cepas de Brucella con mutaciones en los reguladores transcripcionales VjbR y GntR
muestran una produccion disminuida de omp25 y una composicion alterada de la
OM (Uzureau et al., 2007; Li et al., 2017). Sin embargo, la interaccién directa entre
estos reguladores transcripcionales y la region reguladora de omp25 aun no ha sido
estudiada.

Cabe mencionar que las posiciones de las cajas reguladoras de BvrR
descritas en esta Tesis no concuerdan con los modelos canénicos de E. coli para la
regulacion transcripcional positiva. La Caja 1 (-18 a +1) esta junto al primer codoén
anotado de omp25 (Suéarez-Esquivel et al., 2016), y la Caja 3 (-140 a -122) incluye
el sitio de inicio de transcripcion reportado para omp25 en bacterias cultivadas hasta
la fase estacionaria (Suarez-Esquivel et al., 2016), cerca de los elementos -35 y -
10. Ademas, la Caja 2 (-99 a -76) coincide con otro sitio de inicio de transcripcion
reportado en la posicidon -82, en bacterias cultivadas hasta fase logaritmica (esta
Tesis). Aunque se desconocen los mecanismos y el tipo de interaccion entre estas
regiones, en procariotas, se sabe que algunos activadores de la transcripcién se
unen a regiones inusuales para inducir la actividad del promotor. Por ejemplo, en
Bacillus subtilis, PhoP, un regulador de respuesta ante la escasez de fosfato, induce
la activacion del gen pstS mediante la unién a una region corriente arriba (-40 a -
132) y una regién codificante (+17 a +270) (Liu, Qi y Hulett, 1998). La region
codificante tiene una baja afinidad por PhoP-P (Liu, Qiy Hulett, 1998), lo que sugiere
una union dinamica de ADN-proteina en la que el regulador es necesario para iniciar
la transcripcion, pero puede desligarse facilmente para permitir que la ARN

polimerasa se una. Los reguladores globales como BvrR pueden unirse a una
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coleccion de sitios, por lo que el efecto regulador en cada sitio de unién depende de
la concentracion de la proteina y su afinidad. De esta forma, pueden tener roles
duales como activadores, represores o ambos (Martinez-Antonio y Collado-Vides,
2003; Lozada-Chéavez et al., 2008; Balleza et al., 2009). En E. coli, el regulador
global de respuesta OmpR regula la expresion del gen ompF al unirse a cuatro sitios
con diferentes afinidades. En condiciones de baja osmolaridad, la concentraciéon de
OmpR es baja, y el regulador se une a las cuatro cajas, lo que promueve la
expresion de OmpF. En condiciones de alta osmolaridad, la concentracion de OmpR
aumenta, lo que posibilita interacciones adicionales de OmpR con una caja distante
(-380 a -350), lo cual tiene como consecuencia que se reprima la transcripcion de
ompF (Huang et al., 1994; Kenney, 2002).

Con respecto a la prediccion in silico de interacciones entre BvrR y sus cajas
reguladoras, aunque los enlaces de hidrégeno pueden variar in vivo, la capacidad
de formacién de enlaces de hidrégeno, los puntajes de acoplamiento y la posicion
de union proteina-ADN sugieren que BvrR tiene una afinidad de unién para las tres
cajas en el dominio Trans_reg_C.

El alineamiento de secuencia de ADN de las tres cajas revelo la presencia de
repeticiones invertidas y no invertidas separadas por distancias variables, lo que
sugiere que las variaciones en las secuencias de reconocimiento pueden influir en
la afinidad de BvrR para una regulacion diferencial de los genes objetivo. Los
dominios efectores de algunos reguladores de respuesta tipo OmpR se sabe que
sSe unen a secuencias tandem o, mas raramente, a repeticiones invertidas para la
regulacion de la transcripcién. El sitio de reconocimiento en el ADN varia entre 18 y
23 pb, con sitios de union entre 6 y 10 pb separados por una secuencia de
intervencion de 2 a 5 pb (Harlocker et al., 1995; Blanco et al., 2002; He y Wang,
2014). Sin embargo, el regulador Chvl de S. meliloti reconoce una secuencia de
motivo de 11 pb presente al menos una vez en las secuencias analizadas (Chen et
al., 2008). Por lo tanto, los promotores objetivo de los reguladores de respuesta tipo
OmpR contienen multiples sitios de union que varian en frecuencia de nucleotidos,

posicion y afinidades relativas de unién. Como resultado, la cooperatividad y la
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uniéon diferencial son componentes criticos para la regulacion transcripcional
ejercida por los reguladores de respuesta tipo OmpR.

Consideramos que los resultados discutidos hasta el momento, nos
permitieron cumplir con nuestro objetivo especifico 3, del cual resultamos que: i) la
unidn de BvrR a las cajas reguladoras descritas en esta investigacion podria reclutar
otros factores de transcripcion que se unen corriente arriba, en la regién de 111 pb
que identificamos como necesaria para la transcripciéon de omp25; ii) P-BvrR podria
regular diferencialmente la expresion de omp25 mediante la union directa a tres
cajas reguladoras de ADN. Algunas condiciones particulares como la fosforilacion o
la oligomerizacion de BvrR podrian afectar la afinidad e incluso la union a estos
sitios; iii) BvrR posiblemente reconoce secuencias repetidas, como se ha descrito
para otros reguladores de respuesta tipo OmpR, y su influencia en la afinidad de
unién y las preferencias de BvrR aun no se conoce. Los oligonucleoétidos predichos
para unirse a BvrR mediante acoplamiento molecular podrian mutarse y probarse
mediante EMSA o anisotropia de fluorescencia con P-BvrR, para demostrar el
impacto de cada nucleétido en la afinidad de union. Ademas, estudios futuros de
cristalografia de BvrR y los complejos BvrR-ADN también podrian contribuir a
revelar los detalles mecanisticos de la uniébn de BvrR a las cajas reguladoras
identificadas en esta Tesis.

En relacion con nuestro altimo objetivo especifico, es necesario recordar que
todas las investigaciones previas sobre el papel del TCS BvrR/BvrS referidas en
esta Tesis habian sido realizadas en mutantes por transposicién. Estas mutantes
datan de 1998 y presentan un marcador de resistencia a kanamicina insertado en
el transposon (Sola-Landa et al., 1998). Los intentos previos de obtener mutantes
limpios, sin el uso de marcadores de resistencia a antibiéticos, habian resultado
infructuosos, lo que llevd a pensar que bvrR y bvrS eran genes esenciales en
Brucella spp. (Barbier et al., 2011). Sin embargo, un estudio reciente demostrd que
estos genes, si bien son esenciales para la vida intracelular, no lo son para el
crecimiento extracelular (Sternon et al., 2018), lo que implicaba que, encontrando la
estrategia correcta, estos podrian ser mutados de forma limpia, lo que, a su vez,

permitiria comparar y corroborar fenotipos con las mutantes por transposicion para
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validar el papel atribuido al TCS BvrR/BvrS y también para disponer de una
herramienta genética sin marcadores de resistencia, para estudios futuros.

Sin  embargo, la construccion de mutantes sencillos bacterias
filogenéticamente relacionadas habia sido consistentemente reportada como dificil
(Doherty et al., 1988; Osteras et al., 1995; Cheng & Walker, 1998; Wells et al., 2007;
Bélanger et al., 2009; Charles & Nester, 1993; Mantis et al., 1993; Wu et al., 2012;
Quebatte et al., 2010). Por esta razén, se decidioé construir una cepa de B. abortus
con una doble delecion en los genes bvrR/bvrS, usando una estrategia de
intercambio alélico. La mutacion se verific6 mediante distintas técnicas
experimentales, incluyendo secuenciacion del genoma completo, lo que permitid
demostrar la obtencion de una mutacion limpia y libre de marcadores de resistencia.

El andlisis fenotipico de la cepa B. abortus AbvrRS revel6 un LPS liso,
caracteristicas bioquimicas inalteradas, defectos de crecimiento en la fase lag,
incapacidad para replicarse dentro de las células hospedadoras, susceptibilidad a
la polimixina B, susceptibilidad al suero humano no inmune y ausencia de expresion
de la proteina Omp25. Estos hallazgos son consistentes con los resultados
reportados en estudios previos realizados con las mutantes por transposiciéon (Sola-
Landa et al., 1998; Guzman-Verri et al.,, 2002; Manterola et al., 2005), lo cual
contribuye a validar el papel asignado al TCS BvrR/BvrS en la virulencia y la
integridad de la membrana en Brucella. Como se indic6, esta herramienta sera de
utilidad para investigaciones futuras que profundicen en la funcién y los mecanismos
asociados al TCS BvrR/BvrS.
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CAPITULO VI: CONCLUSIONES

1. Por Chip-seq, se logré determinar que BvrR se une de forma directa a mas
de 300 regiones del genoma de B. abortus en condiciones de estrés acidico
y nutricional que mimetizan el ambiente intracelular. Entre estas regiones,
corroboramos, por EMSA, la unién in vitro a cinco genes blanco relacionados
con virulencia, por lo que, a futuro, seria de interés continuar confirmando
mas genes diana.

2. BvrR no se une de forma directa a la region corriente arriba del regulador
transcripcional tetR2, a diferencia de lo que ocurre con los ortélogos de BvrR
y de tetR2 en S. meliloti, lo que sefala una diferencia en la evolucién de redes
de regulacién génicas conservadas. Sin embargo, BvrR si presenta genes
blanco en comun con otros factores de transcripcion conservados en
Alphaproteobacteria, como VjbR, CtrA y MucR. Para futuras investigaciones,
seria de interés continuar caracterizando estas interacciones.

3. La region reguladora de omp25 presenta tres sitios de union a BvrR, lo que
respalda la posibilidad de que BvrR pueda ejercer una regulacién diferencial
en respuesta a condiciones ambientales. A futuro, seria de interés poder
describir detalles mecanisticos de estas interacciones, asi como caracterizar
las regiones reguladoras de otros genes diana.

4. La mutante por delecion en los genes bvrR/bvrS presenta un fenotipo
atenuado similar al de las mutantes por transposicién en bvrR y en bvrS
construidas en 1998, lo que contribuye a validar el papel del TCS BvrR/BvrS
en la virulencia y la integridad de la membrana en B. abortus. La nueva cepa
generada sera de utilidad para investigaciones futuras sobre el TCS
BvrR/BvrS en B. abortus.
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ANEXOS

Anexo 1. Nombre y secuencia de los cebadores y oligonucledtidos usados en esta

Tesis.

Nombre Secuencia (5°-3")

bruAb1.0048.3 CTGGATACAGGCGTTGAG

bruAb1.0048.5 CTGTTACTCCAAATCATACG

3-200pck3 GCGGCCTTATTGTGGATGC

3-200pck5 GGTAAATGTACGCCAGGGTTG

3-200bvrR3 CACTGATTCGCTTGAGGACG

3-200bvrR5 CGTCTGCGTTGCCGAAGC

omp25 For GCCATCTTCTCGACAGATTATC

omp25 Rev GTCTCTCGTAATCGTCTCGG

pvirdownl GATCGTCTCCTTCTCAGAG

pvu229 CGCATACCACTTGTATATAAG

L12.F GGCTGATCTCGCAAAGAT

L12.R CCAGGTCCTTGGCTTCCTTGAG

dhbprom3 CGGCATCCAGCCATCTGCAAAA

dhbprom5 ATCACCTCACGCATGCCGCT

46.00virBO TTAGAAAATTCTTTTTTAACAAAATCTTATATACAA
GTGGTATGCG

46.00virBOR CGCATACCACTTGTATATAAGATTTTGTTAAAAAA
GAATTTTCTAA

66.26virBO GGGCACTTGTATTGGTTCTATTAGAAAATTCTTTTT
TAACA

66.26VvirBOR TGTTAAAAAAGAATTTTCTAATAGAACCAATACAA
GTGCCC

86.46virBO GACGCCCAGTCAGAATTTTGGGGCACTTGTATTG
GTTCTAT
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86.46virBOR ATAGAACCAATACAAGTGCCCCAAAATTCTGACTG
GGCGTC

106.66virBO GGGCTATATATTGTGTGAATGACGCCCAGTCAGA
ATTTTGG

106.66virBOR CCAAAATTCTGACTGGGCGTCATTCACACAATATA
TAGCCC

126.86virBO GGACAAATATGCTTGTGAGGGGGCTATATATTGT
GTGAATG

126.86virBOR CATTCACACAATATATAGCCCCCTCACAAGCATAT
TTGTCC

146.106virBO TGTTGTTTAAGCCGATATATGGACAAATATGCTTG
TGAGGG

146.106virBOR CCCTCACAAGCATATTTGTCCATATATCGGCTTAA
ACAACA

166.126virBO TATCGGTCATTATTGGGTAGTGTTGTTTAAGCCGA
TATATG

166.126virBOR CATATATCGGCTTAAACAACACTACCCAATAATGA
CCGATA

186.146virBO CCTTAATTATAGATCAGCGATATCGGTCATTATTG
GGTAGT

186.146virBOR ACTACCCAATAATGACCGATATCGCTGATCTATAA
TTAAGG

206.166virBO ATGGACGATTATTATGATAGCCTTAATTATAGATC
AGCGAT

206.166virBOR ATCGCTGATCTATAATTAAGGCTATCATAATAATC
GTCCAT

226.186virBO GATCGTCTCCTTCTCAGAGAATGGACGATTATTAT
GATAGC

226.186virBOR GCTATCATAATAATCGTCCATTCTCTGAGAAGGAG
ACGATC
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revirRSintergenl.3

CGCACCATCGACAGCCACATC

revtrRSintergenl.5

CGTTGCCGCCGTGCTCTG

revtransRSintergen2.3

GCTCTACGGCGTCGGTTATCG

revtransRSintergen2.5

CAAGGGCGACAGAAAGCGGC

revtrbvrS2067intergenl.

3

CATTCCTATCGAGAATATCGAGC

revirbvrS2067intergenl.

5

GTGGTGGCGTGAAGACCG

revtrbvrS2067intergen2.

3

GTGCCCGCTTTATCGTTGATC

revirbvrS2067intergen2.

5

GATGCAGGAGTGTGCGATCATC

revtr206720681.3

GCCTGTTCCGCATTCCCTATCG

revtr206720681.5

GACAATTTCCAACCGCACTGTG

revtrans206720682.3

GTCGGCAAATGGTGATTCCAAT

revtrans206720682.5

CCAGAGTAGCAGATGGCACTG

revtrans206820691.3

CATCCTGAAAGGTGTTGAACG

revtrans206820691.5

CTGTTCCATATCGTCTTCAGC

revtrans206820692.3

CTGCTACTCTGGCGGGTGATGCG

revtrans206820692.5

CTGATACGAACGCTCGACAGCTTGATG

revtrans206920701.3

CCGCAGGAGAATTTCGAGACTG

revtrans206920701.5

GCATTGTCGGGATCATATTCGCC

revtrans206920702.3

GAGCGTTCGTATCAGCGGTG

revtrans206920702.5

CCCACCGTCATGCCATCCTTG

revtrans207020711.3

CAGCAAGGATGGCATGACGGTG

revtrans207020711.5

CAAATCTTTATACGTGCATATTGCCCG

revtrans207020712.3

CGCTCCAGACGCTTATCGC

revtrans207020712.5

GTGCTCCAATCCAGGGCAATTC

revtrans207120721.3

CACTGATCTGCTACTCAAAACGC

revtrans207120721.5

AGCGGCTGCGACTTGC




138

revtrans207120722.3

GAAAATCCGCTCCAGAACC

revtrans207120722.5a

GCACCCAGAACCTTCAGCGTC

revtrans207120722.5b

GTCCAGTATTCTTCAAGCGTCTC

revtrans20722073_1.3 AGGTCGCTCGTCTTCATCTC
revtrans20722073_1.5 GATAGCCAGACCCCGTTTC
revtrans20722073_2.3 GTCCGTTCAAGTCGGAACAC
revtrans20722073_2.5 AAAAACGCACAACGCAGAC
revtrans20732074.3 GGCCGGTAACTGTTTGAAGT
revtrans20732074.5 CCTATGCTTGCCTTTCATGG
revtrans20742075_1.3 AGCTTCGTGGAACTTCATGG
revtrans20742075_1.5 GGCTTCGAGAATCTTGATCG
revtrans20742075 2.3 GTCATTTGCCGCTTTCCAT
revtrans20742075_2.5 GCCGGAAAGGGTTATGAAAT
revtrans20752076_1.3 CCCGCTTATCTGCAACATCT
revtrans20752076_1.5 | ATGGGACGCATACGCTTG
revtrans20752076_2.3 ACTCGGATTGATGCAGGAAG
revtrans20752076_2.5 TGCACATTGACGATTGCAC
revtrans20762077_1.3 TCAATTGCCATTTCGATCAG
revtrans20762077_1.5 CCTCAATAAGGGCCTTTGC
revtrans20762077_2.3 GGAACACCGGAAGCCATC
revtrans20762077_2.5 ACATAGATCGTCGCGCTTG
revtrans20772078_1.3 TTCCGTGAAACCGACCTTAC
revtrans20772078_1.5 GGTCAGAACATGGGTCTTGC
revtrans20772078_2.3 CCGGAGAAGGGCTATCTTTC
revtrans20772078_2.5 CTGCGCATCGATGGTTTC
revtrans20782079.3 GCGCTGAAGGATACTCAAGG
revtrans20782079.5 TTTAACAGAATCGCCGGAAC
revtrans20792080_1.3 GAGCGGATAGAGCATTTTCG
revtrans20792080_1.5 CATTCTGCCCAGAAATCCAC
revtrans20792080 2.3 TGGAAAATGCGACAAAACAA
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revtrans20792080_2.5 GGAGCGATCGTCTTGCAT
revtrans20802081 1.3 CGACGCTTCTGATGTTCAAG
revtrans20802081 1.5 TTGGGATGCAACTGCATAAG
revtrans20802081_2.3 GAGCTTGCCGCCAATATG
revtrans20802081_2.5 | GATTGCCGAGCTTTTCCAG

exFAM-omp25

CGTCGGCAGCAAAAGCGGTCGCAGAGAACG

exFAM 2-omp25

CAGCTATACTGGGGAGCTACTTCAACC

exFAM2bvrR

CGCAGAAGCGCCGTCGGTATAGGTTTCG

exFAM-omp25b

GCCTTTGCGCCAGTCGCAGCAACGAGAACG

exFAM-omp3b

GGTCCCTCCCATCATGTCGGCTGCGAAAGC

exFAM-exoR GGCAAGTGCCAAGGTAAGGACCAAGCCTAG
omp25392Xbal GGGATCATTCATCTAGACACACGGTAAACG
omp25.BamHI ACTGGGGAGCGGATCCTACTTCAACC

omp25.262Xbal

CAGCTTCGCTICTAGAGCATTGCT

omp25.151Xbal

TCTCGACAGATTICTAGATATCTCCACACA

omp25lacZF ATCCAGGAACAGCCTCCG
omp25lacZR CCCAGTCACGACGTTGTA
omp25.262 CAGCTTCGCTGCATTGCT
omp25152 AGATGGCAAAAATGCGATG
omp25.122 GCCCCATTGTGTGGAGATAA

193.1530mp25-0

GCCATCTTCTCGACAGATTATCTCCACACAATGG
GGCATT

193.1530mp25-ORC

AATGCCCCATTGTGTGGAGATAATCTGTCGAGAA
GATGGC

173.1330mp25-0

ATCTCCACACAATGGGGCATTTCGTGCCGCAATT
ACCCTCG

173.1330mp25-ORC

CGAGGGTAATTGCGGCACGAAATGCCCCATTGTG
TGGAGAT

153.1130mp25-0

TTCGTGCCGCAATTACCCTCGATATGTCACCCCT
GTCAGCG




153.1130mp25-ORC
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CGCTGACAGGGGTGACATATCGAGGGTAATTGCG
GCACGAA

133.930mp25-0O

GATATGTCACCCCTGTCAGCGCGGCATGGGCGG
TTTACTCC

133.930mp25-ORC

GGAGTAAACCGCCCATGCCGCGCTGACAGGGGT
GACATATC

113.73o0mp25-0O

GCGGCATGGGCGGTTTACTCCCGATGCTGCCCG
CCCGATAA

113.730mp25-ORC

GCGGCATGGGCGGTTTACTCCCGATGCTGCCCG
CCCGATAA

93.530mp25-0

CCGATGCTGCCCGCCCGATAAGGGACCGCGCAA
AACGTAAT

93.530mp25-ORC

ATTACGTTTTGCGCGGTCCCTTATCGGGCGGGCA
GCATCGG

73.330mp25-0

AGGGACCGCGCAAAACGTAATTTGTGTAAGGAGA
ATGCCA

73.330mp25-ORC

TGGCATTCTCCTTACACAAATTACGTTTTGCGCGG
TCCCT

53.130mp25-0

TTTGTGTAAGGAGAATGCCATGCGCACTCTTAAGT
CTCTCG

53.130mp25-ORC

CGAGAGACTTAAGAGTGCGCATGGCATTCTCCTT
ACACAAA

33.000mp25-0

ATGCGCACTCTTAAGTCTCTCGTAATCGTCTCGG

33.000mp25-ORC

CCGAGACGATTACGAGAGACTTAAGAGTGCGCAT

Oligo rplL-O CCTTTCGGCCCTGACCGTTCTGGAAGCCGCTGAG
CTGTCC

Oligo rplL.-ORC GGACAGCTCAGCGGCTTCCAGAACGGTCAGGGC
CGAAAGG

bvrRS-Up-For GCGGATCCAGCACGATCTTGCGGGTAAGA

bvrRS-Up-Rev

CTTCATGCGGACCTTCTCCTTT
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bvrRS-Dn-For GCATGACCGTGAAAAGTGGATATC
bvrRS-Dn-Rev GCCTGCAGCATCACGGAAATGGCCAGATT
bvrRS-Con-For CGTTTAACCCGAGCGTTCTGG
bvrRS-Con-Rev CATTTGCCGACAATGCCGG

bvrR_bv1-For CATGGACGGTATGGAGCTTCTG
bvrR_bv1-Rev GAGGAAGATGACCGGCAGATC
bvrRS-South-For ACCACCCTGCAATTGCTGG
bvrRS-South-Rev ATATCGCTCAGCCTCGTCGC

pckA-For GCACGACATTTTCCAGAACC

pckA-Rev TGTGGTGGGACAACAACAAG

Anexo 2. Numero de accesion de los genomas utilizados en esta Tesis para la

reconstruccion filogenética del operon bvrR/bvrS en los miembros de la clase

Alphaproteobacteria.

Cepa Subgrupo Numero de
taxonomico accesion

GRUPO EXTERNO
Escherichia coli K12 Gammaproteobacteria NC_000913
Geobacter sulfurreducens Betaproteobacteria NC_002939
PCA
Ralstonia solanacearum Deltaproteobacteria NC_003295

GMI1000

RHIZOBIALES

Brucella abortus 2308

Wisconsin

Brucellaceae

GCA_900095085.1

Brucella suis str. 1330

Brucellaceae

GCA_000007505.1
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Ochrobactrum
intermedium LMG 3301

Brucellaceae

GCA_000182645.1

Agrobacterium

tumefaciens str. Ach 5

Rhizobiaceae

NZ_CP011246.1

Sinorhizobium meliloti str.

Rhizobiaceae

NZ_CP021219.1

RU11/01

Bradyrhizobium japonicum Bradyrhizobiaceae NZ_CP017637.1
str. J5

Rodhopseudomonas Bradyrhizobiaceae NC_011004.1

palustris TIE-1

Mesorhizobium loti str.
TONO

Phyllobacteriaceae

NZ_AP017605.1

Bartonella quintana str.

Toulouse

Bartonellaceae

NC_005955.1

Bartonella henselae str.
BM 1374165

Bartonellaceae

NZ_HG969191.1

CAULOBACTERALES

Caulobacter crescentus
NA1000

Caulobacteraceae

NC_011916.1

RICKETTSIALES

Rickettsia prowazeki str.

RpGvF24

Rickettsiaceae

NC_017057.1

Rickettsia conorii str.
Malish 7

Rickettsiaceae

NC_003103.1

Wolbachia pipientis str.
wPpe

Anaplasmataceae

GCA_001752665.1
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Anexo 3. Resultados no publicados relacionados con el objetivo 2 de esta Tesis.

Sonda

[BvrR-P]

o - el

rpiL

—
= o

-+ + - - sl -+

12 3 456 7 8 910 1 23 4 56 7 8 9 10

Figura 5. Resultado de EMSA entre BvrR fosforilada con carbamoil fosfato (BvrR-

P) y una sonda de ADN que corresponde a la region corriente arriba de los genes

tetR2 y rplL (control negativo). Carriles 1 y 10: sonda control positivo (omp25) + 200

ng BvrR; 2 y 9: sonda control positivo (omp25) sin proteina, 3: sonda sin proteina,
4: sonda + 1000 ng BvrR-P, 5: sonda + 1100 ng BvrR-P, 6: sonda + 1200 ng BvrR-
P, 7: sonda + 1300 ng BvrR-P, 8: sonda + 1400 ng BvrR-P.

Cuadro 3. Genes blanco en comun entre los reguladores transcripcionales BvrR,
VjbR, CtrA'y MucR.

Reguladores | # de Locus tag
genes
blanco
BvrR-VjbR- 3 BAB2_0071 BAB1_0589 BAB2_0072
CtrA
BvrR-VjbR- 3 BAB1_0087 BAB2_1072 BAB1_0326
MucR
BvrR-VjbR 29 BAB2_0065 BAB2_0505 BAB2_0585 BAB1_ 0728

BAB2_0068 BAB1_0606 BAB1_ 0372 BAB1_0325
BAB2_0893 BAB1_0756 BAB1_0464 BAB1_0463
BAB1_0400 BAB1_0467 BAB1_1882 BAB2_0077
BAB1_0462 BAB1_0037 BAB1_0607 BAB1_ 1798
BAB1_0371 BAB1_1628 BAB2_ 0988 BAB1 1797
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BAB2_0067 BAB1_1799 BAB2_0064 BAB2_1016
BAB1 1796

BvrR-CtrA

22

BAB1_0045 BAB2_0069 BAB1_1712 BAB2_0884
BAB1_0722 BAB1_0601 BAB1_ 1460 BAB1_1623
BAB1_2147 BAB1_0138 BAB1_1895 BAB1_1707
BAB1_0137 BAB2_0070 BAB1_1823 BAB2_0042
BAB2_0043 BAB1_0220 BAB1_2137 BAB1_0721
BAB1 1702 BAB1 1198

BvrR-MucR

11

BAB1_2138 BAB1_1511 BAB1_1975 BAB2_0866
BAB1_0070 BAB2_0613 BAB1_2012 BAB1_2001
BAB2_0867 BAB1_0069 BAB1_2000

VjbR-CtrA

22

BAB2_0314 BAB1_0729 BAB1_1939 BAB2_0170
BAB2_0179 BAB1_1052 BAB1_0665 BAB2_0697
BAB1_ 1495 BAB1_ 1775 BAB2_0653 BAB1_0977
BAB2_1099 BAB2_0652 BAB2_0741 BAB2_0742
BAB2_ 0178 BAB1_0978 BAB1_0660 BAB2_0171
BAB2_ 1083 BAB1_ 1302

VjbR-MucR

10

BAB2_0806 BAB1_1465 BAB1_0324 BAB1_0655
BAB2_0807 BAB1_1489 BAB1_1035 BAB2_0846
BAB1 1535 BAB1 1536

CtrA-MucR

BAB2_1107 BAB2_0450
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