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Dave: Abre las compuertas del muelle de salida, Hal.
HAL: Lo siento, Dave, me temo que no puedo hacerlo.
Dave: ;Cual es el problema?

HAL: Creo que lo sabes tan bien como yo.

Dave: No sé de qué estas hablando.

HAL: Sé perfectamente que ti y Frank estabais
pensando en desconectarme y me temo que esto

es algo que no puedo permitir que suceda.

“2001: una odisea del espacio”
Stanley Kubrick.

Si quieres que parezca que tu vida ha durado mas,

lo que tienes que hacer es perseguir cosas nuevas,
necesitas probar cosas nuevas todo el tiempo,

conducir por un camino distinto cuando vuelves a casa...
Si siempre almacenas recuerdos nuevos,

parecera que tu vida ha sido mas larga.

David Eagleman.
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Introduccién

Pseudomonas putida

Las bacterias del género Pseudomonas estan ampliamente distribuidas en el medio ambiente, ya que es
posible encontrarlas en todo tipo de suelos y aguas de distintas latitudes. Las Pseudomonas son bacilos
Gram negativos, rectos o ligeramente curvados (0.5-0.8 um x 1-3 um), que se encuadran dentro del grupo
v de las proteobacterias, quimiorganotroficos aerobios y generalmente son moviles gracias a los flagelos
polares que poseen, aunque en algunas cepas se han descrito flagelos laterales. Su peculiar capacidad de
crecimiento en medios de cultivo muy simples ha facilitado, principalmente en las Gltimas cuatro décadas,
numerosos y profundos estudios de este amplio grupo taxonémico, tanto en el ambito metabodlico como
en el fisiologico y el genético.

Gracias a la versatilidad metabolica de estos microorganismos y a la capacidad de formar biopeliculas,
no es de extrafiar que se hayan aislado bacterias de este género tanto en suelos limpios como en suelos
contaminados por productos biogénicos y xenobiodticos. La ubicuidad de las bacterias del género Pseudo-
monas y su capacidad para explotar una amplia variedad de nutrientes refleja un sistema de adaptacion al
medio ambiente que no encuentra parangon en las bacterias de otros géneros. Por ello, se consideran las
bacterias del género Pseudomonas un paradigma de versatilidad metabdlica y microorganismos clave en
el reciclado de materia organica en los compartimentos aerobios de los ecosistemas, jugando un papel
esencial en la mejora y el mantenimiento de la calidad medioambiental.

Pseudomonas putida es una de las especies de mayor interés industrial entre las bacterias del género
Pseudomonas, ya que unido a su potencial de degradacion de compuestos aromaticos y xenobidticos,
presenta la capacidad de colonizar el sistema radicular de plantas, formar biopeliculas y ser manejable
desde el punto de vista genético. Desde mediados de los afios 80, distintas especies del género Pseudo-
monas estan siendo aplicadas a semillas de cereales y a suelos para prevenir el crecimiento o colonizacion
de patdgenos, un proceso que se ha denominado biocontrol (Berg et al., 2001, Renault et al., 2007, Keane
et al., 2008), y que representa un incremento de hasta un 25% en el rendimiento de las cosechas. Una de
las cepas mejor estudiadas en este sentido es P. putida KT2440, derivada de la cepa P. putida mt-2 aisla-
da originalmente en Japon (Nakazawa, 2002). Esta ultima porta el plasmido TOL, que codifica una de las
rutas de degradacion de tolueno y xilenos mejor caracterizados en el ambito de la biodegradacion. En
1981 el comité de ADN recombinante de los Institutos de la Salud de EEUU certifico que la cepa P. puti-
da KT2440 curada del plasmido TOL no es patogena para animales o plantas, y se puede considerar como
un hospedador seguro en la clonacion de genes de bacterias del suelo.

El genoma completo de P. putida KT2440 se encuentra disponible en bases de datos de libre acceso,
lo que constituye una herramienta muy valiosa para el analisis funcional de la informacion genética del
microorganismo (Nelson et al., 2002). La anotacion inicial del cromosoma de la cepa P. putida KT2440
sugeria 5.420 ORFs, dentro de los cuales 80 genes aparecen truncados o alterados como consecuencia de
la insercion de transposones o elementos moviles. Por otro lado, se han identificado 804 copias de un
elemento especifico de 35 pb conocido como REP (del inglés Repetitive Extragenic Palindromic sequen-
ces) (Aranda-Olmedo et al., 2002). El genoma de KT2440 codifica 184 proteinas relacionadas con ele-
mentos moviles, 82 genes que codifican transposasas, 8 intrones de grupo II, etc. De los 5.420 ORFs
predichos, 600 aparecen anotados como proteinas hipotéticas de funcion desconocida. Es posible que
algunos de estos casos puedan tratarse de artefactos producto de los algoritmos utilizados en la prediccion
de genes (dos Santos et al., 2004).
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Introduccioén

Una de las lineas de investigacidn mas importantes de los ultimos aflos llevada a cabo en especies de
Pseudomonas putida ha sido el estudio de la regulacion transcripcional de las rutas catabdlicas de hidro-
carburos aromaticos. Aunque en el siglo pasado se liberaron grandes cantidades de hidrocarburos aroma-
ticos como consecuencia de la actividad industrial, la mayoria de estos compuestos se encuentran en el
medio ambiente como consecuencia de la pir6lisis natural de material orgénico (Dagley, 1971).

Uno de los objetivos del grupo experimental de Degradacion de Toxicos Organicos es contribuir a la
lucha contra la contaminacién medioambiental con la ayuda de herramientas biologicas. Los compuestos
a combatir son hidrocarburos aromaticos (benceno, tolueno, etilbenceno y xilenos), nitroaromaticos como
el TNT, haloaromaticos como los PCBs y pesticidas como el lindano y el DDT. El enfoque experimental
incluye técnicas moleculares y el analisis bioquimico y genético de las rutas catabolicas, poniendo espe-
cial énfasis en las interacciones ADN/regulador, en experimentos en reactores y en la llamada rizorreme-
diacion de suelos. El grupo se ha centrado también en el estudio de las interacciones entre plantas y mi-
croorganismos en la rizosfera con el objetivo de explotar los sistemas de expresion génica en bacterias
para el desarrollo de sistemas de biocontrol, biodegradacion y contencion bioldgica de microorganismos
recombinantes.
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Introduccién

Reguladores transcripcionales

Las bacterias en el medio ambiente estan expuestas a variaciones de temperaturas, nutrientes, disponibili-
dad de agua y a la presencia de moléculas toxicas originadas por los elementos bidticos o abioticos de su
entorno (incluyendo moléculas deletéreas originadas por sus propios metabolismos). Estos cambios pue-
den hacerlas vivir en condiciones lejos de las optimas. Sobrevivir en estos medios cambiantes requiere un
amplio espectro de respuestas adaptativas rapidas, las cuales suelen estar controladas mediante proteinas
reguladoras. Los reguladores transcripcionales pueden responder tanto a sefiales especificas ambientales
como celulares y modular la transcripcion, transduccion o algunos otros eventos en la expresion genética,
de manera que las respuestas fisiologicas se modifican apropiadamente (Beinlich et al., 2001).

Los reguladores de la transcripcion de procariotas se clasifican en familias atendiendo a similitudes de
secuencia, estructurales y criterios funcionales (Busenlehner et al., 2003; Ramos et al.,1990). La Tabla 1
incluye el listado de las familias mas importantes de reguladores microbianos de la transcripcion, el tipo
de unién a ADN que exhiben, si sus miembros son preferentemente activadores o represores o si muestran
una accion alternativa.

Los reguladores de la transcripcion suelen ser proteinas de union a ADN que presentan diferentes ti-
pos de organizacion de dominios. La mayoria de los reguladores microbianos implicados en la transcrip-
cion son proteinas con dos dominios en un solo polipéptido, un dominio sensor de sefial y un dominio de
unién a ADN que transduce la sefial. Los sistemas de un solo componente, en los que el dominio regula-
dor de la transcripcion y el dominio sensor estan unidos en una sola proteina, son con diferencia los mas
abundantes en procariotas.

Se puede decir que el proceso de la regulacion transcripcional es sumamente complicado, no s6lo por-
que la actividad y ciclo catalitico de la ARN polimerasa es muy complejo, sino porque multitud de pro-
teinas interfieren con la transcripcion, estimulandola o reprimiéndola, pero en definitiva alterando el ciclo
transcripcional. El interés del grupo por el conocimiento global de estas cuestiones se plasmo en la cons-
truccion de la base de datos AraC/XylS (Tobes y Ramos, 2000), que reunia el conocimiento disponible
acerca de los reguladores pertenecientes a esta familia de activadores de la transcripcion. Esto fue el ini-
cio de una serie de investigaciones y desarrollos biotecnoldgicos encaminados a profundizar y mejorar la
anotacion del genoma de KT2440 y establecer bases para la investigacion de proteinas de funcion desco-
nocida.
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Introduccioén

Familia Accion Funciones reguladas DBD Posicién Referencias
“motif”
LysR Activador/Represor ~ Metabolismo del carbono y HTH N-terminal ~ Henikoff et al., 1988;
del nitrégeno Schell, 1993
AraC/XylS Activador Metabolismo nitrogenado, HTH C-terminal  Gallegos et al., 1997,
respuesta a estrés y patogé- Tobes and Ramos, 2002
nesis
TetR Represor Biosintesis de antibidticos, HTH N-terminal ~ Aramaki et al., 1993;
bombas de eflujo, estrés Aramaki et al., 1995a;
osmotico, etc. Aramaki et al., 1995b
LuxR Activador “Quorum sensing”, biosin- HTH C-terminal ~ Fuqua et al., 1994; Pao et
tesis y metabolismo, etc. al., 1994; Redfield, 2002
Lacl Represor Utilizacion de fuente de HTH N-terminal ~ Chandler, 1992, Weickert
carbono and Adhya, 1992
ArsR Represor Resistencia a metales HTH Central Busenlehner et al., 2003;
Wu and Rosen, 1991
IcIR Represor/Activador ~ Metabolismo del carbono, HTH N-terminal ~ Neal and Chater, 1987;
bombas de eflujo Reizer et al., 1996; Re-
verchon et al., 1990;
Molina-Henares et al.,
2006
MerR Represor Resistencia y detoxificacion HTH N-terminal ~ Helmann et al., 1990;
Summers, 1992
AsnC Activador/Represor ~ Biosintesis de aminoacidos HTH N-terminal ~ Friedberg et al., 2001
MarR Activador/Represor  Resistencia multiple a HTH Central Alekshun and Levy,
antibioticos 1999; Ariza et al., 1994;
Seoane and Levy, 1995;
Sulavik et al., 1995
NtrC(EBP) Activador Asimilacion de nitrégeno, HTH C-terminal ~ Kustu et al., 1991; Morett
sintesis de aminoacidos and Segovia, 1993
aromaticos, flagelos, rutas
catabolicas, respuesta a
fagos, etc.
OmpR Activador Metales pesados y virulen- Winged helix ~ C-terminal ~ Martinez-Hackert and
cia (“Response regulator of Stock, 1997
a two-component system”)
DeoR Represor Metabolismo glucidico HTH N-terminal ~ Ramos et al., 2002; van
Rooijen and de Vos, 1990
Cold shock Activador Resistencia a bajas tempe- Dominio de Variable Brandi et al., 1994; La
raturas uniéon a ARN Teana et al., 1991; Schin-
delin et al., 1993
GntR Represor Metabolismo general HTH N-terminal ~ Haydon and Guest, 1991;
Reizer et al., 1991; Rigali
etal., 2002
Crp Activador/Represor ~ Respuesta global, represion HTH C-terminal ~ Chandler, 1992; Gambino

catabdlica y anaerobiosis

etal., 1993; Maet al.,
1995
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Introduccién

Estado del arte

La biologia de los organismos vivos se basa en un conjunto de dominios funcionales “barajados” que dan
lugar a enzimas, proteinas estructurales, reguladores transcripcionales, maquinaria de replicacion de
ADN, sintesis de ARN y otros procesos. Los dominios suelen ser regiones de tamafio variable que, debido
a la conservacion de secuencia, suelen presentar estructuras 3D comunes y a menudo se encuentran aso-
ciados a una funcioén, por ej., sitios de uniéon a ADN, centros activos de enzimas, unién de ATP o cofacto-
res, secuencias sefal para paso a través de la membrana, etc. No obstante, estas regiones, motivos, se
caracterizan porque su conservacion no es perfecta, por lo que en algunos casos no son facilmente detec-
tables mediante técnicas de homologia de secuencia como BLAST (Altschul et al., 1997). Los motivos se
conservan incluso a grandes distancias evolutivas debido a restricciones estructurales o funcionales. Lue-
go si estos motivos estan relacionados con la funcion, las herramientas de busqueda de motivos nos per-
mitiran predecir la funcion de las proteinas detectadas cuando ésta sea desconocida. Y, en virtud de la
conservacion que se produce en la secuencia primaria, también nos permitiran la deteccion de homologos
remotos.

Se dispone de tres herramientas principales para la deteccion de motivos en proteinas: patterns (patro-
nes o signatures), profiles (o perfiles) y Modelos Ocultos de Markov (HMM). Los patterns son expresio-
nes regulares que describen cada posicion en un alineamiento multiple. Tienen la desventaja de que no
almacenan el peso de cada aminoacido en cada posicion. Los profiles resuelven este problema al ponderar
cada residuo en cada posicion del alineamiento. La tercera categoria que nos encontramos son los Hidden
Markov Models, Modelos Ocultos de Markov o HMM, en los que un modelo lineal de cadenas ocultas de
Markov se corresponde con una secuencia de nodos para cada posicién en un alineamiento multiple. A
continuacion, se describen de manera somera los tres métodos.

Patterns:
Los patterns son expresiones regulares que se infieren a partir de un alineamiento multiple de secuencias

donde podemos localizar una region especifica relacionada con una determinada funcioén, como puede ser
una region de union a ADN, interacciones con membranas o un sitio activo en una enzima.

ALRDFATHDDF
SMTAEATHDS En este caso, el patron esta definido por tan
ECDQAATHEAS L
pocas posiciones que seguramente obtendremos
un nimero alto de falsos positivos (secuencias
con dicho patron que no presentan la misma
funcion)
A-T-H-[DE]

Figura 1: Ejemplo de patron.
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Introduccioén

Los patrones regulares deben seguir un nimero de reglas previamente convenidas, como usar el codi-
go estandar de una letra para cada aminoacido, las distintas posiciones en el patron se separan mediante
guiones, o que un punto indica el final del patrén. Ademas, hay algunas otras reglas como las que se
muestran en la siguiente tabla. Como se vera, no hay apenas diferencia con la sintaxis seguida por los
motores de expresiones regulares que se pueden encontrar en cualquier editor de textos. De hecho, se
podria usar uno de éstos para detectar el patron que buscamos:

Expresiones regulares usadas
X Cualquier aminoacido
[A,B...] Ambigiiedad: A o B...
{A,B...} Cualquiera menos A o B...
A(2,4) Repeticion: A-A o0 A-A-A o A-A-A-A
<, > N-terminal, C-terminal

Ejemplo: [AC]-x-V-x(4)-{E,D}.
Representa: [Ala o Cys]-cq-Val-cq-cq-cq-cq-{cq menos Glu o Asp}
(cq: cualquiera)

Tabla 2: Expresiones regulares usadas.

Utilizando este codigo es posible extraer los patrones regulares para un alto nimero de sitios activos y
regiones funcionales de los alineamientos de secuencias. PROSITE (Sigrist et al., 2002) es la base de
datos donde se encuentran almacenados todos estos patrones regulares o motivos recopilados a lo largo
del tiempo. El principal criterio que debe satisfacer un patron es el de tener la definicion minima necesa-
ria para encontrar motivos de secuencia con la mayor eficiencia deseable, o sea, que encuentre el menor
numero de falsos positivos posible. En pocas palabras podriamos resumir que el patron debe presentar
alta sensibilidad y alta especificidad, conceptos sobre los que volveremos mas adelante.

La creacion de nuevos patrones se realiza a partir del estudio de revisiones de un grupo o familia de
proteinas. De esta forma, las secuencias integradas dentro de un determinado grupo se alinean y este ali-
neamiento se asocia al conocimiento funcional que existe sobre las mismas. Por tanto, para definir el
patron de nuevos motivos es indispensable la publicacion de nuevas secuencias funcionalmente bien
caracterizadas y en relacion con el grupo funcional en estudio. De esta forma, es posible crear tablas de
secuencias funcionalmente relacionadas que, una vez alineadas, nos permiten reconocer las regiones o
residuos bioldgicamente importantes en el desempefio de una determinada funcion.

Profiles:

Los profiles o perfiles son matrices ponderadas sobre alincamientos multiples de secuencias. Para la ob-
tencion de un profile es necesario disponer de un alineamiento multiple de secuencias. El profile esta
definido por una matriz AxP, donde “A” corresponde al listado de los 20 aminoacidos, y “P” a las distin-
tas posiciones del alineamiento de secuencias. De esta forma, se pondera la ocurrencia de cada uno de los
20 residuos en cada posicion del alineamiento.
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Introduccién

Los profiles se pueden construir mediante la aplicacion de diferentes técnicas. El método mas clasico
es el descrito por Gribskov (Gribskov et al., 1987; Luthy et al., 1994). Dicho método requiere un alinea-
miento multiple de secuencias como entrada ademas de una matriz de sustitucion de aminoécidos (weight
matrix o matriz de pesos) para convertir las frecuencias de los residuos en una posicion en pesos (Heni-
koff and Henikoff, 1992). PROSITE, ademas de las expresiones regulares, incluye profiles disefiados con
dicha metodologia.

Una vez que disponemos del profile de un alineamiento, es posible iniciar busquedas de secuencias
que encajen en dicho profile. En este caso podemos ponderar de distinta forma un residuo en una deter-
minada posicion de la secuencia problema en funciéon de su representatividad o valor medio en el alinea-
miento. Esta posibilidad incrementa la sensibilidad de la busqueda de regiones homdlogas en secuencias
remotas.

Una caracteristica que diferencia los profiles de las expresiones regulares es que no solo se circunscri-
ben a pequeias regiones con un alto indice de similitud, sino que presentan una mayor utilidad a la hora
de definir regiones o dominios mas extensos que puedan caracterizar a familias de proteinas mas que
motivos. Debido a que el profile puede cubrir tanto regiones conservadas como variables del alineamien-
to, es menos sensible a los errores de alineamiento, pudiendo establecer una correlacion general de simili-
tud significativa con otras secuencias distantes incluso cuando ciertas partes del perfil correspondan a
regiones mal alineadas. El requisito fundamentales a la hora de establecer profiles de calidad es que,
ademas de presentar indices de similitud altamente significativos para los motivos que detecta y bajos
para los falsos positivos, debe presentar correctamente alineados aquellos residuos con analogas funcio-
nes o propiedades estructurales de acuerdo con los datos experimentales.

Por definicion, los profiles suelen tener una mayor sensibilidad de busqueda y ser mas robustos que
los patterns. Esto se debe a que los profiles integran mayor y mas completa informacion sobre las caracte-
risticas conservadas y variables del dominio o region de las secuencias que definen.

A continuacion se muestra el profile ponderado de un alineamiento sin huecos basado en el método
estandar arriba mencionado:
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Introduccioén

F K L L S H C L L V
F K A F G Q T M F Q
Alfabeto ; E \I/ \\; E g E\ % t ﬁ Allnefarplento
F K V L A A V 1 A D multiple
L E F | S E C | | Q
F K L L G N Vv L Vv C

l

A

C

D

E

F A tiene menor puntuacion que M
G que, aunque no aparece, sabemos
H que es fisicoquimicamente mas
| 3 -27 21 25 -29 -23 33 similara L, I, V y F.

K -26 25 -25 -27 -6 4 - 27 -26

L 14 -28 -9 33 26 -21

M 3 -15 -17 -10 -9 25 12 -11

N -22 -6 =27 1 8 -15 -24 -24 -4

P -30 24 -26 -28 -14 -10 -22 -24 -26 -18

Q -32 5 -25-26 -9 24 -16 -17 -23 7

R -18 9 -22 -22 -10 0 -18 -23 -22 -4

S -22 -8 -16 -21 11 2 -1 -24 -19 -4

T -10 -10 -6 -7 -5 -8 2 -10 -7 -11

\Y 0 -25 22 25 -19 -26 6 19 16 -16

W 9 -25 -18 -19 -25 -27 -34 -20 -17 -28

Y 34 -18 -1 1 -23 -12 -19 0 0 -18

Figura 2: Ejemplo de profile.

La matriz usa pesos discriminatorios no solo en los aminoacidos que aparecen, sino también en los
que no aparecen, para lo cual se basa en la matriz de pesos que representa similitudes entre aminoacidos.

Hay que sefalar que para ciertas posiciones, un residuo que no aparece en el alineamiento puede reci-
bir mayores puntuaciones que otros que si aparecen. Este es el resultado de ponderar el resto de residuos
que si aparecen en dicha posicion. Por ejemplo, el aminoacido Ala, aunque estd presente en la tercera
posicion del alineamiento, presenta una puntuacion menor (-1) que la Met (+10). Esto es debido a que los
residuos mas representativos en dicha columna Leu, Ile, Val y Phe estan fisico-quimicamente mas rela-
cionados con Met que con Ala. Este procedimiento también se extrapola en el caso de las inserciones y
deleciones, ponderando no solo la posicion, sino también el contexto en el alineamiento.

Modelos ocultos de Markov:

Un modelo oculto de Markov se puede ver como una maquina de estados finita de primer orden, esto es,
cada estado so6lo depende del estado anterior. Una maquina de estados finita se mueve a través de una
serie de estados y produce una determinada salida cuando se alcanza un estado o cuando se pasa de uno a
otro. Cada estado tiene una tabla de probabilidad de emisién de cada aminoacido y una tabla de probabi-
lidad de transicion para moverse de un estado a otro.

Hay tres tipos de estados diferentes (ver figura inferior): los estados de “match” (cuadrados en la figu-
ra de abajo), donde los aminoacidos emitidos en ellos forman la secuencia primaria conservada de la
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proteina; los estados de insercion (rombos), donde se emiten aminoacidos que resultan de inserciones; y
los estados de delecion o estados silenciosos (circulos), que no emiten ninglin aminoacido.

Figura 3: Ejemplo de HMM.

Una vez elegido el modelo, comienza el proceso de entrenamiento a base de ejemplos. Para esto, es
una practica comun dividir el conjunto de ejemplos disponibles en dos partes: un 90% para entrenamiento
y el 10% restante se reserva para muestras de ensayo, para comprobar si el modelo ha “aprendido” correc-
tamente.

27



Introduccioén

BacTregulators: una base de datos de reguladores transcripcionales en
bacterias y arqueas

(Por qué elegir familias de factores de transcripcion para presentar los resultados de Provalidator? Los
mecanismos mas importantes que las bacterias usan para adaptar su fisiologia a los cambios en las condi-
ciones medioambientales estan basados en regulacion a nivel transcripcional. Los reguladores transcrip-
cionales pueden ajustar la expresion de genes para hacer frente a cambios especificos del entorno y a
condiciones de estrés. Por otra parte, reguladores transcripcionales que estan presentes solo en bacterias
patogenas podrian estar involucrados en patogénesis y los reguladores transcripcionales compartidos
cruciales en la fisiologia de una bacteria no patdgena pueden ser blanco para disefio de drogas. De ahi la
importancia del estudio y disefio de profiles de familias de factores de transcripcion.

Por otra parte, la rapida aparicion de genomas de procariotas (bacteriastarqueas) recientemente se-
cuenciados supone un crecimiento exponencial en el nimero de secuencias de proteinas, lo que contrasta
con la limitacion en la adquisicion experimental de informacion sobre estas proteinas. Conforme se cono-
cen mas secuencias aumenta la posibilidad de que una secuencia nueva sea similar a otra ya conocida. Es
importante encontrar estas similitudes porque el conocimiento de la antigua secuencia se puede usar para
el andlisis de la nueva. Asi, una proteina cuya secuencia sea similar a otra de estructura tridimensional
conocida probablemente tendra una estructura parecida.

Otra cuestion es que los datos de genomas y bases de datos de proteinas a menudo no estan integra-
dos, por lo que hace falta un esfuerzo en esta direccion para clarificar los resultados de las blisquedas.
BacTregulators se ha creado con el propdsito de integrar informacion proveniente de los genomas se-
cuenciados disponibles en NCBI y de la bases de datos de proteinas UniProt. Asi, las secuencias de cada
proteina de ambas fuentes se integran en un conjunto no redundante al que hace referencia cada proteina
de BacTregulators, independientemente de la fuente de la que procede.

et [P | L RefSeq
swisspml }ZEEE};* 196 genomas de bacterias y archasas

~

INTEGRACION
DE
SECUENCIAS

y

P "‘\ CONJUNTO

L] | NO-REDUNDANTE
.O ) DE SECUENCIAS
\._..'/ DE BacTregulators

Figura 4: Esquema de integracién de secuencias de BacTregulators.

BacTregulators esta disponible en http://www.bacTregulators.org (Martinez-Bueno et al., 2004). La
base de datos usa el gestor MySQL y la interfaz esta programada en PHP. Actualmente, BacTregulators
contiene informacion de tres familias de reguladores: AraC/XylS, TetR e IcIR, donde los profiles de las
dos tltimas han sido definidos y validados usando Provalidator.

La extraccion de informacion sobre reguladores es una tarea compleja y lenta. Cuando extraemos da-
tos sobre un regulador siempre es posible asignar estos datos a una secuencia de proteina y a un microor-
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ganismo. Ademas, si el organismo ha sido secuenciado, se puede asignar la informacion a una proteina
codificada por un gen especifico localizado en una posicion precisa de un elemento de genoma. La cada
vez mayor disponibilidad de genomas secuenciados acentia la importancia de incluir datos genémicos en
la definicion de una proteina. Por otro lado, para asegurar la flexibilidad y precision en la base de datos,
es necesario mantener la informacion con el maximo grado de granularidad, considerando que es facil
combinar informacion al nivel que nos interese, mientras que no es posible separar informacion fundida.

Por tanto, la definicion de un registro en BacTregulators se basa en la secuencia de la proteina, el mi-
croorganismo, el elemento de genoma (cromosoma, plasmido, profago, etc.) y la localizacion especifica
del gen en el correspondiente elemento de genoma.

Definiciéon de nuevo registro:

e Secuencia de
, AL R|H|L|A|F|L
proteinas | I—. ] [ o |
¢ Nivel taxonomico ® o O
cheoee
¢ Elemento de genoma
e Posicion

Figura 5: Definicién de nuevo registro en BacTregulators.

El microorganismo se almacena siguiendo el criterio de la base de datos taxonémica de NCBI. Protei-
nas con diferencias en alguno de estos 4 niveles se almacenan como registros diferentes. Asi, el nimero
de proteinas en la base de datos BacTregulators es mayor que el numero de secuencias porque varios
registros pueden compartir la misma secuencia.
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[ATc[ETRTn o Ta e 1] [ac [ETRTw]vTaTe]t]
e FEscherichia coli K12 eFscherichia coli
e Cromosoma

e Posicion 10200

SECUENCIA

Enterobacteriaceae

~
.

Q Escherichia coli s
/N

?__

TAXONOMIA

\
\
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Figura 6: Criterios de almacenamiento de un registro en BacTregulators.
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Durante la fase de extraccion de datos de articulos publicados, se asigna informacion al registro apro-
piado, todo esto asistido por herramientas especificamente disefiadas para esta tarea.

Contenido y estructura de la base de datos BacTregulators:

BacTregulators contiene datos de tres tipos: secuencias, conocimiento y referencias. El proceso de extrac-
cion de conocimiento combina la asignacion automatica de datos con la manual. Los datos de asignacion
automatica se extraen de las propias bases de datos de origen, UniProt o genomas microbianos de NCBI.
El resto de conocimiento asociado a cada registro se extrae manualmente de referencias bibliograficas. Se
ha usado una estructura especial para este tipo de datos, en la que se usa el parrafo como unidad elemental
de informacion. Cada dato obtenido manualmente se organiza en parrafos de texto que se referencian
individualmente. Usando esta estructura se consigue identificar el origen de cualquier dato. Durante la
extraccion manual de conocimiento, se pueden diseccionar datos experimentales que apoyan las cuestio-
nes biologicas. A estos datos se les llama “evidencias experimentales” y reciben un tratamiento especial.
Cuando hay alguna evidencia experimental que apoya alglin dato de conocimiento expresado en un parra-
fo, se enlaza la evidencia al parrafo. Estos datos son importantes para evaluar la fiabilidad de un dato de
conocimiento.

Cada parrafo de texto se referencia y enlaza a un articulo indexado por la base de datos de referencias
Medline. También hay disponible informacion sobre estructuras tridimensionales de proteinas cristaliza-
das y tutoriales.

A continuacioén se muestra la estructura de BacTregulators, que le confiere las caracteristicas ante-
riormente descritas. La linea horizontal gruesa separa fisicamente lo que estd separado conceptualmente.
Hay dos areas principales de conocimiento. La superior almacena los datos automaticos extraidos de las
bases de datos y su tabla principal es “Proteins”. La inferior almacena el conocimiento extraido manual-
mente y es la tabla “Paragraphs” la que ocupa el puesto principal.
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[GenomeElements] +°°
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Figura 7: Estructura de la base de datos BacTregulators.

Acceso a la informacion de BacTregulators:

Se puede acceder a la informacion contenida en la base de datos BacTregulators de varias maneras. Se
puede buscar por el identificador de proteina en BacTregulators o por los identificadores de UniProt o
NCBI. Una busqueda por familia, microorganismo, nombre y COG permite al usuario obtener conjuntos
especificos de proteinas. Por ultimo, una busqueda de texto en todos los campos de la base de datos au-
menta la flexibilidad. También se puede filtrar la base de datos de referencias con una biisqueda de texto.
La informacion sobre un registro especifico se muestra en cuatro secciones. La primera seccion (con
una barra vertical azul oscuro) muestra los datos que definen el registro en BacTregulators: identificador
de secuencia, organismo, elemento de genoma y posicion en el elemento de genoma. La segunda seccion
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(con barra azul claro) contiene los datos obtenidos automaticamente de las bases de datos: nimero de
acceso en UniProt o NCBI, base de datos de origen, nombre corto y nombre completo de la proteina,
nombre del gen, orientacion del gen, codigo COG, codigo funcional de NCBI y tltima fecha de actualiza-
cion de este conjunto de datos. La tercera seccion (barra verde) muestra el conocimiento extraido ma-
nualmente de articulos publicados. Este conocimiento estd estructurado en los siguientes campos: fun-
cion, genes regulados, redes de regulacion, efectores, promotores de genes regulados, promotores del
regulador, dependencia con factores sigma, patogenia, aplicaciones, datos relativos a mutaciones, estruc-
tura tridimensional, oligomerizacion, similitudes, comentarios y Ultima fecha de actualizacion de este
grupo de datos extraidos manualmente. La ultima seccion (batrra naranja) provee acceso a informacion
relacionada con la secuencia de la proteina y los resultados de BLAST de comparar esta secuencia con el
resto de miembros de la familia.

En la siguiente figura se muestra una descripcion de cada una de estas secciones sobre una captura de
pantalla de un informe real devuelto por una consulta de BacTregulators:

Haciendo clic aqui

BacTregulat

v

BacTregulators Entry No. 1

Sequences

ors

el usuario puede
obtener un informe
integrado con datos
de proteinas cuya
secuencia es similar
al registro n° 1

TetR family

1

Taxomomy:
Eschenchia coli 06
Genome Element:
Undefined 4

Los datos que definen un registro

en BTR estan en la seccién

con barra vertical azul oscuro

Pasitiont
Undefinad

Accession Number:
B34000

Sowrce Databaser

Prro tuin Mame:

Swiss-Prot |

Patential acrAB operon repl

Protain Short Name:

ACRR_ECOLI

Gene Mame:

ACRR OR BO464 OR COS62 OR SFO409
Ity obtained data

06-21-2003

Activator or repressor:

Los datos que se obtienen
automaticamente estan en

l la seccion con barra azul claro

Repressor
Function: (

AcrR represses jts own expression. [References: 1]

=
AcrR represses the expression of the acrAB operon. [neieran

Los datos de conocimiento obtenidos

manualmente por el experto estan
en la seccion con barra verde

The expression of the gene micF could be under the AcrR

Regulated genes:

AcrR represses the expression of the acrAB opercn, [Refersnces: 1]

The operon acrdB encodes the AcrAB multidrug efflux pump, [References: 2]

The scrAB operon does not contains & gene coding for an outer membrane channel, [References: 152]

Talc is labad by Marh [0 VAL

TolC is required as a companent of the AcrAB efflux h

The TolC channel-tunnel spans the bacterial puter membrana|
multidrug efflux pump. [Refarences: 153]

8

Cada parrafo es referenciado y
enlazado a un articulo de Medline

J.a

Acrh is a periplasmic lipoprotein whose 15
fusion proteins family (MFP). [References: 2]

In the mature AcrA sequence, two hydrophobic regions exist near the N and C termini, These regions are universally present

among MFP members and may serve as regions for interaction with cy

pump. [References: 152]

.
.
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. . .
. . .
143:
Mara seems not to be essential for the transcriptional activation of acrAB. [References: 123] 148

The quorum sensing regulator Sdid also controls the expresion of the AcrAB muttidrug efflux pump confering resistance against
quinclones. [References: 145]

The acrAB expression is influenced by the growth rate. In slow- eased,
even in the absence of antimicrobial compounds. Uip-regulation AEQUHOS pérrafos estan enlazados
baceriamtfeei2geesi i) i a evidencias experimentales que

Glucose limitation increased the level of acrAB expression, at al apoyan estos datos de conocimiento
limitation. This suggest that cAMP may act, via CRP, as a positi
[Referances: 148]

Transcription of acrAB, upregulated by slow growth, is typical of a gearbox reg d gene and it is interesting to note that the
=10 region of the acrAB promoter sequence (-CGAGGTTT-) resembles a gearbox-type sequence homology rather than a
sigma-70 consensus sequence. [References: 14a]

Slow growth regulation of acrAB is not controlled by RpoS. [Referances: 148] 145

Effectors: molecules and conditions (temperatisre. pH...):
General stress consitions increased transcription of acrk even more 5tw?ﬁtf\t:an that of acrAB. [References: 1]

Orientation and pasition: <%
AcrR is situated 142 bp downstream and divergently transcribed from::/gtm&

gron, [References: 2961

Promoters of the gene coding the protein:

The non coding region batween acrfl and acrA has 128 bp and contain the acrR and acrAB Pygmoters, [References: 1511

The upstream region of the acrAB operon contains a did. Acrit oper - 4 bp
that overlaps with the acrAB promoter. [Refarences: 151] Los datos de conocimiento
on, This binding =1 €5tan clasificados en campos
[ La seccion con barra naranja
contiene informacién sobre 5 151]
las secuencias de proteinas
Traflscription of acriB, upr gene and it iz interesting to note that th -
10 egion of the acraB pr 3 squence homology rather than a sigma-
7lconsensus sequence, | Aqui el usuario puede acceder a los
resultados de BLAST de la secuencia
ohvement of the pratein i corragpondiente al registro n® 1 contra =
e represes the exprest  {odas |as secuencias de la familia TetR [ [References: 11
=
07-31-2003 5 .
. // El usuario puede acceder a la secuencia
£ completa o de los diferentes dominios
PROTEIN SEQUEN de la proteina. El alineamiento de cada |——
o - secuencia con el profile de |a familia
N-terminal segughc - - - Vot
e —— nos permite definir el dominio
rved regfon n sl ?
terminallif sberice conservado o dominio de unién a ADN.
ST IS Los fragmentos restantes de la —
BLAST rosult il secuencia de la proteina se llaman
Zabiaof gritries willy AbiT ShouaneE dominio N-terminal y C-terminal

Figura 8: Descripcién de informe de resultados en BacTregulators.

Integracion de conocimiento personalizada en el paso de recuperacion de informacién:

Cuando un usuario accede a un registro especifico, el conocimiento asociado a registros relacionados
puede ser util para inferir caracteristicas funcionales. Basada en esta idea, se disefi¢ una novedosa herra-
mienta para visualizar un informe integrado de un conjunto de registros relacionado con un unico registro
inicial. Aunque la informacion asociada a cada registro se mantiene con el maximo grado de granularidad,
la informacion correspondiente a un conjunto dado de registros relacionados se puede combinar en el
paso de recuperacion. El criterio clave para definir un grupo de registros relacionados es la similitud entre
secuencias. Para seleccionar el conjunto de registros relacionados, se muestra una lista con todos los re-
gistros de BacTregulators que tienen una similitud de BLAST significativa con la secuencia inicial. En un
primer paso, el usuario selecciona un valor de E como umbral para definir el conjunto de secuencias rela-
cionadas. En un segundo paso, este conjunto puede ser acotado por criterios taxonémicos: el usuario elige
el nivel taxondmico para incluir un registro en el conjunto de registros relacionados. Para esto, se muestra
la clasificacion taxondmica completa correspondiente al microorganismo del registro inicial.

La siguiente figura es un ejemplo del formulario que muestra BacTregulators para elegir el umbral de
similitud y el filtrado taxondmico:
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Una vez establecido el umbral de similitud y los limites taxondmicos, se muestra un informe integrado
del conjunto de registros seleccionado (Figura 10). Los datos se muestran por campos en diferentes sec-
ciones. Cada seccion incluye todos los datos de ese campo para todos los registros del conjunto. Puede
accederse a un registro en particular a través de un enlace. Dentro de cada seccion, los datos de conoci-
miento se ordenan por similitud con el registro inicial. Asi, en la figura vemos dentro del campo “Func-
tion” que, obviamente, el registro 1 es el que mas parecido tiene consigo mismo, después el 175 y, por
ultimo, el 192.

Cada afirmacion de conocimiento que se hace esta avalada por una referencia bibliografica (enlace en
verde), una evidencia experimental (en amarillo) y/o una imagen ilustrativa (en marrén). BacTregulators
consta, de hecho, de una base de datos bibliografica propia que contiene las referencias a todo el conoci-

5 .
1 I Fé El usuario ha seleccionado
B a C [r @ Gammaproteobacteria como limite

taxondmico para el informe integrado

To retrieve data from entries whose sequence is simila#o entry 1, please select a similanty threshold co[
(BLAST E value) in the list and a taxonomic imit toe85trict the selected set of entries.
’E:f;.'m“ Bactaris Protash protesh Entarsh lez | Entarck Escharichia Escharichin oll | Ezeharichls eoli 05
(o] (@) o] @ o] @] o] (o] (o]
O1e-123 1 P4000  Potential acril operon repressor Escherichia coli 06
B P34000  Potential acrAB oparon reprassor Shigells flaxnar
1172 A8P15941 AcraAB operon Shigella flaxneri 2a str. 24577

1790 26246477 Potential acril ReﬂiStrqs con la m!sma
1680618128448 acrAB operon r secuencia que El regls“o
n® 1 se muestran en amarillo

Escherichia coli CFTO73
Escherichia coli K12

232424111847 [acrAB cparon n Shigella flaxnar 2a str. 301

233530061964 lacrAB cperon Shigella flexneri 2a str. 24577
() yg-12z 570 QEXSD3  AcrAB cparon raprasior Escharichia coli 0157:H7
1818 :&939??1 ACTAB CpaTOn reprasior =
183115800193 acrAB cparon repressor Los l'_EgIStTOS que GCIH'IpEI'lEI_'I
O 1e-107 561 0o%E ArAB cparon reprassor (TetR/AGR family) (Patenti SECUENCIA S& muestran en el mismo

2’5‘?‘?‘(’3“3‘@‘1’“—3?&?“;?“%”“; tono de gris: los registros 570, 1818
se2 lqaxegd paron reprasseny o BRERRR 1831 comparten secuencia. Los
226934959457 potential acrhB oparon reprassor registros 561, 562, 2269, 2290 y

' 2294 también comparten secuencia

229029142771 potential acrAB operon repressor

229416762857 acrAB operon repressor (TetR/AcR family) Salmonells typhimurium LT2

) 3e-094 (154 QIIK4Z AcrR protein ¥lebsialla pneurnoniae

(O ge-094 222 QIAEGI  Putative AcR protein Todos los registros de organismos

Putative tetR-Family transcriptional regulatory 5 5
Oa-074 fo52 jqazces  THNLe EEINT incluidos en el grupo de las
2808/16123293 jputative tetR-family transeriptional ragulatory Gammaproteobacteria con un

281%/22124958 |acrAB cperon reprassor _\ralo_r deE menar que _1 e-36 se
©) 24-067 206 QEVPBD  Regulatory protein AR incluiran en el informe integrado
O 2e-055 " . ESITERaNa TYERITOTIar
El usuario ha seleccionado un valor de

2a- rf % Pseud. . T
©ze-043 § ymbral E=1e-36 para definir el conjunto DCa00 o ans B famate s
C3-040 | de secuencias relacionadas con la n® 1 Pisudomanas putida |
O 7e-04p X n;g@wﬂw [ ]

AALTUTIE121 transcriptional regulster TgR

(@ 10-026 T8 QUILNE  [Transoiptional represser for anvCD (acr Un cuadro verde en esta columna
230316766684 transeriptional reprassor for anviD (acE indica que se han asociado a este

Cze-n33 & P31676  Potential aabFfanvCD oparon reprassar registro datos de conocimiento
151316131152 putative tranzeriptional ragulator extraidos manualmente por expertos [ |
182615833390 putativa transeriptional ragulator
183915803792 putative transcriptional regulator Echenichia coll O1571H7 EDLA22

Figura 9: Formulario de filtrado en BacTregulators.

miento aportado, con su correspondiente enlace a la fuente: MEDLINE, PubMed, etc.
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BacTregulators o
-]

List of entries I

Enowledge data from entries whose sequence is similar to entry 1 (E lower than 1e-036) in

Gammaproteobacteria (total of 28 entries):

Function
[BTR-1] Acrit its own ion, [Ref il

[BTR-1] AerR represses the expression of the serf — Agui el usuario puede acceder a la lista
. : de registros integrados en este informe
BTR-1] Th: of th ofF Id b ph >
RISt s R s M) y ver su valor de E, identificador en BTR,
[BTR-175] TtgR is  transcriptional repressor of | niimero de acceso, nombre y organismo. |28
[B77-125] THgABE effiux pump is involved in boty| EN €512 lista, los registros con conocimiento |qomonas
putida DOT-T1E. [References: 453 455 456 457] || extraido por un experto estan marcados con
una casilla verde, y son la fuente de los datos
de conocimiento integrados en este informe

[ETR-192] ArpABC in Pseudomaonas putida 512 s weards
organic solvents, [References: 198]

[BTR-192] ArpR seems to be a repressor of the e

Ragulated gemes
[BTR-1] AcrR represses the axpression of the acrAB operon. [References: 1]

[BTR-1] The operon acrAB encodes the AcrAB multidrug efflux pump. [Referances: 2]
[ETR-1] The acraB operon does not contains a gene coding for an outer membrane channel. [References: 152]

[BTR-1] TolC is required as a compaonent of the AcrAB efflux machinery. TalC is ] by Marh. [Ref pELY]

Ex;}amm Enlace a ese registro disponible ). providing & large exit duct for the AcraB

[BTR-1] Acré is a peni| 15 anchorad to the inner membrane. AcrA belongs to the
membrane fusion proteins famaly (MFF). {ﬂeﬂ"EnCﬁ 2]

[BTR-1] In the mature AcrA sequence, two hydrophabic regions axist near the N and C termini. Thase regions ars universally

Promaters of the regulated genes

[BTR-1] Transcription of acrAB, up” ulated gene and it is interesting to note
that the -Bgegion of the acrAB pr| En cada campo se ordenan los -type sequence homology rather than a
By ‘M datos por similitud con el registro 1

[BTR-175] The tegR-ttgA i = d Pttga, The localion of the start sites

indicates that the both promoters fully overlaps. [Refsrences: 453]

[BTR-175] The -10 region of PttgR and PttgA exhibits some degree of similarity to promoters recognized by RNA palymerase
with sigma 70 and lower similarities in their -35 regions. [References: 453]

[BTR-175] The sequence of the Pitgh is:[acaaacAACCATGAATGTAAGT Atattcc TTAGC 8] >ttgh. [References: 453]

[BTR-175] TtgR binds a 28 bp i i in the thgR-ttgA i ic ragion, that covers from 18 bp
upstream to 10 bp of the tgk tr ion start site: Uﬂcﬂ#t-ﬂﬁl:hTﬂrﬂ.ﬂuGAéTCG'I'I'CG] These 28 bp
sequence overlaps with the -10 reuuon of the tgR promater, the tgR transcription start site, and the -35 region of the ttga
promoter, [References: 454] (¢ 190]

[BTR-1] AceR rej Los datos son integrados multidrug rasistance. [Raferences: 1]
por campas

Oligomeriz:

[BTR-175] TtgR #tarences: 295] 193]

Comments

[BTR-175] Pseudomonas putids DOT-TIE. [References: 453]

[B7R-192] putida 512, [Ref 236]

Figura 10: Informe de integracion de conocimiento en BacTregulators.
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Bases de datos utilizadas

Las bases de datos de biologia molecular se han convertido en el recurso mas importante para el avance
de esta disciplina. Una de las consecuencias mas visibles del paso de la era gendmica a la postgendmica
fue el nacimiento de una verdadera comunidad de bioinformatica. Actualmente son las bases de datos
relativas a biologia las que tienen un crecimiento mas rapido y en las que se invierte mas tiempo para su
desarrollo. Nacen como un intento de recopilar y permitir el libre acceso a la informacioén por parte de la
comunidad de investigadores. A continuacion, se describen las bases de datos mas importantes usadas en
esta Tesis, ya sean de secuencias de ADN o proteinas, de recursos de anotacion, caracterizacion y clasifi-
cacion de proteinas, de motivos o bibliograficas.

Bases de datos de secuencias:

UniProt (Bairoch et al., 2005) es sin duda la base de datos de secuencias de proteinas por excelencia y la
mas utilizada debido a su alta calidad de anotacion. UniProt (Universal Protein Resource) se cred como la
union de las bases Swiss-Prot, TTEMBL y PIR.

Genomas microbianos de NCBI (National Center for Biotechnology Information): Esta base de datos se
concibi6é como lugar donde depositar las secuencias de ADN de los genomas recientemente secuenciados.
Incluye un programa BLAST integrado para el que se puede personalizar el conjunto de microorganismos
en el que buscar similitudes con la secuencia problema.

TIGR (Haft et al., 2003): “The Institute for Genomic Research” es un centro dedicado al andlisis e inter-
pretacion de genomas, incluye no sélo genomas completos de bacterias o arqueas, sino también de plantas
como Arabidopsis thaliana o cultivos como el arroz. Estan disponibles més de tres docenas de genomas
de patogenos humanos, como las bacterias que causan neumonia, cdlera, sifilis, meningitis, etc.

GOLD (Liolios et al., 2008): “Genomes Online Database” es un recurso web para acceder a informacion
de genomas completos o en proyecto de secuenciacion, asi como metagenomas y metadatos.

Bases de datos de motivos:

Cuando se tiene un nimero importante de motivos o dominios definidos a partir de un método determina-
do es posible construir una base de datos que almacene y permita disponer de dicha informacion. Estas
bases de datos se caracterizan por poseer normalmente un sistema de consulta que nos permite determinar
si nuestra secuencia problema puede ser clasificada dentro de un determinado grupo o familia de protei-
nas, o si posee algiin motivo o dominio definido. Las bases de datos de motivos mas importantes hasta el
momento se describen a continuacion:

PROSITE (Sigrist et al., 2002): Describe actualmente mas de 1500 familias de proteinas, ya sea median-
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te profiles o motivos. Los motivos se establecen mediante patrones regulares. Como anteriormente indi-
camos, los patrones regulares tienen ciertos problemas de inflexibilidad a la hora de reconocer homoélogos
remotos o secuencias pertenecientes a una familia pero altamente divergentes. En este caso, la base de
datos también incluye profiles, técnica que se muestra mas poderosa a la hora de encontrar similitud en
homélogos muy remotos con grupos o familia de proteinas. PROSITE estd basado en la informacion
existente en Swiss-Prot (Boeckmann et al., 2003), pero no incluye informacion procedente de otras fuen-
tes.

BLOCKS (Henikoff and Henikoff, 1994): Base de datos compuesta por pequefios segmentos de alinea-
mientos multiples correspondientes a entradas de PROSITE. De hecho, BLOCKS es un sistema de detec-
cién de motivos mas que una base de datos propiamente.

PRINTS (Attwood, 2002): Es una base de datos integrada por una serie de motivos conservados. En este
caso, el motivo no tiene por qué estar necesariamente como una secuencia contigua en el alineamiento,
por lo que puede estar definido por un numero de fragmentos dispersados a lo largo del gen.

Pfam (Bateman et al., 2004): Es una base de datos compuesta por los perfiles HMM obtenidos para dis-
tintos dominios o regiones conservadas en las proteinas. El método HMM también se utiliza como herra-
mienta de busqueda de dichos dominios o regiones en las secuencias problema. Los HMM son el sistema
mas sensible para detectar homologos remotos.

SMART (Letunic et al., 2004): SMART (Simple Modular Architecture Research Tool) es una herramien-
ta para la identificacion y anotacion de dominios de proteinas y proporciona una plataforma para el estu-
dio comparativo de arquitecturas de dominios complejos en genes y proteinas.

InterPro (Mulder et al., 2005): Esta base de datos proporciona una vision integrada de las bases de datos
de motivos mas comunmente usadas. No usa ningiin método de deteccion en particular sino que recopila
lo que publican las otras bases de datos. Por tanto, pone a nuestro servicio un compendio de todo lo que
se conoce de una determinada proteina, lo cual es extremadamente util y comodo ya que estas bases de
datos no comparten formato ni nomenclatura y cada una tiene sus propios puntos fuertes y debilidades.
InterPro analiza proteinas provenientes de la base de datos UniProt.

Bases de datos bibliogréficas:

PubMed: Es un servicio de la National Library of Medicine (NLM) que incluye mas de 15 millones de
citas de MEDLINE fechados desde mediados de los afios 50. Casi la totalidad de publicaciones de ambito
cientifico estan indexadas en MEDLINE. PubMed se actualiza diariamente y contiene actualmente citas

bibliograficas y abstracts de mas de 5000 revistas biomédicas. Incluye busquedas avanzadas.

Google Scholar: En noviembre de 2004 Google lanza una libreria mundial, especialmente médica y cien-
tifica, como un subconjunto del gran buscador Google, consistente en los textos completos de articulos de
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revistas, informes técnicos, libros y otros documentos, incluidas las paginas webs consideradas académi-
cas. Aunque Google Scholars cubre una amplia gama de areas del saber, se presenta especialmente fuerte
en ciencias.
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Provalidator: una herramienta para disefio y validacion de profiles

Provalidator es una herramienta orientada a su uso en la web que proporciona ayuda a la hora de disefiar y
validar un profile a la manera que describe PROSITE. Esta herramienta combina una casi completa auto-
matizacion en el paso de construccion del profile con una validacion basada en la anotacion de proteinas
en InterPro para dar fiabilidad a los resultados obtenidos. Esta herramienta web esta disponible de forma
libre en:

http://www.bacTregulators.org/provalidator

La calidad de los resultados en el disefio de un profile viene determinada por dos caracteristicas: las
secuencias elegidas para formar parte de la semilla (esto es, el conjunto de secuencias del alineamiento
multiple a partir del cual se construye el profile) y la region seleccionada del alineamiento. Se describen
estos dos procesos:

Eleccion de las secuencias:

A la hora de seleccionar las secuencias que formaran parte de la semilla del profile, Provalidator propor-
ciona herramientas que automatizan tanto como es posible esta tarea.

Al principio partimos de todas las secuencias que estan anotadas en InterPro como pertenecientes a la
familia que queremos definir. El proceso de seleccion de secuencias se basa en tres pasos bien definidos:

1. Clusterizar las secuencias usando BLASTCLUST. Clusterizar consiste en agrupar secuencias por
similitud. En nuestro caso se persigue tomar un representante de cada uno de los grupos que se
forman para que ninguna secuencia pese mas que otras en el alineamiento y asi evitar sesgos en
la construccion del profile. Ademas, un profile debe tener el menor ntimero de secuencias posi-
ble para que no se especialice demasiado en el conjunto semilla y deje escapar secuencias me-
dianamente remotas, pero no obstante miembros de la familia. Se podria decir que disefiar un
profile consiste en abstraer lo comun a un conjunto de secuencias, pero cuidando que no pierdan
su idiosincrasia.

BLASTCLUST tiene un parametro que representa el umbral de similitud con el que se formaran
los clusteres medido en tanto por ciento. Experimentalmente, se comprueba que un umbral del
60% es adecuado para descartar homologos cercanos.

2. Los criterios para seleccionar un representante de cada cluster son (por este orden): a) Dar prio-
ridad a las proteinas de Swiss-Prot frente a las de TTEMBL (ya que estan mejor anotadas). b)
Elegir proteinas cuya descripcion contenga el nombre de la familia (cuando esto ocurre es por-
que se ha comprobado experimentalmente que ese regulador actiia como se espera de un miem-
bro de esa familia). c) Filtrar las proteinas atendiendo a no incluir ciertas palabras clave en la
descripcion de la proteina (palabras como hypothetical, probable, putative, fragment, truncated).
Si después de hacer esto no queda ninguna proteina, se descarta ese cluster por no ser suficien-
temente fiable.
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3. Excluir secuencias cuya longitud sea muy diferente a la del resto. Esto produciria un alineamien-
to de peor calidad.

Eleccidn de la region:

El siguiente paso es alinear las secuencias seleccionadas usando CLUSTALW. La salida debe estar en
formato MSF (requerimientos del programa PFMAKE). A la hora de seleccionar la region del alinea-
miento multiple que se usara para construir el profile, es crucial que la zona esté muy conservada ya que
los aminoacidos esenciales para la funcién y/o estructura estdn generalmente conservados.

El motivo mas recurrente de unién a ADN de los reguladores a sus correspondientes promotores es un
motivo conservado llamado HTH (helix-turn-helix) que consiste en una a-hélice, un giro y una segunda
a-hélice, llamada hélice de reconocimiento. Cuando este motivo HTH esta presente (esto es, en el 95% de
los reguladores transcripcionales descritos en procariotas), suele ser una region importante a tener en
cuenta como posible candidato a ser incluido en el profile, como ocurre con las familias AraC/XylS (Ga-
llegos et al., 1997) y TetR (Ramos et al., 2005). Sin embargo, no siempre es una region lo suficientemen-
te discriminante para definir una familia de proteinas, como ocurre en IcIR (Krell et al., 2006).

Una vez seleccionada la region, es importante volver a clusterizar los segmentos de secuencias resul-
tantes (o sea, los incluidos en la region seleccionada) porque la primera clusterizacion se hizo basandose
en las secuencias completas y puede que en esta region se encuentren homologias que antes no aparecian
y que son suficientes como para descartar alguna secuencia. Esto no es un proceso iterativo, basta con
hacerlo una vez.

Construccion del profile usando las herramientas PFTOOLS:

Se construye el profile usando el programa PFMAKE, incluido en el paquete de programas PFTOOLS
(Bucher and Bairoch, 1994; Bucher et al., 1996) especialmente creado para disefiar profiles tal y como
describe PROSITE. Para ello, Provalidator crea un alineamiento temporal basado en el que se le ha pasa-
do como entrada (el alineamiento de las secuencias completas), pero que solo incluye la region seleccio-
nada.

El paso siguiente consiste en calibrar el profile (Hofmann and Bucher, 1995). Cuando enfrentamos
una secuencia al profile usando PFSEARCH, el programa devuelve un raw-score, o sea, una puntuacion
en bruto, sin ningln significado bioldgico ni estadistico. Para solucionar esto se realiza una calibracion,
proceso que consiste en calcular los parametros R1 y R2 de una funcién de normalizacion. Esto resulta en
una transformacion lineal de los raw-scores para producir scores normalizados o N-scores, que estan
definidos en una nueva escala con un significado estadistico concreto.

Funcion de normalizacidn usada

N score = R1 + R2x raw score
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Para realizar esto, se enfrenta el profile a una base de datos barajada y se usan los raw-scores obteni-
dos para calcular los parametros. Esto lo hace el programa PFSCALE que, ademés de la lista de estos
scores, necesita el tamafio en aminoacidos de la base de datos usada (N) y los limites superior e inferior
del rango de probabilidades a los que se ajustaran los valores extremos de la distribucion (P y Q, respecti-
vamente).

Por ejemplo: si N=10.000.000 y P=0.0001, entonces se ignoraran los scores por debajo de 1000 (que
corresponden a una probabilidad de ocurrencia >0.0001). Y si Q=0.000001, entonces se ignoraran los
scores por encima de 10 (que corresponden a una probabilidad de ocurrencia <0.000001). El conjunto de
secuencias “barajadas” se construye cogiendo ventanas no solapantes de X aminoacidos y barajando los
aminoacidos dentro de cada ventana. En nuestro caso hemos usado un conjunto ya establecido como
estandar: la version 34 de la base de datos Swiss-Prot usando ventanas de tamafio 20. Los parametros de
este conjunto son: N=21.000.000, P=0.00005, Q=0.0000005. Al conjunto barajado resultante se le llama
WINDOW20.SEQ (disponible en: ftp://ftp.isrec.isb-sib.ch/pub/databases/shuffled).

Este proceso es muy comin en herramientas bioinformaticas y sirve para dar significacion estadistica
a los scores que devuelven los programas. Asi, la E de BLAST o el N-score de PFSEARCH estan basa-
dos en la probabilidad de encontrar esa coincidencia de secuencias al azar.

Validacién del profile usando InterPro:

A continuacion, se enfrenta el profile calibrado contra la base de datos UniProt usando PFSEARCH, y se
analizan los resultados de la validacion, que presenta Provalidator. Este paso de enfrentar el profile contra
UniProt es el mas costoso en tiempo y potencia de calculo. Hay que tener en cuenta que actualmente sélo
la parte de procariotas de UniProt ocupa 1.5GB, y va creciendo de forma exponencial.

El siguiente cuadro es un ejemplo de este formulario de resultados:
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Q62180
QYEWL2
QGFBA6
Q82D43
Q5YU96
Q5Z0G4
Q7WPHI
Q76212
Q5PII6
Q57K18
Q7TWFW4
Q7WBGI
Q5YWXS
Q73WS85
Q4NBL4
Q6UPSS
QS4Y5
Q65WDS

Falsos negativos = 18

8.337
8.189
7.932
7.895
6.441
6.386
5.558
5.190
5.117
4.712
4.620
4.546
3.608
3.479
3.295
3.258
2.725
2.504

Validando familia IcIR (CutOff=8.5):

2,34
1234
2,34
12,4
12,4
12,4
24
1,2,4
1,234
2

23

2.4

4

2

2

14
12,4
13

Meétodos: 1: PF01614; 2: PS51077; 3: PS51078; 4: SM00346

Falsos positivos = 0

Figura 11: Resultado de validacién de la familia IcIR.

Validar un profile consiste en comparar el conjunto de proteinas consideradas miembros de la familia

con las anotaciones de InterPro. Como se ve, el informe consta de tres columnas para el analisis de falsos

potenciales: 1) El identificador o nimero de acceso de las proteinas en la base de datos UniProt. 2) El

score que han obtenido con el profile. 3) Los métodos con los que InterPro ha anotado esa proteina como

miembro de la familia (esta columna no se incluye en la parte de potenciales falsos positivos por razones

obvias). Esta informacion es muy util para encontrar contradicciones en los métodos de anotaciéon, como

se vera en el analisis de resultados de la familia IcIR. Los prefijos de los métodos corresponden a: PF:

Pfam, PS: PROSITE, SM: SMART.
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Obijetivos

Generales:

e El objetivo general de esta Tesis Doctoral ha sido el desarrollo de herramientas informaticas para
aplicaciones a los problemas de biologia que estudia el grupo de Pseudomonas de la Estacion
Experimental del Zaidin, a la vez que se perseguia generar “conocimiento” general de aplicacion
en biologia.

Especificos:

Los objetivos especificos se han ido estableciendo en el tiempo con objeto de definir mejor distintas fami-
lias de reguladores transcripcionales. De manera especifica se ha desarrollado:

e  Un profile que define a las familias de factores de transcripcion TetR e IcIR para obtener mas in-
formacion de las proteinas pertenecientes a estas familias.

e  Desarrollar Provalidator para automatizar la construccion de profiles. Como parte de este objeti-
vo, se establecen dos subobjetivos encaminados a validar el funcionamiento de esta herramienta.

0 Construccion del profile de MerR,
0 vy el de bombas de extrusion RND.

e  Crear BacTregulators, una base de datos que recoge los resultados obtenidos por Provalidator.
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INTRODUCTION In most cases, the adaptive responses are mediated by tran-

scriptional regulators. Most microbial regulators involved in
transcriptional control are two-domain proteins with a signal-
receiving domain and a DNA-binding domain which trans-
duces the signal (1, 18, 145, 152, 170, 207, 271, 292-294, 298,
303, 345, 369, 428, 431) (Table 1). In other cases, the sensing of
signals that trigger a transcriptional process involves two pro-
teins, as in two-component regulatory systems such as CzcR/
CzcS; DcuS/DcuR; Nifl/NifA; NtrB/NtrC; PhoP/PhoQ; and
TodS/TodT (75, 139, 200, 206, 233, 234, 257, 307, 309, 316, 409,

Bacteria in the environment are exposed to variations in
temperature and nutrient and water availability and the pres-
ence of toxic molecules that originate from their abiotic and
biotic surroundings (including deleterious molecules that orig-
inate from their own metabolism). These changes can make
their living conditions far from optimal. Survival in this unsta-
ble environment requires a wide range of rapid, adaptive re-
sponses which are triggered by regulatory proteins. These reg-

ulators respond to specific environmental and cellular signals 3. O L L b linked ki b
that modulate transcription, translation, or some other event in 23). One protein is usually a membrane-linked kinase that,

gene expression, so that the physiological responses are mod- upon sensing the appropriate signal, phosphorylates a DNA-

ified appropriately (32, 52, 64, 104, 107, 145, 244, 311, 312, 326 binding protein that mediates transcription from its cognate
330. 379. 397. 400 42§). S promoter. Structural analyses have revealed that the helix-

turn-helix (HTH) signature is the most recurrent DNA-
[ binding motif in prokaryotic transcriptional factors, since al-
* Corresponding author. Mailing address: Estacién Experimental most 95% of all transcriptional factors described in

del Zaidin, CSIC, Apdo. Correos 419, E-18008 Granada, Spain. Phone: . . .
34 058 181608. Fax: 34 958 135740, E-mail: jlramos@eezcsic.es. prokaryotes use the HTH motif to bind their target DNA

t Present address: Esa7, Information Technologies, Las Gabias, sequences (12, 19, 27, 41, 43, 104, 135, 136, 302, 335, 343).
E-18110 Granada, Spain. Prokaryotic transcriptional regulators are classified in fami-
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VoL. 69, 2005 LESSONS FROM THE TetR FAMILY 327
TABLE 1. Prokaryotic regulator families
Family Action Some regulated functions DBD motif Position Reference(s)
LysR Activator/repressor Carbon and nitrogen metabolism HTH N-terminal 145, 342
AraC/XylS Activator Carbon metabolism, stress response and HTH C-terminal 109, 394
pathogenesis
TetR Repressor Biosynthesis of antibiotics, eflux pumps, HTH C-terminal 9, 10, 11
osmotic stress, etc.
LuxR Activator Quorum sensing, biosynthesis and HTH C-terminal 106, 298, 317
metabolism, etc.
Lacl Repressor Carbon source utilization HTH N-terminal 54, 420
ArsR Repressor Metal resistance HTH Central 49, 432
IcIR Repressor/activator Carbon metabolism, efflux pumps HTH N-terminal 265, 319, 321, 378
MerR Repressor Resistance and detoxification HTH N-terminal 144, 377
AsnC Activator/repressor Amino acid biosynthesis HTH N-terminal 103
MarR Activator/repressor Multiple antibiotic resistance HTH Central 4,13, 352, 376
NitrC (EBP) Activator Nitrogen assimilation, aromatic amino HTH C-terminal 200, 257
acid synthesis, flagella, catabolic
pathways, phage response, etc.
OmpR Activator Heavy metal and virulence (response Winged helix C-terminal 237
regulator of a two-component system)
DeoR Repressor Sugar metabolism HTH N-terminal 311, 405, 450
Cold shock Activator Low-temperature resistance RNA binding Variable 42, 205, 344
domain (CSD)
GntR Repressor General metabolism HTH N-terminal 138, 318, 324
Crp Activator/repressor Global responses, catabolite repression HTH C-terminal 54, 110, 244

and anaerobiosis

lies on the basis of sequence similarity and structural and func-
tional criteria (49, 84, 106, 108, 120, 121, 138, 145, 146, 237,
274, 308, 313, 324, 342, 370, 377). Table 1 lists the most im-
portant families of microbial transcriptional regulators, the
type of DNA binding motifs they exhibit, whether the members
of the family are preferentially repressors or activators, and
whether they show a dual action.

This review focuses on the TetR family, a family of tran-
scriptional regulators that is well represented and widely dis-
tributed among bacteria with an HTH DNA-binding motif
(210, 211, 246, 288).

Members of the TetR family of repressors are identified by
a profile (see below) which can be easily used to recognize
TetR family members in SWISS-PROT and TrEMBL and in
all available proteins from prokaryotic genome sequences. Af-
ter compiling data from protein and nucleic acid databases, the
TetR family of regulators was found to include 2,353 nonre-
dundant sequences (as of December 2004). The specific func-
tion regulated by members of the TetR family is known for
only about 85 members (Table 2). These proteins control genes
whose products are involved in multidrug resistance, enzymes
implicated in different catabolic pathways, biosynthesis of an-
tibiotics, osmotic stress, and pathogenicity of gram-negative
and gram-positive bacteria (Table 2). The most relevant infor-
mation on these proteins is collected in a database available at
http://www bactregulators.org (235). The database also supplies
information for each member of the family, including identifi-
ers, names, sequences, source, function, COG (clusters ortholo-
gous groups), position and orientation of the corresponding gene
in the genome, and, when available, three-dimensional structures.

DEFINING THE TetR FAMILY
TetR Family Profile

The TetR family is named after the member of this group
that has been most completely characterized genetically and
biochemically, the TetR protein (141, 148, 150, 168, 288, 395).
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This protein controls the expression of the tet genes, whose
products confer resistance to tetracycline (150, 183, 209, 210,
337, 434, 435). Members of the TetR family exhibit a high
degree of sequence similarity at the DNA binding domain (see
below). Interpro (258) assigns proteins to the TetR family
based on PROSITE signature PS01081 (364), PRINTS motif
PRO0455 (15, 16), and Pfam Hidden Markov Model (HMM)
profile PF00440 (26, 27). To establish a single criterion defin-
ing the TetR family, we decided to develop a conventional
profile, because conventional profiles are easy to manage and
their sensitivity is equivalent to that of HMM profiles.

To develop the TetR family profile, we first selected a set of
120 sequences as belonging to the TetR family based on two
criteria: a positive score for PROSITE signature PS01081, and
a high score for PF00440 HMM. The 120 sequences were
clustered into 42 groups using BLAST, and a representative
sequence was selected and aligned for each cluster using
CLUSTAL (http://clustalw.genome.ad.jp/). This revealed that the
most conserved region corresponded to the HTH domain de-
scribed in the TetR and QacR crystals (120, 150, 287, 288, 289,
349, 350, 351). The initial HTH motif was progressively extended
until the global score of the multialignment diminished. Figure 1
shows the final alignment of the sequences. This conserved
stretch corresponded in TetR and QacR crystals to the al-
most complete a-helix 1, the HTH domain formed by «-he-
lices 2 and 3, and five residues of a-helix 4 that connect the
DNA-interacting region with the core of the protein (see
Fig. 2 for the three-dimensional structure of TetR).

The final alignment shown in Fig. 1 was used as a seed for
the construction of a conventional profile to detect TetR fam-
ily members. The TetR profile was built using the pfmake pro-
gram available at the Swiss Institute of Bioinformatics (http:
/npsa-pbil.ibcp.fr/cgi-bin/npsa__automat.pl?page=/NPSA
/npsa__pfmake.html) (45, 46). The TetR profile was confront-
ed against the 660,992 bacterial and archaeal proteins in the
SWISS-PROT and TrEMBL databases (released December
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TABLE 2. Specific functions regulated by members of the TetR family of repressors
No. SPTR* Name Organism Function GP Reference(s)
1 P34000 AcrR Escherichia coli Represses the expression of the acrAB operon which 1 102, 164, 223, 224, 314, 325,
confers multidrug resistance and probably also con- 425
trols the gene micF
2 Q5391 Actll Streptomyces coelicolor Located in the act cluster, which contains regulatory and 1 50, 96
antibiotic export genes
3 Q9F8V9  AmeR Agrobacterium tumefaciens Negatively regulates the ameABC operon, which en- 1 301
codes proteins similar to nodulation-cell division
(RND)-type efflux systems
4 Q9RG61  AmrR Pseudomonas aeruginosa Probably regulates amr4B genes encoding an efflux sys- 1 423
tem involved in aminoglycoside impermeability pheno-
type in Pseudomonas aeruginosa
5 QO9KIC4  ArpR Pseudomonas putida S12 Seems to be a repressor for the expression of the ar- 1 178
PABC operon; ArpABC in Pseudomonas putida S12 is
involved only in multidrug resistance and not in toler-
ance towards organic solvents.
6 Q6VV70 BpeR Burkholderia pseudomallel Controls expression of the BpeAB-OprB efflux pump 1 53
that extrudes gentamycin, streptomycin erythromyein,
and acryflavine
7 P3l676 EnvR E. coli K-12 Regulates the acrEF efflux pump operon, which is rele- 1 186
vant to multidrug resistance in E. coli. Its substrate
specificity (antibiotics, basic dyes and detergents) is
similar to that of AcrAB
8  P96222 EthR Mycobacterium tuberculosis Ethionamide resistance 1 28,90, 111
9 P72185 HemR Propionibacterium freudenreichii ~ Probably regulates zemX, which appears to be involved 1 137
in heme transport
10 Q93QZ7 HydR Tn5398 from Clostridium difficile  Involved in erythromycin resistance 1 93
11 068442 IfeR Agrobacterium tumefaciens Seems to be a repressor that controls the expression of 1 296
1D1609 the putative ifeABR isoflavonoid efflux system
12 Q9ZGB7 LanK Streptomyces cyanogenus Probably a landomycin A resistance regulator 1 315, 424
13 LfrR Mycobacterium segmatis Control of the /fr4 gene whose end product confers re- 1 212
sistance to fluoroquinolones, ethidium bromide, and
acryflavine
14 034619 LmrA Bacillus subtilis Probable repressor of the lincomycin-resistance operon 1 197, 198, 260
15 P39897 MtrR Neisseria gonorrhoeae A transcriptional repressor that regulates transcription 1 72, 130, 131, 220, 221, 297,
of the mtrCDE genes, which encode a multidrug efflux 333, 334, 339, 447, 448
pump; MtrR acts directly or indirectly as a positive
regulator of farAB gene expression
16 Q9F0Y2 Pip Streptomyces coelicolor Pristinamycin I-induced regulator that controls mutidrug 1 99
resistance genes
17 Q9F147 PqrA Streptomyces coelicolor Probably the repressor of pgrB, which encodes an efflux 1 61
pump conferring resistance to paraquat
18 Pp23217 QacR Staphylococcus aureus Regulates the QacA multidrug efflux pump 1 119, 120, 249, 299, 300, 332,
350, 351, 390
19 052558 RifQ Amycolatopsis mediterranei Located in the rifamycin biosynthetic gene cluster and 1 17
probably related to the adjacent gene that encodes a
rifamycin efflux protein
20 QOKIH5 RmrR Rhizobium etli plasmid B Probably regulates the operon rmirAB related to a multi- 1 113
drug efflux pump involved in sensitivity to phytoalex-
ins, flavonoids, and salicylic acids
21 Q9AMHY SimReg 2 Streptomyces antibioticus Included in the Streptomyces antibioticus simocyclinone 1 396
biosynthetic gene cluster; probably regulates the puta-
tive export protein SimEX
22 Q8KLP4 SmeT Stenotrophomonas maltophilia A repressor of the Stenotrophomonas maltophilia multi- 1 340, 452
drug efflux pump SmeDEF
23 QOR9T9  SrpR Pseudomonas putida Probable regulator of the solvent resistance pump 1 163, 179, 180, 422
SrpABC of strain S12
24 P39885 TemR Streptomyces glaucescens A regulator of the tetracenomycin C resistance repress- 1 126, 127
ing the gene fcmA, which encodes an export pump
25 P09164 TetR Escherichia coli Controls the expression of tetracycline resistance mediated 1 29, 30, 36, 38, 39, 142, 143,
by the gene tetd, which encodes an efflux pump that acts 148, 149, 150, 183, 189,
as an antiporter by coupling the export of [MgTetra- 259, 286, 287, 288, 289,
cycline] out of the cell with the uptake of protons 393, 402, 430
26 QOAIUO  TtgR Pseudomonas putida Regulates the TtgABC efflux pump mediating organic 1 81, 391
solvent tolerance and resistance to ampicillin, tetracy-
cline, chloramphenicol, and nalidixic acid
27 Q93PU7  TtgW Pseudomonas putida tgW'is a pseudogene 1 327, 329
28 Q9RP98  UrdK Streptomyces fradiae Tu2717 Probably regulates an urdamycinA efflux pump 1 94
29 Q9AJL5  VarR Streptomyces virginiae Regulates transcription of varS, the virginiamycin S-spe- 1 263
cific transporter in a virginiamycin S-dependent manner
30 P96676 YdeS Bacillus subtilis Similar to a regulator of antibiotic transport complexes 1 34
in Streptomyces hygroscopicus
31 Q54189 ArpA Streptomyces griseus Represses the expression of adpA; AdpA activates the 2,5,8 157,278, 282, 283, 285, 375,

expression of s&#R, and the StrR protein activates the
expression of streptomycin biosynthetic genes. ArpA
also controls morphogenesis

412, 438

Continued on facing page
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TABLE 2—Continued
No. SPTR* Name Organism Function G? Reference(s)
32 Q9M20 AurlB Streptomyces aureofaciens Included in the Streptomyces aureofaciens auricin 2 275
polyketide biosynthesis gene cluster
33 QO9LBV6 BarA Streptomyces virginiae Probably involved in regulation of virginiamycin bio- 2 175, 262
synthesis
34 QSKNI9 CalR1 Micromonospora echinospora Included in the calicheamicin gene cluster 2 2
35 066129 CprB Streptomyces coelicolor CprB is involved in the control of actinorhodin and 2 264, 284
undecylprodigiosin biosynthesis and morphogenesis
36 024741 FarA Streptomyces lavendulae FRI-5 ~ IM-2-specific receptor; plays an important role in the 2 184, 185, 413
regulation of secondary metabolism and the biosyn-
thesis of the antibiotics showdomycin and minimycin
in Streptomyces lavendulae; FarA acts as a negative
transcriptional regulator for the biosynthesis of nu-
cleoside antibiotics and blue pigment, switching on
their expression in the presence of IM-2; also acts
as a positive transcriptional regulator for the biosyn-
thesis of D-cycloserine, switching off its expression in
the presence of IM-2
37 Q939Q2  JadRs Streptomyces venezuelae Included in the cluster for the biosynthesis of the 2 416
dideoxysugar component of jadomycin B
38 Q36153 JadR2 Streptomyces venezuelae Represses the biosynthesis of jadomycin B and seems 2 442, 443
to control cellular pigmentation
39 Q9ZN97 MphB Escherichia coli plasmid Repressor of antibiotic biosynthesis 2 172,272
pTZ3721
40 Q9XDF0 NonG Streptomyces griseus sbsp. Probably related to nonactin biosynthesis 2 414
griseus
41 Q9RF02  PhIF Pseudomonas fluorescens A repressor of the phlABCD operon responsible for 2 346
the biosynthesis of the antifungal 2,4-diacetylphloro-
glucinol (PHL)
42 Q9ZHP8 TylQ Streptomyces fradiae Butyrolactone receptor TylQ is a potential regulator 2,8 371
of production of the macrolide antibiotic tylosin
43 Q8vVQC6 VanT Vibrio anguillarum Positively regulates serine metalloprotease, pigment 2,5 71
and biofilm production
44  QORPK9  TarA Streptomyces tendae Hypothetical receptor of gamma-butyrolactone, which 2, 8 86
regulates nikkomycin synthesis
45 Q9XCC7  TylP Streptomyces fradiae Regulates tylosin production and morphological differ- 2,5,8 25, 371, 372
entiation, and is probably a gamma-butyrolactone
receptor
46 Q59213 BM1P1 Bacillus megaterium Probably acts as positive regulatory protein involved in 3 358, 361, 362
the expression of the PAS0BM-1 gene by interfering
with the binding of the repressor protein, Bm3R1,
to the regulatory regions of P450BM-1
47 068276 Bml1P1 Bacillus megaterium ATCC Negatively affects basal-level expression of P450BM-1, 3 140, 214, 215, 295, 356, 358,
14581 a barbiturate-inducible P450 monooxygenase; cyto- 359, 362
chromes P450BM-3 and P450BM-1 catalyze the hy-
droxylation of fatty acids
48 P43506 Bm3R1  Bacillus megaterium A transcriptional repressor involved in the regulation of 3 87, 88, 89, 140, 213, 214, 295,
barbiturate-inducible proteins in Bacillus megaterium 356, 357, 358, 359, 361, 362
49 Q9AJ68  ButR Streptomyces cinnamonensis Putative transcriptional repressor of crotonyl-CoA re- 3 218, 219
ductase
50 Q93TU7 CampR Rhodococcus sp. NCIMB 9784 Probably regulates 6-oxocamphor hydrolase 3 123
51 Q51597 CamR Pseudomonas putida plasmid A negative regulator of the cytochrome P-450cam hy- 3 9, 10, 105
CAM droxylase operon
52 033453 CymR Pseudomonas putida A repressor which controls expression of both the cym 3 62, 82, 83, 279
and cmt operons and is inducible by p-cumate but
not p-cymene
53 Q9RAJ1 DhaR Mycobacterium sp. GP1 Appears to function as a repressor of dhaAd expres- 3 306
sion, dhaA is an haloalkane dehalogenase gene in-
cluded in the 1-clorobutane catabolic gene cluster
54 QOSRA03 KstR Rhodococcus erythropolis A repressor of kstD expression that encodes a 3-ketos- 3 404
strain SQ1 teroid A-dehydrogenase protein involved in the deg-
radation of steroid intermediates in phytosterol deg-
radation
55 Q8VV87 LexA-like Terrabacter sp. strain DBF63 Probably involved in degradation of dibenzofuran 3 171
56 AcnR Corynebacterium glutamicum Repressor of the acn gene encoding aconitrase and 3 195
controlling the tricarboxylic acid cycle
57 Q9FA56  PaaR Azoarcus evanssi Probably regulates the paa genes, which are responsi- 3 256
ble for the aerobic phenylacetic acid catabolic path-
way
58 Q9XDW2 Psbl Rhodopseudomonas palustris Included in the cluster of genes participating in aero- 3 310

bic biodegradation of p-cumate

58
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TABLE 2—Continued

No.  SPTR* Name Organism Function G° Reference(s)
59 085706 ThiIR Clostridium acetobutylicum Possibly acts as a transcriptional repressor of the thiRBC 3 429

DSM 792 operor, which is involved in the biosynthesis of thiolase
60 Q59431 UidR E. coli A repressor of the uidRABC (gusRABC) operon that 3 40

comprises a beta-p-glucuronidase (uidA), a glucuro-
nide permease (#idB) and a membrane-associated
protein (uidC)

61 P22645 YDH1 Xanthobacter autotrophicus Probably regulates the dhl4 gene involved in 1,2-dichlo- 3 162
roethane degradation

62 P17446 Betl Escherichia coli A choline-sensing repressor of the bet regulon involved 4 8, 201, 202, 331
in osmotic stress

63 QSNLK1 McbR Corynebacterium glutamicum In absence of L-methionine, represses the expression of 4 322

six key enzymes for the biosynthesis of the sulfur-
containing amino acids L-cysteine and L-methionine
including sulfonate utilization and sulfite reduction
64 QOEVI6  MphR Escherichia coli Represses the mph(A)-mrx-mphR(A) operon in the ab- 4 273
sence of erythromycin; erytromycin induces the syn-
thesis of macrolide 2'-phosphotransferase I [Mph(A)],
which inactivates erythromycin

65 Q9F9Z7  PhaD Pseudomonas oleovorans Biosynthesis of medium-chain-length (MCL) poly-3-hy- 4 188, 451
droxyalkanoates (PHAs) as intracellular storage material

66 QOZF45  Q9ZF45  Lactococcus lactis Regulates the operon purDEK, which encodes enzymes 4 269
in the de novo pathway of purine nucleotides

67 P06969 TtK Escherichia coli Co-transcribed with the dut (deoxyuridine triphos- 4 85, 415
phatase) gene

68 P32398 Yhgd or  Bacillus subtilis Probably related to protoheme IX biosynthesis 4 132

YixD
69 Q9F6WO0  CasR Rhizobium etlli A repressor of the cas4 gene, which encodes the calm- 5 433

odulin-like protein calsymin involved in bacteroid de-
velopment during symbiosis and in symbiotic nitrogen
fixation
70 Q9RQQO IcaR Staphylococcus aureus A repressor of the operon ica which is responsible for 5 70, 163
an intercellular polysaccharide compound that acts as
the slime in biofilm formation
71 Q8GLC6 IcaR Staphylococcus epidermidis A repressor of the operon ica, which is reponsible for 5 60, 66, 67, 190, 456
an intracellular polysaccharide compound that acts as
the slime in biofilm formation
72 QB8KX64  LitR Vibrio fischeri Important for the normal induction of luminescence, 58 97
plays a positive role in modulating the ability to colo-
nize juvenile squid, and may control the opacity/trans-
lucent phenotype of the colony

73 P21308 LuxR Vibrio harveyi Required for expression of the ixCDABEGH (lucif- 5 23, 24, 51, 57, 167, 232, 240,
erase) operon, responsible for bacterial luminescence 250, 251, 253, 254, 255,
355, 365, 380, 381, 382
74 QOANS7 LuxT Vibrio harveyi Activates the expression of LuxO, the phosphorelay 5 216
protein that regulates luminescence in Vibrio harveyi
75 050285 OpaR Vibrio parahaemolyticus A transcriptional regulator that controls the opaque 5 240, 355
morphology in Vibrio parahaemolyticus colonies
76 Q9XDV7 Orf2 Streptomyces griseus Probably related to carbon-source-dependent differen- 5 398
tiation in Streptomyces griseus
77 QOL8G8  SmcR Vibrio vulnificus Appears to play an important role in starvation adapta- 5 63, 242, 243, 355

tion and in the regulation of many growth phase-regu- 6
lated genes, including some virulence factors (pro-
tease, hemolysin); SemR represses motility, fimbria
production, and biofilm production
78 030343 HapR Vibrio cholerae A transcriptional regulator with a central role in control 6 165, 194, 196, 240, 455
of the virulence of Vibrio cholerae, in a cell density-
dependent way

79 Q8KU49  Ef0113 Enterococcus faecalis Located in a pathogenicity island in vancomycin-resis- 6 354
tant Enterococcus faecalis

80 Q63B57  HIyIIR Bacillus cereus Regulates expression of A1l whose gene product has 6 47
haemolytic activity

80 024739 BarB Streptomyces virginiae Regulates virginiamycin biosynthesis 7 182

81 086852 ScbR Streptomyces coelicolor Acts as the cytoplasmic receptor that specifically binds 2,7,8 3,385,386

SCB1 gamma-butarylactone and negatively regulates
transcription of the scbA gene, responsible for gam-
ma-butyrolactone SCB1 synthesis

82 QOIN89  MmfR Streptomyces coelicolor plasmid ~ Putative lactone-dependent transcriptional regulator 8 437
SCP1
83 Q98314  AmtR Corynebacterium glutamicum Regulator of nitrogen control 9 48,161
84 QOEX90 PsrA Pseudomonas putida Involved in the regulatory cascade controlling rpoS 9 192
gene regulation in response to cell density
85 P36656 YjdC Escherichia coli Probably involved in copper tolerance 10 101

“ Swiss-Prot and TrEMBL accession number.

b1, regulation of efflux pumps and transporters involved in antibiotic resistance and tolerance to toxic compounds; 2, regulation of antibiotic biosynthesis; 3,
regulation of catabolic pathways; 4, biosynthesis of products important for bacteria (e.g., osmoprotectants, nucleotides, amino acids, PHAs, protoheme); 5, regulation
of differentiation (sporulation, mycelium formation), colony phenotype, biofilm formation; 6, regulation of genes involved in virulence; 7, regulation of butyrolactone
synthesis; 8, butyrolactone or autoinducer receptors; 9, global regulation; 10, other.

59



Capitulo 1

VoL. 69, 2005 LESSONS FROM THE TetR FAMILY 331

6 10 20 30 40 52

R e et L e |

TetR RESVIDAALELLN-ETGIDGLTTRKLAQKLGIEQPTLYWHVENKRALL
o, —_—,— —0,— —o,—>

Profile pos. 1 10 20 30 40 47
e R e St S B e e |

ENVR_ECOLT ROELIETATAQFA-QHGVSKTTLNDIADAANVTRGAIYWHFENKTQLF
MexZ RDGILDAAERVFL-EKGVGTTAMADLADAAGVSRGAVYGHYKNKIEVC
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UIDR_ECOLT RTRILNAAREIFS-ENGFHSASMKAICKSCAISPGTLYHHFISKEALT
YC55 MYCTU ADRILDAAERLFT-QRDPASIGMNEIAKAAGCSRATLYRYFDSREALR
YYOS5_ _MYCTU AAATLOAATDLFA-ERGPAATSIRDIAARSKVNHGLVERHEGTRDOLV
YT12 MYCTU VARLLQASIDTIT-EVGYARASAAVITKRAGVSVGALFRHFETMGDFM
TTK_ECOLI REEILQSLALMLESSDGSQRITTAKLAASVGVSEAALYRHFPSKTRMF
Q8Y3E9 RVOILQTLASMLEQPRG-EKITIAGLAARLDVSEAALYRHFASKAQME
Q8ZSI4 QODVINAATACLD-QEGEAALGVNRVARELGIKPPAIYKHLDGNLALR
Y893 HAEIN AEQIFSATDRLMA-REGLNQLSMLKLAKEANVAAGT IYLYFKNKDELL
033179 AERIYAAATDLIT-RYGLNALDIDKLAREVHCSRATIYRRAGGKAQIR
Y767 MYCTU FREVLAAAMATLR-EKSYADLTVRLVAARAKVAPATAYTYFSSKNHLI
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Q972562 REDLLEGAKRCLL-EKGFARTTARDIVKESRTNLASIGYHYGSKDVLL
QO9EVJ6 DDEVLEAATVVLK-RCGPIEFTLSGVAKEVGLSRAALIQRFTNRDTLL
YXBF BACSU EAQVKEALLALLK-DRDIQHITMKETAEKAKVSRGSLYLYYEDKFSTT
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FIG. 1. Alignment of 42 members of the TetR family that exemplify the TetR family profile. The blue column indicates «-helix residues
involved in DNA contacts in the crystal structure of TetR and QacR. The yellow column indicates turns. The most conserved residues are shaded.
Abbreviations are as follows: BACME, Bacillus megaterium; BACSU, Bacillus subtilis; ECOLI, Escherichia coli; HAEIN, Haemophilus influenzae;
LACLA, Lactobacillus lactis; MYCTU, Mycobacterium tuberculosis; RHIME, Rhizobium meliloti; STRGA, Streptomyces sp.; VIBHA, Vibrio
haemophilus; XANAU, Xanthomonas sp.
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FIG. 2. Ribbon diagram of a TetR homodimer. Monomers are shown in blue or red. Two tetracycline molecules, each bound to a monomer,
are shown in grey. a-Helices 2 and 3 in the blue monomer and o2’ and 3’ in the red monomer constitute the shared HTH DNA binding domain.
a-Helix 1 and part of helix a-4, together with a-helices 2 and 3, comprise the sequence that best defines the TetR family profile. (Adapted from

Hinrichs et al. [150] with permission of the publisher.)

2004) using the pfsearch program available at http://bioweb
.pasteur.fr/seqanal/interfaces/pftools.html#pfsearch (46). The
program, which proposes a tentative threshold Z-score of 8.5
to consider a protein a member of the TetR family, selected
2,357 proteins as putative members of the TetR family.

To verify the quality of this TetR profile for specificity (false
positives) and sensitivity (false negatives), we implemented a
new tool called Provalidator which uses Interpro, Swiss-Prot,
Prodom, TIGRfam, CoGnitor, NCBI-RPS-BLAST, and PSI-
BLAST resources (68, 128, 154, 323, 348, 387, 449). In the first
step, we searched for false positives among the 2,353 proteins

we assigned to the TetR family. Interpro assigned 2,315 pro-
teins to the TetR family, and these 2,315 were considered true
positives. The remaining 38 proteins were analyzed with other
resources such as TIGRfam, Prodom, NCBI-RPS-BLAST and
PSI-BLAST (128, 449). This allowed us to assign 34 proteins
to the TetR family. Three of the false positives (Q89RN6,
Q988I6, and Q6N8GS) that we found were protein members of
the AraC/XylS family of transcription activators (109, 394).
These proteins have two HTH motifs at the C-terminal end,
typical of AraC/XylS family members (109, 229). These three
proteins were identified as potential TetR members because
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one of its HTH is highly similar to the DNA-binding domain in
TetR. The fourth false positive is a transposase (Q981E7).

Provalidator detected 15 false negatives (Q742Y2, Q8CJK3,
Q737Y1, Q6D1J7, Q8KU64, Q9A917, Q880T2, Q6D274,
Q885G7, Q8PCY0, Q9A466, QIS6CO, QOZH26, Q6A626, and
Q8G822), which are proteins assigned to the TetR family by
INTERPRO but whose Z-score was between 6.407 and 8.487.
In summary, the TetR profile with a Z-score threshold of 8.5
identified proteins that were not detected by INTERPRO, and
among the 660,992 proteins analyzed, only four false positives
were found. These results indicate that the new algorithm is
highly effective for the detection of members of the TetR
family.

Identification of TetR Family Members in DNA
and Protein Databases

Using the profile defined above for the TetR family, we
searched for members of this family in the Swiss-Prot and
TrEMBL databases and also searched the 196 complete and
incomplete microbial genomes available in NCBI (Release
December 2004). We detected 73 TetR proteins in Swiss-Prot,
2,277 in TrEMBL, and 2,410 in the translated open reading
frame corresponding to 196 microbial genomes. To select non-
redundant sequences the set of 4,758 TetR proteins was
analyzed using the SEQUNIQ program developed in our lab-
oratory (Molina-Henares et al., unpublished results). This pro-
gram integrates the set of sequences available in nucleic acid
and protein databases. We found 2,353 sequences in the TetR
family that surpassed the threshold Z-score of 8.5. The HTH in
2,348 members of the family was located at the N-terminal end
of the proteins.

Table 3 shows that members of the TetR family were de-
tected in 144 microbial genomes belonging to 80 genera and
113 species of gram-positive and o-, -, and y-proteobacteria,
cyanobacteria, and archaea, indicating wide taxonomic distri-
bution. We have found that proteins of the TetR family are
encoded both in chromosomes and in plasmids, and the mo-
bility of the latter elements could be a source of the spread of
genes in this family via horizontal transfer (147, 383), as is also
the case with catabolic genes (77, 160, 236, 410, 426), antimi-
crobial resistance determinants (20, 100, 124), and 16S rRNA
genes (347).

We found that TetR family members are particularly abun-
dant in microbes exposed to environmental changes, such as
soil microorganisms (i.e., Nocardia, Streptomyces, Bradyrhizo-
bium, Mesorhizobium, Pseudomonas, Bacillus, and Ralstonia
spp.); plant and animal pathogens (i.e., Agrobacterium, Bru-
cella, Escherichia coli, Bordetella, Mycobacterium, and Salmo-
nella spp.), extremophiles (i.e., Deinococcus), and methano-
genic bacteria such as Methanosarcina acetivorans. In contrast,
TetR family members do not appear in intracellular pathogens
such as chlamydias, mycoplasmas, and endosymbionts such as
Buchera, in agreement with their life style in nonchanging
environments (52). However, it should be noted that Dugan
et al. (80) recently found that Chlamydia suis can acquire tet-
racycline resistance via horizontal gene transfer of genomic
islands bearing the fet genes.

As a general collorarium, we can say that it seems that
proteins of the TetR family are involved in the adaptation to
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complex and changing environments. This in turn correlates
with the fact that many members of the TetR family are found
among microbes with abundant extracytoplasmic function
sigma factors (52, 227, 236, 277, 444).

PROTEINS WITH KNOWN THREE-DIMENSIONAL
STRUCTURES

The high degree of primary sequence identity in the stretch
that defines the HTH region of the TetR profile probably
reflects a common three-dimensional structure in this domain
in members of the family. This is supported by the almost
identical three-dimensional structure of the HTH of TetR,
QacR, CprB, and EthR, as deduced from the superimposition
of these regions, and the high degree of sequence conservation
in the alignment (79, 264, 349). As in other families of tran-
scriptional regulators, no sequence conservation was found
outside the HTH domain, which probably reflects differences
in the kind of signal sensed by different regulators of the
family, i.e., antibiotics with dissimilar structures, barbiturates,
homoserine lactones, organic solvents, and choline (see Table
2). Nonetheless, some striking global structural conservation in
the three-dimensional structure was found.

In addition, given that all members of the family whose
function is known are repressors, they probably function in a
similar way. Binding of an inducer molecule to the noncon-
served domain of a TetR family member probably causes con-
formational changes in the conserved DNA-binding region
that result in release of the repressor from the operator and
thus allow transcription from the cognate promoter. To gain
insights into the mechanisms of action of the TetR family
members, we analyzed in detail the three-dimensional struc-
ture of the four members of the family, TetR, QacR, CprB,
and EthR, whose crystal structures have been obtained
(150, 264, 286-289, 349-351), in order to identify common
and differential features of the TetR family members.

TetR Regulator

Tetracycline resistance and the role of the transcriptional
regulator TetR. Tetracyclines are among the most commonly
used broad-spectrum antibiotics (209, 210). They act by bind-
ing to the small ribosomal subunit, thereby interrupting poly-
peptide chain elongation by an unknown mechanism. Many
gram-negative bacteria have developed mechanisms of resis-
tance against this antibiotic. The most frequent mechanism
involves a membrane-associated protein (TetA) that exports
the antibiotic out of the bacterial cell before it inhibits poly-
peptide elongation (169, 211, 389, 434, 435, 453).

Adjacent to tet4 and divergently oriented is fetR (112),
whose gene product tightly controls expression of both fetd
and tetR (148, 150). The intergenic region between the fetR and
tetA genes contains two identical operators separated by 11 bp.
TetR binds to these operators and thus prevents transcription
from both promoters (Fig. 3) and (288). In all TetR crystal
structures elucidated to date (PDB identifiers: 2TCT; 2TRT;
1A6I; 1BJO; 1BJY; 1BJZ; 10RK; and 1RP1), this repressor
appears as a homodimer (29, 30, 159, 183, 287-289, 366). The
TetR homodimer binds to the operator (Fig. 3). Each 15-bp
operator shows an internal palindromic symmetry with an extra
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TABLE 3. Distribution of TetR proteins in microbes

Microorganism

Genome

size (Mbp) members

No. of

Microorganism

Genome

size (Mbp) members

No. of

Nocardia farcinica IFM 10152

Streptomyces coelicolor A3(2)

Streptomyces avermitilis MA-4680
Mycobacterium avium subsp. paratuberculosis k10
Agrobacterium tumefaciens C58
Bradyrhizobium japonicum USDA 110
Mycobacterium bovis AF2122/97
Mycobacterium tuberculosis CDC1551
Mycobacterium tuberculosis H37TRv

Bacillus licheniformis ATCC 14580
Mesorhizobium loti MAFF303099
Rhodopseudomonas palustris CGA009
Pseudomonas aeruginosa PAOL

Bacillus cereus ATCC 10987

Bacillus anthracis ‘Ames Ancestor’

Bacillus anthracis A2012

Bacillus anthracis Sterne

Bacillus anthracis Ames

Bacillus cereus ZK

Bacillus cereus ATCC 14579

Bordetella bronchiseptica RB50

Pseudomonas syringae pv. tomato DC3000
Sinorhizobium meliloti 1021

Bacillus thuringiensis serovar konkukian 97-27
Clostridium acetobutylicurn ATCC 824
Caulobacter crescentus CB15

Lactobacillus plantarum WCEFS1
Pseudomonas putida KT2440

Burkholderia pseudomallei K96243

Ralstonia solanacearum GMI1000
Photobacterium profundum SS9
Oceanobacillus iheyensis HTE831

Bordetella parapertussis 12822

Burkholderia mallei ATCC 23344

Bacillus halodurans C-125

Bacillus subtilis subsp. subtilis 168
Acinetobacter sp. strain ADP1

Bordetella pertussis Tohama 1
Chromobacterium violaceumn ATCC 12472
Shewanella oneidensis MR-1

Vibrio vulnificus CMCP6

Escherichia coli CFT073

Gloeobacter violaceus PCC 7421
Methanosarcina acetivorans C2A
Streptococcus nutans UA1S9

Vibrio parahaemolyticus RIMD 2210633
Vibrio vulnificus YJ016

Xanthomonas axonopodis pv. citri 306
Corynebacterium glutamicumn ATCC 13032
Deinococcus radiodurans R1

Erwinia carotovora subsp. atroseptica SCRI11043
Xanthomonas campestris pv. campestris ATCC 33913
Escherichia coli O157:H7

Corynebacterium efficiens YS-314

Escherichia coli O157:H7 EDL933
Lactococcus lactis subsp. lactis 111403
Leifsonia xyli subsp. xyli CTCB07

Listeria monocytogenes 4b F2365

Salmonella enterica subsp. enterica serovar Typhi CT18
Salmonella typhimurium LT2

Treponema denticola ATCC 35405
Corynebacterium diphtheriae NCTC 13129
Escherichia coli K12

Listeria innocua Clip11262

Listeria monocytogenes EGD-e

Salmonella enterica subsp. enterica serovar Typhi Ty2
Shigella flexneri 2a 301

Vibrio cholerae O1 biovar eltor N16961
Nostoc sp. strain PCC 7120

Enterococcus faecalis V583

Mycobacterium leprae TN

Shigella flexneri 2a 2457T

Geobacter sulfurreducens PCA

Leptospira interrogans serovar Copenhageni Fiocruz L.1-130
Leptospira interrogans serovar Lai 56601
Propionibacterium acnes KPA171202
Staphylococcus aureus subsp. aureus MRSA252

6.21
9.05
9.12
4.83
11.35
9.11
435
4.40
441
8.44
7.60
5.46
6.26
522
5.50
537
523
523
5.30
5.43
534
6.40
6.69
524
413
4.02
331
6.18
7.25
5.81
6.40
3.63
4.77
5.84
420
421
3.60
4.09
475
513
513
523
4.66
575
2.03
517
5.26
5.18
331
3.28
5.06
5.08
5.59
3.15
553
237
258
291
513
4.95
284
249
4.64
3.01
2.94
4.79
4.61
4.03
721
322
327
4.60
381
4.63
4.69
236
290

151
150
116

Shigella flexneri 2a 301
Vibrio cholerae O1 biovar eltor N16961
Nostoc sp. strain PCC 7120
Enterococcus faecalis V583
Mycobacterium leprae TN
Shigella flexneri 2a 2457T
Geobacter sulfurreducens PCA

ira i serovar Cop
Leptospira interrogans serovar Lai 56601
Propionibacterium acnes KPA171202
Staphylococcus aureus subsp. aureus MRSA252
Bifidobacterium longum NCC2705
Brucella melitensis 16M
Brucella suis 1330
Photorhabdus humi subsp. dii TTO1
Staphylococcus aureus subsp. aureus Mu50
Symbiobacterium thermophilum 1AM 14863
Yersinia pestis biovar Medievalis 91001
Yersinia pseudotuberculosis 1P 32953
Bacteroides fragilis YCH46
Bacieroides thetaiotaomicron VPI-5482
Bdellovibrio bacteriovorus HD100
Desulfovibrio vulgaris subsp. vulgaris Hildenborough
Fusobacterium nucleatumn subsp. nucleatum ATCC 25586
Staphylococcus aureus subsp. aureus MSSA476
Staphylococcus aureus subsp. aureus MW2
Staphylococcus aureus subsp. aureus N315
Yersinia pestis CO92
Desulfotalea psychrophila LSv54
Lactobacillus johnsonii NCC 533
Mannheimia succiniciproducens MBEL55E
Rhodopirellula baltica SH 1
Streptococcus agalactiae NEM316
Yersinia pestis KIM
Agquifex aeolicus VF5
Methylococcus capsulatus Bath
Streptococcus agalactiae 2603V/R
Streptococcus pyogenes MGAS10394
Streptococcus pyogenes MGAS8232
Clostridium perfringens 13
Methanococcus maripaludis S2
Staphylococcus epidermidis ATCC 12228
Streptococcus pyogeres M1 GAS
Streptococcus pyogenes MGAS315
Streptococcus pyogenes SSI-1
Thermus thermophilus HB27
Clostridium tetani E88
Haemophilus influenzae Rd KW20
Methanosarcina mazei Gol
Nitrosomonas europaca ATCC 19718
Pasteurella multocida subsp. multocida Pm70
Porphyromonas gingivalis W33
Streptococcus pneumoniae R6
Streptococcus preumoniae TIGR4
Synechocystis sp. strain PCC 6803
Thermoanaerobacter tengcongensis
Wolinella succinogeres DSM 1740
Haemophilus ducreyi 35000HP
Halobacterium salinarum NRC-1
Legionella pneumophila str. Lens
Legionella preumophila str. Paris
Legionella p phila subsp. p phila Philadelphia 1
Meth wbacter th phicus Delta H
Neisseria meningitidis MC58
Neisseria meningitidis 72491
Thermotoga maritima MSB8
Xylelia fastidiosa 9a5c
Archaeoglobus fulgidus DSM 4304
Campylobacter jejuni subsp. jejuni NCTC 11168
Coniella burnetii RSA 493
Helicobacter hepaticus ATCC 51449
Mycoplasma penetrans HF-2
Picrophilus torridus DSM 9790
Pyrococcus abyssi GE5
Sulfolobus solfataricus P2
Sulfolobus tokodaii 7
Ureaplasma parvurn serovar 3 ATCC 700970

i Fiocruz L1-130

4.61
4.03
721
322
327
4.60
381
4.63
4.69
256
2.90
226
329
332
5.69
2.90
357
4.30
4.34
531
6.26
3.78
3.77
217
2.80
282
2.84
4383
3.66
1.99
231
7.15
221
4.60
1.59
3.30
216
1.90
1.90
3.09
1.66
250
1.85
1.90
1.89
213
2.80
1.83
4.10
281
226
2.34
2.04
2.16
357
2.69
211
1.70
257
341
3.64
3.40
1.75
227
218
1.86
273
218
1.64
2.00
1.80
1.36
155
1.77
299
2.69
0.75
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FIG. 3. Binding of TetR to its operator site. A) fetR operator and contact regions. The fetR operator is a palindromic sequence. Horizontal bars
show nucleotides contacted by each monomer of the TetR dimer. B) Interaction of TetR residues with specific nucleotides (arrows) and phosphate
backbone (blue lines) in the operator region. The amino acids involved in DNA binding extend from residues 27 to 48. Contacts established with
the operator were confirmed by footprint assays, by analysis of TetR mutants, and by crystallographic studies (29, 30, 159, 266, 366). C)
Representation of each homodimer bound to the fet operator in a double-helix representation. (Adapted from Orth et al. [288] with permission
of the publisher.)
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His100

FIG. 4. Representation of the TetR cavity involved in the binding of tetracycline. Left) In the absence of tetracycline. Right) In the presence
of tetracycline. The green ball represents the Mg?* ion. Specific interactions are not drawn for the sake of clarity but are described in the text.
(Adapted from Orth et al. [287, 289] and Kisker et al. [183] with permission of the publishers.)

central base pair (Fig. 3A). The operator sequences overlap
with promoters for tet4 and fefR, thereby blocking the expres-
sion of both genes. When tetracycline complexed with Mg>*
binds to TetR (166, 384), a conformational change takes place
that renders the TetR protein unable to bind DNA. As a
consequence, TetR and TetA are expressed (286).

The TetR homodimer is constituted by two identical mono-
mers that fold into 10 o-helices with connecting turns and
loops (Fig. 2). The three-dimensional structure of the TetR
monomer is stabilized mainly by hydrophobic helix-to-helix
contacts. The global structure of the TetR homodimer can be
divided into two DNA-binding domains at the N-terminal end of
each monomer, and a regulatory core domain involved in dimer-
ization and ligand binding (150, 286-289). The DNA-binding
domains are constituted by helices al, o2, and o3 and their
symmetric helices o1’, o2', and o3’ (a prime denotes the second
monomer). Helices o4 and a4’ connect these domains with the
regulatory core domain composed of helices o5 to 10 and their
symmetric counterparts o5’ and 10" (150, 287, 289). The regu-
latory domain is responsible for dimerization and contains, for
each monomer, a binding pocket that accommodates tetracycline
in the presence of a divalent cation. Helices 5, o8, and «10 and
their counterparts o5, a8’, and 10’ constitute the scaffold of the
core domain, and their structure is the most conserved in both
TetR conformations (150, 287-289).

The tetracycline-binding pocket is identical in both mono-

mers. The cavity to which the [TcMg]™ complex binds is de-
picted in Fig. 4 (286, 287, 289). The entrance of this cavity is
controlled by «9" and the C-terminal end of «8" and the loop
that connects both, while the exit is closed by loop 4-5 (287-
289). When [TcMg] ™ enters the tunnel, its A ring makes con-
tacts with loop 4-5, and the interaction with the effector trig-
gers a cascade of conformational changes. The contacts that
His100 and Thr103, both in a6, establish with the magnesium
ion of the complex displace a6, which undergoes a conforma-
tional change in its C terminus to form a B-turn (Fig. 4). The
6-7 loop is also pushed near the inducer, so that Argl04 and
Pro105 interact with tetracycline. Translation of a6 forces a4
to move in the same direction due to van der Waals contacts.
His64 of a4, anchored to o5 and to tetracycline, acts as a pivot
point, and o4 moves like a pendulum. As a consequence of the
rotation of a4 and «4’, recognition helices o3 and o3’ move
further apart, and the DNA contacts are disrupted (Fig. 5)
(286, 287, 289). Tetracycline is impeded from freeing the bind-
ing cavity, and TetR cannot bind its target DNA again. It
should be noted that residues outside the binding cavity can
influence affinity for tetracycline, as revealed by Kamionka et
al. (168), who isolated a double mutant (G96E, 1.205S) with
reduced affinity for the antibiotic.

The on/off switch mechanism used by TetR to respond to
specific signals may be used similarly in other TetR family
members.
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B

FIG. 5. Docking of a TetR monomer without (grey) and with (red) tetracycline. Note the alterations induced in the a;-a4 region involved in
binding to the target operators. The increase in distance between a3 and a3’ with tetracycline results in the inability of TetR to maintain the specific
interactions shown in Fig. 3, and therefore the repressor is released. (Adapted from Orth et al. [288] with permission of the publisher.)

TetR DNA-binding d in: a syl tric TetR dimer binds
a palindromic operator. Cocrystallization of TetR with its op-
erator DNA established that the TetR homodimer binds per-
pendicularly to the longitudinal DNA axis (Fig. 3A). Two ad-
jacent DNA major groove regions covering a 6-base-pair area
on both strands are involved in the almost perfect docking with
the two TetR-interacting domains (Fig. 3A and 3B) (288). No
water molecules were found at the TetR-DNA interface,
where the crucial interactions are hydrophobic (288).

The interactions of each HTH domain with the operator
DNA are summarized in Fig. 3A and 3B. The TetR monomer
A binds the main strand from positions —4 to —7 while con-
tacting the complementary strand from operator positions +4
to +2, and the symmetric monomer A’ binds the main strand
from positions +2 to +4 and the complementary strand from
positions —4 to —7 (Fig. 3A and 3B).

Crystallographic analysis revealed that helix o3 (from GIn38
to His44) is the main element responsible for sequence-specific
recognition, since all residues in this helix contribute to it,
except for Leu41, which is part of the hydrophobic core stabi-
lizing the «l, o2, and o3 helix bundle. Thr40 residue in mono-
mer A establishes direct contacts with operator base pairs

66

T(—7) and C(—6) in the main DNA strand (Fig. 3A and 3B).
Trp43 interacts with T(—7) as well. Pro39 interacts with both
strands at bases T(—5) and A(—4) of the main strand and
T(+4) of the complementary strand. In the rest of the operator
half site, the o3 helix of monomer A interacts with the com-
plementary strand, Tyr42 contacting with T(+4) and GIn38
with A(+3). Helix o2 supplies an additional specific contact
with the complementary strand, namely, Arg28 contacts G(+2).

Although the TetR DNA binding domain maintains its
structure thanks to a hydrophobic core formed by residues
from the ol, o2, and o3 bundle (288), interactions with DNA
lead to changes in the TetR DNA binding domain. One such
change is that o3 forms a 3,,-helical turn at the N-terminal
end as a result of complex DNA contacts. The H-bonds be-
tween Arg28-G(+2), and GIn38-A(+3) increase the separa-
tion between base pairs 1 and 2 from 3.4 A to 3.9 A (288). The
two phosphate groups accompanying the G at position +2
establish H-bonds with side chains of Thr26, Thr27, Tyr42, and
Lys48, and with the amino groups of the main chain of Thr27
and Lys48 (Fig. 3B). These contacts draw DNA closer to TetR
near G(+2). Although the DNA is kinked away from TetR at
position +2 in both operator strands, bending toward TetR in
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the area corresponding to positions +3 to +6 compensates for
the DNA deviation. Crystallographic studies revealed that Lys48
located in o4, outside the HTH motif, also established contacts
with the target DNA region (Fig. 3B). This lysine is relatively
well conserved among TetR family members, and we are tempt-
ed to suggest that this residue plays an equivalent role in other
proteins of the TetR family.

QacR Regulator

Twoe QacR dimers bind the operator to repress the gacA
multidrug transporter gene. QacA confers resistance to mono-
valent and bivalent cationic lipophilic antiseptics and disinfec-
tants such as gquaternary ammonium compounds (hence the
name Qac) (10, 11, 44, 239). The gac locus consists of the gacA
gene and the divergently transcribed gacR gene, which are
borne on a plasmid (119). In the absence of drug, the 188-
residue QacR protein represses transcription of the gac4 mul-
tidrug transporter gene by binding two nested palindromes
located downstream from the gacA4 promoter and overlapping
its transcription start site (119, 300). Therefore, QacR seems to
repress transcription by hindering the transition of the RNA
polymerase-promoter complex into a productively transcribing
state rather than by blocking RNA polymerase binding.

The three-dimensional structure of QacR (PDB identifiers
UTX, TG, UTY, 1JUM, 1JUP, 1JUS, and 1JTO) revealed
that it is an all-helical protein which contains a DNA-binding
HTH motif embedded within an N-terminal three-helix bundle
and a second domain involved in drug binding and dimeriza-
tion (350, 351). It should be noted that unlike TetR, two QacR
dimers, rather than one, bind the operator site (339, 340)
(Fig. 6).

The monomers of each dimer have been called proximal and
distal to refer to their positions with respect to the center of
symmetry of the palindromic operator (Fig. 6A and 6B). It was
shown that the operator to which one dimer is bound is sym-
metric and partially overlaps that bound by the other dimer
(351) (Fig. 6 and 7). The existence within the same fragment of
DNA sequence of two overlapping partial palindromes with
identical symmetric bases is therefore surprising (Fig. 6). In
this sense the palindromic sequences recognized by QacR are
equivalent to those described for the TetR interface except for
the spacer sequence length, 3 bp for TetR versus 4 bp for
QacR, supporting the hypothesis that interactions of other
members of the family with their target sequences may be
similar, independent of the number of dimers involved.

The o3 helix of QacR A distal and B distal monomers
establish the most extensive specific interactions with the op-
erator (351). The Tyr41 residue of the A distal monomer (Fig.
6B) establishes hydrophobic contacts with base T(—10) of the
DNA main strand as well as with the phosphate at position
—11 in the main strand, while Tyr40 contacts T(+7) (Fig. 6B).
In addition, tight docking with DNA is facilitated by specific
hydrogen bonds between Lys36 and base G(+6) in the com-
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plementary strand, and between Gly37 and base G(—8) in the
main strand. Gly37 is important in repression because nucle-
otide G(—8) is the transcription start site for the gacA4 gene.
Monomers A and B proximal also establish a series of critical
interactions. For instance, Tyr4l of B proximal contacts the
C(—6) base in the main strand, whereas Tyr40 contacts base
T(+3) and phosphate (+2) in the complementary strand (351).
Gly37 in the A proximal monomer contacts G(—4) in the
complementary strand, whereas Lys36 contacts G(+1) in the
main strand. A number of residues in o2, loop o2-a3, o3 and
the positive dipole of the o1 (N terminus) also interact with the
phosphate backbone of both DNA strands (351).

Figure 6C shows how each dimer engages the DNA major
groove in a face almost opposite to the other dimer, forming an
angle between the two dimer axes of less than 180° (Fig. 7).
Studies of QacR binding to DNA have indicated that the two
dimers bind DNA cooperatively (120, 121, 351). Analysis of the
three-dimensional structure suggested that such cooperativity
does not arise from protein-protein interactions, as the closest
approach of the dimers is 5.0 A. Rather, binding cooperativity
appears to be mediated through conversion of the DNA struc-
ture from a B-DNA conformation to the high-affinity under-
twisted configuration observed in the crystal structure. Con-
version of the DNA conformation is necessary because the
optimal distance between each of the HTH motifs of the QacR
dimer is 37 A. This requires expansion of the 34-A distance
between successive major groove regions on one edge of the
canonical B-DNA. It has been suggested that binding of the
first QacR dimer forces this energetically unfavorable confor-
mational change, which in turn produces an optimal DNA
conformation for the easy binding of the second dimer (351).
Experimental data reported by Grkovic et al. (121, 122) sug-
gested that the two dimers must bind simultaneously and co-
operatively to the operator in order to maintain the DNA
deformation detected in the crystal.

Schumacher and Brennan (349) noticed that TetR and
QacR achieve the same degree of specificity in DNA binding
through different mechanisms. They noted that TetR, recruits
Arg28, located outside its recognition helix, to make a base
pair-specific contact (288), whereas QacR does not employ
residues outside o3 to ensure DNA binding specificity. They
also noted that TetR kinks its binding site and induces a 17°
bend towards the protein to optimize the position of its HTH
motifs for specific base interactions within each DNA half site;
whereas QacR widens the major groove of the entire IR1
binding site smoothly and bends its DNA site by only 3°. These
distinctions are reflected in the different HTH center-to-center
distances observed in QacR (37 A) Thus, an important lesson
derived from comparisons of the QacR-DNA and TetR-DNA
structures is that even structurally homologous proteins of the
same family that share a similar function, i.e., repression, can
utilize slightly different mechanisms of action.

FIG. 6. Binding of QacR to its operator site. A) Interaction of QacR with the gac operator. B) Contacts established by residues at a-helix 3
of QacR homodimers A and B with specific nucleotides (arrows) and phosphate backbone (blue lines) in the synthetic operator used for
QacR-DNA cocrystal (349, 350). C) Representation of the two QacR homodimers bound to the gac operator in a double-helix representation.

(Adapted from Schumacher et al. [351] with permission of the publisher.)
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FIG. 7. Ribbon representation of the two QacR homodimers bound to target DNA in a double-helix representation (A) and details of the
contacts established by a-helix 3 of monomers of different homodimers when recognizing overlapping sites (B). (Adapted from Schumacher et al.

[351] with permission of the publisher.)

QacR as a model for multidrug recognition. QacR is re-
leased from the gacA operator by its interaction with a number
of cationic lipophilic drugs such as rhodamine 6G, crystal vio-
let, and ethidium (119). More recently, Grkovic et al. (122)
showed that effector recognition of QacR can be extended to
several bivalent cationic dyes and plant alkaloids. In spite of
the existence of two binding pockets, only one drug molecule is
bound by each homodimer, as determined by equilibrium
dialysis studies and isothermal titration calorimetry for the
QacR-R6G complex (350). The QacR crystal bound to differ-
ent drugs revealed another remarkable finding: the presence of
an expansive and multifaceted drug-binding pocket with a
volume of 1,100 A3, so that different drugs partially overlap
different subpockets (349, 351). A similar cavity able to bind
multiple drugs was reported by Yu et al. (445, 446) for the
AcrB multidrug transporter.

Crystallographic studies by Schumacher et al. (350) and

Murray et al. (261) have demonstrated that multidrug recog-
nition mediated by the QacR dimer is a rather simple process
that, contrary to expectations, does not require sophisticated
molecular mechanisms. Indeed, the drug binding domain of
QacR consists of six a-helices (PDB identifiers: 1JTX, 1JT6,
1JTY, 1JUP, 1JUS, 1JTO, 1RKW, and 1RPW). Entry to the
mostly buried drug-binding pocket is through a small opening
formed by the divergence of helices o6, o7, o8, and a8'. The
stoichiometry of one drug molecule for two QacR subunits led
to this asymmetric induction process, in which the drug-bound
monomer undergoes a major structural change. Comparison of
the drug-bound structure with the DNA-bound structure re-
veals that drug binding triggers a coil-to-helix transition of
residues 89 to 93, which extends helix o5 by a turn. This
transition removes the drug surrogates Tyr92 and Tyr93 from
the hydrophobic core of the protein. Expulsion of these tyro-
sines also leads to the relocation of nearby helix o6 and its
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tethered DNA-binding domain. The result of this structural
transition is a 9-A translation and a 37° rotation of the DNA-
binding domain, effectively rendering the QacR dimer unable
to bind its target DNA.

Three-Dimensional Structure of CprB

The gram-positive bacterial genus Streptomyces uses y-buty-
rolactones as autoregulators or microbial hormones, together
with their specific receptors (y-butyrolactone receptors), to
control morphological differentiation, antibiotic production, or
both (150, 151). The most representative of the y-butyrolac-
tone autoregulatory factors is 2-isocapryloyl-3R-hydroxymeth-
yl-y-butyrolactone, known as A-factor, which is essential for
aerial mycelium formation, streptomycin production, strepto-
mycin resistance, and yellow pigment production (133, 134,
155) in Streptomyces griseus. However, the A-factor receptor
protein, known as ArpA, has proved to be difficult to purify. In
contrast, the CprB protein from Streptomyces coelicolor A3(2),
which is 30% identical to ArpA (284), has been purified and
crystallized (264), although the ligand for CprB is still unknown.
Nonetheless, CprB binds the same nucleotide sequence as
does ArpA (375) and indeed CprB also serves as a negative
regulator for both secondary metabolism and morphogenesis
in S. coelicolor, as ArpA does in S. griseus (264, 284).

The CprB dimer is omega shaped, and the two subunits in
the dimer are related by a pseudo-twofold axis. Each monomer
of CprB is composed of 10 o-helices and has two domains: a
DNA-binding domain (residues 1 to 52) and a regulatory do-
main (residues 77 to 215). The three-dimensional structure of
CprB is essentially similar to that of QacR bound to DNA ex-
cept for the lack of «10 (350, 351). In addition, the DNA-
binding domains of the two proteins are very similar, so much
so that the two DNA-binding domains can be superimposed
with an rms deviation of 1.48 A for 71 Ca atoms (264). Al-
though no information on CprB-operator DNA is available,
the high degree of sequence conservation allowed the authors
to predict that the core of the DNA-binding domain is com-
posed of Ilel4, IlelS, Alal8, Phe22, Leu32, Ile35, Leu46, and
Phe50.

It has been suggested that a CprB dimer binds to its target
DNA as found in the TetR-DNA complex (150, 287, 288). This
is because structure-based amino acid sequence alignment
shows that at the amino acid sequence level the DNA-binding
domains of CprB and TetR are highly identical. This suggests
that there is an evolutionary relationship between the DNA-
binding domains of the two proteins. The regulatory domain of
CprB is composed of six a-helices (helices o5 to «10) (264),
which can also be superimposed on the corresponding domain
of TetR (286, 287, 289) (PDB code 1JT0).

EthR Structure

Ethionamide has been used for more than 30 years as a
second-line chemotherapeutic treatment in tuberculosis pa-
tients who have developed resistance to first-line drugs such as
isoniazid and rifampin. Activation of the prodrug ethionamide
is regulated by the Baeyer—Villiger monooxygenase EthA and
the TetR family repressor EthR, whose open reading frames
are separated by 75 bp in the genome of Mycobacterium tuber-
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culosis. EthR has been shown to repress transcription of the
activator ethA gene by binding to the intergenic region and
contributing to ethionamide resistance.

The expression of ethA is regulated by EthR in M. tubercu-
losis. Overexpression of ethR leads to ethionamide resistance,
whereas chromosomal inactivation of ethR promotes ethio-
namide hypersensitivity (28). EthR was found to bind directly
and specifically to DNA sequences corresponding to the ethRA
intergenic region (28, 90). The large EthR operator, which
comprises 55 bp in comparison with the 15-bp operators rec-
ognized by most other family members, is organized as a pu-
tative highly degenerated palindrome containing pairs of over-
lapping inverted and tandem repeat sequences (90). In the
absence of DNA, EthR forms a homodimer in solution, and
surface plasmon resonance measurements suggest that EthR
octamerizes when bound to DNA (90).

The EthR monomer is an all-helical, two-domain molecule
(79). The N-terminal domain comprises helices 1 to 3, with
helices 2 and 3 forming the HTH DNA-binding motif seen in
other TetR family protein structures. The larger C-terminal
domain, which in QacR and TetR has been dubbed the drug-
binding domain, consists of helices 4 to 9, and its function in
EthR is unknown. The crystal structure revealed that the
dimerization interface, a conserved structural feature among
the TetR class of repressors, is primarily formed by helices 8
and 9 (288, 351).

One of the most striking features of the EthR structure is a
narrow tunnel-like cavity formed by helices 4, 5, 7, and 8 that
opens to the bottom of the molecule (79). The tunnel measures
about 20 A in length and is lined predominantly, albeit not
exclusively, by aromatic residues, with helices 5 and 7 consti-
tuting the majority of side chains. The loop connecting helices
4 and 5 restricts the opening of the hydrophobic tunnel, and
the electron density in this loop is only poorly defined, indi-
cating a certain degree of structural flexibility in the loop. This
cavity may serve as the binding site for an as yet unknown
ligand.

Crystal structure of TetR family members with unknown
functions. New genomic/proteomic approaches are leading to
the crystallization of a number of proteins, many of which have
no assigned function. The following proteins of the TetR fam-
ily have been crystallized: Cgl2612 of Corynebacterium glutami-
cum (pdb 1V7B); YbiH of Salmonella enterica serovar Typhi-
murium (pdb 1T33); YcdC of Escherichia coli (pdb 1PB6); and
YfiR and YsiA from Bacillus subtilis (pdb 1RKT and 1VIO,
respectively).

DNA-BINDING PREDICTIONS BASED ON TetR
AND QacR CRYSTAL STRUCTURES

There is a perfect overlap of the DNA binding domains of
QacR, TetR, CprB, and EthR, and no gaps were found in the
o-helices involved in contacts with DNA in the multialighment
of the 2,353 members of the TetR family in this domain. Based
on these findings, we hypothesized that residues at the same
position in the multialignment of all family members may play
equivalent roles. This prompted us to analyze each amino acid
in the multialignment within the DNA binding domain.
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TABLE 4. Amino acid frequency at each of the positions critical for operator recognition by TetR family members®

Frequency at position:

22 33 34 35 37 38 39 43

AA % AA % AA % AA % AA % AA % AA % AA %
\% 21.95 K 29.26 G 37.79 T 34.30 Y 74.16 R 2275 H 44.50 K 77.25
L 20.60 R 20.07 A 18.93 S 20.87 F 8.05 Y 16.44 Y 33.83 R 10.07
M 18.66 P 10.27 P 12.55 A 19.6 H 4.63 H 13.29 R 4.90 L 2.82
I 17.65 Q 6.04 S 8.39 L 5.84 L 3.09 N 839 F 3.56 I 1.88
T 1322 A\ 5.30 R 6.71 N 5.30 T 2.48 K 6.11 A 215 M 1.88
F 215 A 4.56 T 5.10 G 4.30 S 1.95 w 5.84 N 1.95 \ 1.81
H 1.74 T 4.30 Q 3.56 v 2.28 N 1.88 A 5.64 Q 1.88 T 0.94
A 1.61 L 4.23 M 2.35 M 2.08 R 121 L 356 E 1.48 G 0.94
Y 1.28 E 3.36 N 1.07 Q 1.34 Q 0.6 S 356 L 1.34 Q 0.74
S 0.54 I 2.89 K 1.01 Y 1.28 A 0.47 F 2.89 W 1.21 A 0.47
P 0.40 H 2.89 v 0.81 I 1.14 I 0.47 Q 2.55 S 0.94 H 0.34
N 0.13 S 2.01 D 0.47 P 0.54 G 0.27 T 2.35 T 0.74 F 0.27
E 0.07 N 1.61 L 0.47 R 0.40 M 0.27 E 1.68 \ 0.54 P 0.20

G 1.07 E 0.40 E 0.20 v 0.2 v 1.61 C 0.40 S 0.13

D 1.01 F 0.27 H 0.20 K 0.13 G 1.41 K 0.27 Y 0.07

Y 0.67 I 0.07 K 0.13 C 0.07 D 1.07 I 0.13 E 0.07

M 0.27 H 0.07 D 0.13 P 0.07 I 0.54 D 0.07 N 0.07

C 0.13 C 0.07 C 0.20 G 0.07

F 0.07 M 0.07

P 0.07

% The amino acid (AA) frequency is expressed as a percentage and refers to the 2,353 TetR family members.

Relationship between Profile Positions and
Structural Positioning

Analysis comparison of the cocrystal of QacR and TetR with
their corresponding operators revealed that residues corre-
sponding to positions 22, 33, 34, 35, 37, 38, 39, and 43 in the
family multialignment are involved in interactions with target
operator DNA (Fig. 1). We analyzed the occurrence of each
amino acid at these positions in the multialignment of all
members of the TetR family (Table 4).

We found two types of position, one in which the residue was
highly conserved and another in which the residue was poorly
conserved, if at all. Positions 37, 39, and 43 were well con-
served, whereas at positions 22, 33, 34, 35, and 38 the profile
aligned different residues.

Tyr42 in TetR and Tyr40 in QacR corresponded to position
37 in the profile sequence displayed in Fig. 1, where a Tyr
residue appeared in 74.16% of the aligned proteins (Table 4).
The next most highly represented residues in this position are
also aromatic amino acids: phenylalanine (8%) and histidine
(4%) (Table 4). Tyr-42 in TetR and Tyr40 in QacR appear at
the center of o-helix 3 and contact a thymine located at the
center of the palindrome forming the operator and also con-
tact a phosphate one position towards the center of the palin-
drome (Fig. 3B and 6B).

The residue at position 39 of the profile in the multialign-
ment corresponds to His44 in TetR and His42 in QacR. In the
corresponding cocrystals, these residues established contacts
with the phosphate backbone (Fig. 3B and Fig. 6B). In the
multiple sequence alignment of all family members, either
histidine or tyrosine appears at position 39. We are tempted to
propose that this residue is critical for interactions with the
phosphate backbone.

A lysine-DNA phosphate interaction is shared at residues
Lys48 in TetR and Lys46 in QacR, which correspond to posi-

tion 43 in the multialignment and are located in the amino end
of the a4 helix. A lysine residue is present in 77% of TetR
proteins, and their interactions with DNA phosphates seem to
be crucial to adjust the HTH domain to contact DNA (Fig. 3B
and 6B). At position 22 of the profile (Thr27 in TetR and
Thr25 in QacR), five residues are the most abundant (Val,
Leu, Met, Ile, and Thr). Thr27 in TetR and Thr25 in QacR are
involved in interactions with the phosphate backbone.

Thus, in the TetR family, the contacts established by the
residue aligned at position 37 in o3 (tyrosine present in 74% of
the cases) and 39 in o3 (His or Tyr present in 98% of the cases)
and a residue at position 43 in o4 (Lys present in 77% of the
cases) probably orient the HTH motif to interact with the
DNA major groove and anchor the protein to the phosphate
backbone.

Glycine at position 16, located at the end of al, in the
multialignment is highly conserved and is involved in changing
the polypeptide direction in the TetR and QacR crystals to
orient the HTH DNA binding domain properly.

Positions 33, 34, 35, and 38 of the profile align many differ-
ent residues (Table 4). In TetR and QacR, the corresponding
residues establish specific contacts with different DNA bases
except Asn38 of QacR (position 35 in the multialignment),
which contacts the phosphate backbone. Based on the high
variability of these positions in the corresponding multiple
alignment of the family, we are tempted to propose that
these positions endow specificity to each protein so that it
can recognize its operator through specific protein-DNA
interactions.

SOME REGUIATORS ARE PART OF COMPLEX
REGUILATORY CIRCUITS

Published data indicate that the specific function of 85
members of TetR family is known (Table 2). More infor-
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mation about each TetR protein is available at http://www
.bactregulators.org (235). We have clustered the functions reg-
ulated by TetR family members into 10 groups (Table 2). The
most frequent function performed by TetR family proteins is
the regulation of efflux pumps and transporters involved in
antibiotic resistance and tolerance to toxic chemicals. We have
also observed that TetR family members often regulate their
own synthesis, this feedback control ensures the transcriptional
repressor level within optimal concentration limits (31, 73, 231,
338, 392). In this simple regulatory scheme, synthesis of the
repressor and of the regulated protein(s) is derepressed in the
presence of an inducer molecule.

However, TetR family proteins also participate in other
types of regulatory networks that underlie complex processes,
such as homeostasis in metabolism (biosynthesis of amino ac-
ids, nucleotides, protoheme, and reserve material), synthesis of
osmoprotectants, quorum sensing, drug resistance, virulence,
and processes related to growth phase-dependent differen-
tiation (sporulation and biosynthesis of antibiotics) (Table
2) (www.bactregulators.org) (235).

Figure 8 shows a series of schemes in which a TetR family
member plays a role in complex circuits. Below, for the sake of
brevity, we have analyzed only some representative sets of
regulatory networks, including proteins involved in drug resis-
tance (AcrR of E. coli and MtrR of Neisseria gonorrhoeae),
biosynthesis of an osmoprotectant (Betl), a key protein in-
volved in idiophase antibiotic production and differentiation in
Streptomyces (ArpR), a protein involved in pathogenesis in
Vibrio (HapR), and some proteins involved in quorum sensing.

AcrR Regulator Is the Local Specific Regulator
of the acrAB Efflux Pump

Multiple antibiotic resistance in Escherichia coli has at-
tracted recent attention, promoting the elucidation of a num-
ber of mechanisms that contribute to this phenomenon. One of
these is the transport of diverse substrates out of the cell by the
AcrAB-TolC efflux transporter, leading to a multiple antibi-
otic resistance (Mar) phenotype (267). The set of antibiotics
to which AcrAB can confer resistance includes ampicillin,
chloramphenicol, erythromycin, fluoroquinolones, (-lactams,
novobiocin, tetracycline, tigecycline, and rifampin (151, 187,
223, 267, 268, 276).

AcrB is a large cytoplasmic membrane protein (224, 226,
445, 446) which associates with AcrA, a membrane fusion
protein (281), and TolC, a protein that forms a channel for the
extrusion of substrates into the medium (102, 193). The acrA
and acrB genes form an operon (224) whose transcription is
regulated by the acrR gene product. The acrR gene is diver-
gently transcribed from the acrAB operon. Overexpression of
AcrR represses the transcription of acrAB. This observation is
consistent with the function of AcrR as a repressor for acrAB
transcription. Evidence for this function has come also from
gel shift mobility assays, which provided direct evidence for the
binding of AcrR to the promoter region of acrAB. DNA se-
quencing (92) of certain isolates that overexpressed acrB
mRNA revealed that the mutant strains had insertions that
disrupted the acrR gene or point mutations that rendered a
nonfunctional regulator, i.e., an amino acid substitution of
cysteine for arginine at position 45 of AcrR. This biochemical
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and genetic evidence provides support for the regulatory role
of AcrR.

MarA, SoxS, and Rob are related transcriptional activators
of the AraC/XylS family (7, 112, 367) that activate acr4B
expression, although they are not involved in the regulation of
acrAB in response to general stress conditions (13, 14, 21, 35,
110, 224) because the acrAB operon can be activated in re-
sponse to these stresses in genetic backgrounds lacking mar
and sox (223-225). It was also found that general stress con-
ditions increased the transcription of acr4B in the absence of
functional AcrR, and these conditions, surprisingly, increased
the transcription of acrR to a greater extent than that of acr4B.
These results suggest the existence of a mar-sox-independent
pathway to control acr4B expression in response to the general
stress conditions. This transcriptional control of acr4B is also
AcrR independent. Therefore, a major role of AcrR is to
function as a specific secondary modulator to fine-tune the
level of acrAB transcription and prevent unwanted overexpres-
sion of the efflux pump. This represents a novel mechanism for
regulating gene expression in E. coli.

Mtr Circuit of Neisseria

The MtrCDE efflux pump of Neisseria gonorrhoeae provides
gonococci with a mechanism to resist structurally diverse an-
timicrobial hydrophobic agents and antibiotic peptides that
adopt B-sheet (protegenin 1) or two-helix (PC-8 and LC37)
structures (130, 228, 238, 353). Mutations that render no ex-
pression or inactivation of m#R, encoding a transcriptional
repressor, resulted in high expression of the mtrCDE operon,
concomitantly increasing resistance to hydrophobic agents (69,
130, 220, 221, 297, 353, 447). It was also found that strains of
N. gonorrhoeae that display hypersusceptibility to hydrophobic
agents often contained mutations in the myCDE efflux pump
genes (406).

The mtrR gene is divergently transcribed with respect to the
mtrCDE operon (Fig. 8F). The promoters of m#R and mtrC
overlap in their —35 boxes, and footprinting analysis showed
that MtrR binds a 40-bp region within the —10 to —35 region
of the mtrR promoter, which contains an inverted repeat (221).
MirR bound to its target site prevented expression from the
efflux pump operon and its regulator (Fig. 8F). The expression
of mitr genes is enhanced by the AraC/XylS member MtrA,
although the mechanism of activation of this protein is un-
known.

On the other hand, Veal and Shafer (407) have recently
identified a gene that was designated mF, located down-
stream of the m#R gene, that is predicted to encode a 56.1-kDa
cytoplasmic membrane protein containing 12 transmembrane
domains. Expression of m#rF was enhanced in a strain deficient
in MtrR production, indicating that this gene, together with
the closely linked m&rCDE operon, is subject to MtrR-depen-
dent transcriptional control. Genetic evidence suggests that
MirF is also important in the expression of high-level deter-
gent resistance by gonococci, and it was proposed that MtrF
acts in conjunction with the MtrC-MtrD-MtrE efflux pump to
confer high-level resistance to certain hydrophobic agents in
gonococci. MtrR also controls the farAB operon, which en-
codes an efflux pump involved in resistance to long-chain fatty
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type of control is shown because it is frequently found in members of the family. The following color code was used for complex networks: dark
blue, TetR family member; orange, the gene directly regulated by the TetR family member; light blue, a regulator that modulates the expression
of a TetR family member or which assists in the regulation of the gene under the control of a TetR family member; yellow boxes, signals and
conditions influencing the system; open boxes, final results of the action of the system when the result is a scorable phenotype. References
recommended for each circuit: panel A (29, 38, 286, 288, 388, 417, 418); panel B (4, 7, 13, 31, 35, 110, 176, 191, 230, 245, 270, 436); panel C (8,
91, 201-204, 222, 290, 331); panel D (119, 120, 122, 249, 261, 332, 350-351); panel E (5, 6, 66, 67, 116, 163); panel F (228, 238, 397, 333, 353, 408);
panel G (87-89, 125, 140, 214, 215, 295, 360, 403); panel H (48, 161); panel I (78); panel J (56, 184, 185, 208, 413); panel K (133, 134, 158, 413);
panel L (127); panel M (61, 266); panel N (240, 241, 345); panel O (248); panel P (59, 63, 242, 243, 355); panel Q (23, 24, 51, 107, 232, 255); panel
R (97, 107, 117, 252, 341, 363); and panel S (107, 117, 181, 196, 217, 247).

acids (Fig. 8F). The efflux pump FarAB uses MtrE as the outer
membrane component (208).

Betl Controls the Choline-Glycine Betaine
Pathway of E. coli

In Escherichia coli, glycine betaine serves as an osmoprotec-
tor in hyperosmotically stressed cells. This osmoprotector ac-
cumulates in large amounts in the cytoplasm, which allows cells
to maintain appropriate osmotic strength and thus prevents
dehydration. Glycine betaine is only one of several cellular
osmolytes used by E. coli, but its accumulation allows this
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microbe to achieve its highest level of osmotic tolerance (199,
373). To accumulate glycine betaine, E. coli needs an external
supply of this compound or its precursors choline and betaine
aldehyde.

The osmoregulatory choline-glycine betaine pathway is en-
coded by the bet genes. The betd gene encodes choline dehy-
drogenase; betB encodes betaine aldehyde dehydrogenase;
betT encodes a transport system for choline; and bet/ encodes
a 21.8-kDa repressor protein involved in choline regulation of
the bet genes (Fig. 8C). The bet genes are linked, with betT
being transcribed divergently from the bet/BA operon (203,
374). Primer extension analysis identified two partially over-
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lapping promoters which were responsible for the divergent
expression of the betT gene and betIBA operon. The transcripts
are initiated 61 bp apart and are induced by osmotic stress, but
for full expression choline is required in the growth medium
(91, 202, 204). Because the ArcA protein represses the expres-
sion of bet genes in E. coli under anaerobiosis, the bet genes are
expressed only under aerobic conditions. An arc4 mutation
caused complete derepression of the bet genes. A similar pat-
tern for derepression by ArcA has been reported previously for
other genes (sodA4 and arc4) which are directly regulated by
ArcA (65).

Results from different laboratories suggest that choline reg-
ulation but not osmotic regulation of the bet promoters de-
pended on Betl, a TetR family member. This was indicated by
the requirement for choline, in addition to osmotic stress, for
betT to be expressed in a mutant strain in which bet/ was
supplied in trans. Furthermore, this choline effect was not seen
in cells lacking betl. These findings indicate that bet/ encodes a
repressor that reduced the expression of betT (331).

A chimeric Betl glutathione S-transferase fusion protein
(BetI*) was purified, and gel mobility shift assays showed that
BetI* formed a complex with a 41-bp DNA fragment carrying
the intergenic bet/ promoter region. Footprinting revealed the
presence of two sequences of dyad symmetry which probably
constitute the Betl operator.

The Sinorhizobium meliloti bet genes have been cloned, and
their involvement in response to osmotic stress has been ana-
lyzed (304, 305, 368).

ArpA Regulator from Streptomyces

Streptomycetes are filamentous, soil-living, gram-positive
bacteria characterized for their ability to produce a wide vari-
ety of secondary metabolites, including antibiotics and biolog-
ically active substances, and for their complex morphological
differentiation culminating in the formation of chains of spores
(55). Secondary metabolite synthesis is sometimes called
“physiological” differentiation because it occurs during the id-
iophase after the main period of rapid vegetative growth and
assimilative metabolism (139, 153, 291).

The ultimate regulator of the mentioned processes in Strep-
tomyces griseus is a homodimeric protein called A-factor re-
ceptor protein (ArpA) (155-158), which regulates the switch
for physiological and morphological differentiation. The main
biologically significant target of ArpA is the adpA4 gene. The
AdpA protein in turn controls the expression of other genes.
These genes include s#7R, which serves as a pathway-specific
transcriptional activator for streptomycin biosynthetic genes
(278); an open reading frame encoding a probable pathway-
specific regulator for a polyketide compound (441); adsA,
which encodes an extracytoplasmic function sigma factor of
RNA polymerase essential for aerial mycelium formation
(438); sgmA, which encodes a metalloendopeptidase proba-
bly involved in apoptosis of substrate hyphae during aerial my-
celium development (174); ssgA, which encodes a small acidic
protein essential for spore septum formation (437); amfR, es-
sential for aerial hyphae formation (398, 440); and the sprT and
sprU genes, which encode trypsin-like proteases (173).

In vitro, ArpA binds its target DNA site at the —10/—35
region, which is a 22-bp palindrome (5'-GG(T/C)CGGT(A/T)
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(T/C)G(T/G)-3"). Addition of y-butyrolactone effector to the
ArpA-DNA complex immediately releases ArpA from the
DNA. A mutant strain deficient in ArpA or producing a mu-
tant ArpA protein unable to bind to its target DNA overpro-
duces streptomycin and forms aerial mycelia and spores earlier
than the wild-type strain (282, 283). An amino acid replace-
ment at Val-41 to Ala in ArpA in the HTH motif at the
N-terminal portion of ArpA abolished DNA binding activity
but not y-butyrolactone binding activity, suggesting the in-
volvement of this HTH in DNA binding. On the other hand,
mutation of Trp-119 (Trp 119—Ala) generated a mutant un-
able to bind the y-butyrolactone, resulting in a mutant protein
that did not sense the presence of A-factor. These data suggest
that ArpA consists of an HTH DNA-binding at the N-terminal
end and an effector binding domain at the C-terminal end of
the protein.

In the streptomycin biosynthetic gene cluster in S. griseus,
StrR is the pathway-specific regulator that serves as a tran-
scriptional activator for the other genes in the cluster (320).
Expression of the s&zR gene was controlled by the AdpA pro-
tein, which binds the region upstream of the stzR promoter and
activates its transcription (311, 312). adpA knockout mutants
produced no streptomycin, and overexpression of adpA4 caused
the wild-type S. griseus strain to produce streptomycin at an
earlier growth stage in a larger amount. This set of events
explains how A-factor triggers streptomycin biosynthesis.

Disruption of the chromosomal adsA4 gene encoding o
resulted in loss of aerial hypha formation but not streptomycin
production, indicating that this sigma factor is involved in
morphological development (401, 438).

Several receptor proteins for +y-butyrolactone-type auto-
regulators have been described in other species of Streptomy-
ces. For example, CprA and CprB are involved in secondary
metabolism and aerial mycelium formation in S. coelicolor
A3(2) (284). The virginiae butanolyde receptor BarA is in-
volved in virginiamycin biosynthesis in Streptomyces virginiae
(280), and the IM-2 receptor, FarA is involved in blue pigment
production in another Streptomyces strain (413).

FarA in Streptomyces lavendulae senses the concentration of
y-butyrolactone IM-2 and also transduces this signal, thus de-
repressing antibiotic and blue pigment biosynthesis. In addi-
tion, FarA also seems to be necessary for IM-2 biosynthesis
(Fig. 87).

The role of ScbR protein in the quorum-sensing circuit of
Streptomyces coelicolor is similar to that of FarA in S. lavendu-
lae. ScbR is also involved in three functions: positively regu-
lating SCB1 synthesis (the y-butyrolactone that acts as signal),
receiving the signal, and transducing this signal, thereby dere-
pressing the production of the antibiotics actinorhodin and
U-prodigiosin (Fig. 8M).

AdsA

HapR Regulates Virulence Genes in Vibrio cholerae

The development of cholera in humans is directly related to
the production of two virulence factors: toxin-coregulated pilus
(TCP), which mediates colonization, and cholera toxin (CT),
responsible for the severe diarrhea, characteristic of this dis-
ease. The coordinated expression of TCP and CT occurs
though a complex regulatory cascade (Fig. 8S) in which the
regulators AphA and AphB synergistically activate tcpPH tran-
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scription (194). The TetR family protein HapR negatively reg-
ulates the expression of AphA and indirectly diminishes the
production of TCP and CT.

HapR, in turn, is regulated by quorum-sensing signals that
are sensed and transmitted by LuxO. The quorum-sensing ap-
paratus in Vibrio cholerae is unusually complex and is com-
posed of three parallel signaling systems (247). In contrast to
other bacteria, in which high cell density triggers virulence
gene expression, in Vibrio cholerae low cell density is the con-
dition that activates the production of the pathogenic factors
CT and TCP (455). At high cell density HapR positively reg-
ulates the expression of a hemagglutinin protease (Hap) that
promotes detachment of Vibrio cholerae from the gastrointes-
tinal epithelium (365) and exerts a negative effect on biofilm
formation. Taking into account the regulatory functions of
HapR and considering that some pathogenic biotypes lose
HapR expression whereas others lose the aphA binding site,
it appears that HapR expression is related to diminished tox-
icity and colonization capacity. These features offer potentially
fruitful avenues of research to design drugs to modulate Vibrio
cholerae pathogenicity.

Other Quorum-Sensing Circuits

Within the genus Vibrio, some TetR family proteins, ie.,
LuxT, LuxR, and LitR, are involved in complex quorum-sens-
ing circuits. In Vibrio harveyi, LuxT and LuxR participate in the
circuit that regulates luminescence. This strain senses two au-
toinducers, Al-1 and AI-2 (58, 216). AI-1 is an acyl-homo-
serine lactone, as in other gram-negative bacteria. However,
Al-2 is a novel autoinducer produced by many species that
appears to be related to interspecies cell density detection.
These two autoinducers use the same phosphorelay system to
transduce the signal for bioluminescence regulation. Expres-
sion of /uxR is in turn regulated by LitR (Fig. 8R).

BIOTECHNOLOGICAL APPLICATIONS
AND FUTURE PROSPECTS

The Tet system is at present the most widely used system for
conditional gene expression in eukaryotic cells (37). The sys-
tem is based in the high affinity (107° M) of TetR for its
operator, fetO, the favorable pharmacokinetics of tetracyclines
(they diffuse through biological membranes), and their long
record of safe clinical use. Cloning of the fetO elements adja-
cent to the TATA box of the target gene (114) was used
successfully to control genes expressed by RNA polymerase I
in Leishmania donovani and by RNA polymerase III in yeast
and plant cells (76, 400). However, this system is not efficient in
mammalian cells. For this reason, and based on the knowledge
acquired about how TetR binds to its target operator, several
chimeric versions of TetR fused to eukaryotic regulatory do-
mains were constructed, such as the acidic activation domain
(tTA) (22, 115, 403) and repression domains (tTS) (33, 336).
Based on hybrid transregulators, transgenic mice able to pro-
duce diphtheria toxin or the regulated expression of Shiga
toxin  to induce apoptosis in mammalian fibroblastic cells
were obtained.

The fet system has also been used to study cancer and neu-
rological disorders (95, 98, 419). In the future, advances to
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approach multifactorial biological processes like development
and diseases are expected, which will be relevant for the treat-
ment of complex diseases (37).

Solvent efflux pumps generally exhibit a broad substrate
specificity, but some of them are highly specific and remove a
certain number of chemicals. One such efflux pumps is the
TtgABC pump of Pseudomonas putida DOT-T1E, which re-
moves toluene, m-xylene, and propylbenzene as well as styrene
and other aromatic hydrocarbons (327) in addition to several
antibiotics. This efflux pump is under the control of the drug
binding repressor TtgR, a member of the TetR family (391),
and has applications in the safe development of solvent-resis-
tant bacteria. Therefore, it is potentially suitable for the bio-
transformation of water-insoluble compounds into added-
value products. One such system has been exploited to produce
catechols from xylenes/toluenes in double-phase systems (328).
Because these efflux systems are energy consuming, their ex-
pression in heterologous hosts has to be tightly controlled by
their cognate repressor, which in turn has to be able to respond
to the presence of the aromatic solvent. These types of pumps
are presumed to be useful if transferred to a wide variety of
bacteria that carry suitable biotransformation machineries.

As shown in Fig. 8, TetR family members are key players in
multidrug resistance, virulence, and pathogenicity processes in
certain bacterial pathogens. The development of drugs that
bind irreversibly to the repressors and prevent their release
from their cognate operators may be a strategy to fight these
pathogens. Suitable screening procedures to search for these
drugs can be envisaged based on current tools for gram-nega-
tive bacteria (74).
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Capitulo 2.1

Definicion de la familia de factores de transcripcion IcIR

Para probar la eficacia de Provalidator, se disefio el profile de la familia de factores de transcripcion IcIR.
Se comprobd usando el predictor “PHD” de estructura secundaria (Rost et al., 1994) y el predictor
“HTH” de motivos HTH (Dodd and Egan, 1990) (disponibles en http://npsa-pbil.ibcp.fr) que los miem-
bros de esta familia contienen un motivo HTH de union a ADN. Una vez se seleccion6 con la supervision
de Provalidator el conjunto de secuencias que constituy6 la semilla del profile y se gener6 el alineamiento
multiple, se pasd a probar distintas regiones del alineamiento que presentaban una mayor conservacion. A
continuacion se muestra la tabla de resultados de los intentos para definir el profile de esta familia:

Sesion FN FP Region
1 30 1 191-274
2 34 966 HTH extend.
3 35 0 190-273
4 407 50 233-320
5 39 2 191-274
6 96 0 237-281
7 27 2 190-281
8 7 432 59-278
9 9 12 116-283 (Pfam)
10 24 3 146-281
11 28 1 168-281
12 29 3 190-288
13 27 5 190-272
14 43 0 189-280
15 39 0 189-273
16 18 0 191-274

Tabla 3: Resultados de distintos profiles de IcIR.

Cuando se construy6 el alineamiento de las secuencias elegidas por Provalidator, se pudo observar
que habia tres zonas de mayor conservacion. Una, el HTH; otra, desde el extremo izquierdo del dominio
C-terminal hasta el centro del alineamiento; y la tltima, desde el centro hasta el otro extremo del dominio
C-terminal (en la bibliografia esta region se habia definido como asociada a un dominio de union a efec-
tor, Krell et al., 2006). Las regiones elegidas como candidatas estan alrededor de esas tres zonas mas
conservadas o bien son combinacion de ellas. Como se ve, la region de HTH extendido (esto es, el HTH y
aminoacidos contiguos por ambos lados) defini6é un profile de muy mala calidad. Por esto, pudimos con-
cluir que en la familia IcIR la region de HTH no es lo suficientemente discriminante como para incluirla
en su profile. Este resultado concuerda con lo obtenido en la validacion del profile. Los métodos PS51077
y SM00346 incluyen la region de HTH en su definicion. Por tanto, se podria pensar que las proteinas
estudiadas como posibles falsos negativos que InterPro considera miembros de la familia apoyandose en
alguno de estos dos métodos tienen una alta homologia en la region de HTH, pero no asi en el dominio de
union a efector, ya que obtienen muy bajo score con el profile objeto de estudio. Toda vez que ha queda-
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do demostrada la incapacidad discriminante de la region de HTH, se puede concluir que estas proteinas
estan erroneamente asignadas a la familia IcIR.

Por fin, se decidi6 parar en el ultimo intento porque parecia que ya se habia alcanzado la suficiente
sensibilidad en el profile. Existen dos caracteristicas, o figuras de mérito, que evaltan la bondad de un
profile que son la especificidad y la sensibilidad (precision y recall, respectivamente, en terminologia de
PROSITE). Se definen asi:

Verdaderos positivos
Verdaderos positivos + Falsos positivos

Especificidad =

Verdaderos positivos
Verdaderos positivos + Falsos negativos

Sensibilidad =

Por supuesto, un requisito indispensable para admitir un profile como bueno es que su especificidad
sea lo mas cercana al 100%, mientras que en la sensibilidad no hace falta ser tan estricto (como sabemos,
en ciencia no es lo mismo afirmar algo que no negarlo), ya que decir que un determinado regulador perte-
nece a una familia sin serlo induce mas a errores experimentales que no decir que pertenece siéndolo.

Como figura de mérito para representar las conclusiones de la validacion, se generd una grafica que
muestra las cuatro categorias en que se encuadran los datos analizados:

Freg

il bl

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Scom

Figura 12: Figura de mérito para validar un profile.

En la grafica, la barra verde marca la separacion de 8,5, el umbral de scores que propone PESCALE
durante la calibracion para pertenecer a la familia. Las barras representan la frecuencia de proteinas en ese
intervalo de scores. Por tanto, es un histograma de frecuencias cuyo eje X esta discretizado. Si la barra
estd hacia arriba, indica que InterPro considera esa proteina dentro de la familia, luego si esa barra esta a
la derecha de 8,5 sera un verdadero positivo (rojas), mientras que si esta a la izquierda sera un falso nega-
tivo (amarillas). Por otra parte, si la barra esta hacia abajo, indica que no tiene ninguna anotacion en In-
terPro que la vincule a la familia. Luego si esa barra esta a la izquierda de 8,5 sera un verdadero negativo
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(azules), mientras que si estd a la derecha serd un falso positivo (verdes). Toda esta clasificacion de ver-
daderos y falsos es respecto de la base de datos InterPro. La grafica empieza en score=6,5, que es un
segundo umbral que propone PFSCALE ademas del 8,5, con el que se crea una zona de incertidumbre
para proteinas cuyo SCore esta entre 6,5 y 8,5. De estas proteinas es dificil decir si pertenecen o no a la
familia. Habria que consultar la bibliografia al respecto. Sin embargo, para proteinas bastante alejadas de
este umbral (<<6,5) aumenta la probabilidad de que sean fruto de una mala anotacioén por parte de otros
métodos mas laxos o cuya construccion se ha basado en una regién distinta.

A la hora de estudiar los falsos positivos representados en la grafica, primero tenemos que descartar la
posibilidad de que se produzcan como consecuencia de problemas de sincronizacion entre versiones de
las bases de datos publicadas. Esto es, UniProt puede publicar proteinas que todavia no han sido analiza-
das por InterPro y que lo seran en la proxima version (o release), pero hasta ese momento se estan consi-
derando potenciales falsos positivos. Esto se evita analizando a mano estas proteinas con la herramienta
InterProScan (Quevillon et al., 2005), que enfrenta una secuencia contra todos los métodos de anotacion
de que dispone InterPro y presenta un informe de resultados en el que se indica para qué métodos esa
secuencia superd el umbral de pertenencia. Una vez hecho eso, se observa que todas las proteinas que
eran potenciales falsos positivos pertenecian a la familia IcIR por alguno de los métodos usados en Inter-
Pro. Ademas, para scores tan altos como los que se muestran (de 12 a 18), no habia duda de que iban a
pertenecer a la familia. Por tanto, la especificidad del profile es del 100%.

Para asegurar que la asignacion de potenciales falsos positivos a la familia es correcta, se uso un se-
gundo método de validacion que consiste en comparar la prediccion de estructuras secundarias (obtenida
con el predictor “PHD”). Asi, se predijo la estructura secundaria tanto para las secuencias que formaban
la semilla como las secuencias de potenciales falsos positivos. Se alinearon las secuencias y se superpuso
la estructura en ese alineamiento. El resultado lo podemos ver en las siguientes figuras:
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Como se ve, esto afiade un elemento de juicio a la hora de decidir si una secuencia pertenece a la fa-
milia: si ademas de haber obtenido un score significativo, comparte estructura secundaria con otros
miembros de la familia (al menos en las regiones incluidas en el profile y en estructuras importantes como
hélices o giros), podemos inferir con mas seguridad que la secuencia objeto de estudio también pertenece
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a la familia.
Una vez validado el profile, se enfrenta contra la base de datos de genomas de NCBI. De este estudio
se deriva la siguiente grafica que muestra la distribucion en genomas de proteinas de IclR:

Bordetella br RB50
Bordetella parapertussis 12822 E 133
Bordetella pertussis Tohama | C————1 1§
Streptomyces A3(2) =118
Agrobacterium tumefaciens str. C58 E—=——115
Bradyrhizobium japonicum USDA 110 E=——————315
Streptomyces avermitilis MA-4680 =—=3 11
Escherichia coli K12 =208
Pseudomonas aeruginosa PAO1 E=——=8
Sinorhizobium meliloti 1021 E=—38
Acinetobacter sp. ADP1 E=——217
Brucella melitensis 16M =——7
Brucella suis 1330 =27
Ralstonia solanacearum GMI1000 =—=7
Corynebacterium glutamicum ATCC 13032 =——&
Escherichia coli CFT073 =—=#6
Mesorhizobium loti MAFF303089 =26
Rhodopseudomonas palustris CGA009 E——6
Salmoenella typhimurium LT2 ==&
Escherichia coli 0157.H7 =35
Escherichia coli 0157:H7 EDL833 =35
Pseudomonas syringae pv. tomato str. DC3000 ==5
Salmonella enterica subsp. enterica serovar Typhi str. CT18 =35
Salmonella enterica subsp. enterica serovar Typhi Ty2 E=235
Bifidobacterium longum NCC2705 =4
Corynebacterium efficiens YS-314 ==4
Geobacter sulfurreducens PCA =34
Myeobacterium avium subsp. paratuberculosis str. k10 =24
Pseudomonas putida KT2440 ==4
Shigella flexneri 2a str. 2457T =4
Shigella flexneri 2a str. 301 =34
Bacillus cereus ATCC 10987 =23
Bacillus halodurans C-125 =33
Deinococcus radiodurans R1 £33
Erwinia carotovora subsp. atroseptica SCRI1043 =23
Mycobacterium bovis AF2122/97 =23
Mycobacterium tuberculosis CDC1551 =23
Mycobacterium tuberculosis H37Rv =313
QOceanobacillus iheyensis HTE831 =23
Vibrio vulnificus YJ016 B33
Bacillus anthracis str. A2012 B2
Bacillus anthracis str. Ames 0932
Bacillus anthracis str. '"Ames Ancestor’ £22
Bacillus anthracis str. Sterne 92
Bacillus cereus ATCC 14579 D232
Bacillus thuringiensis serovar konkukian str. 87-27 =2
Leifsonia xyli subsp. xyli str. CTCB07 =32
Photorhabdus luminescens subsp. laumondii TTO1 F2
Propionibacterium acnes KPA171202 =2
Thermus thermophilus HB27 =22
Vibrio parahaemolyticus RIMD 2210633 =32
Vibrio vulnificus CMCP6 =32
Xanthomonas axonopodis pv. citri str. 306 =2
Xanthomonas campestris pv. campestris str. ATCC 33913 =32
Yersinia pestis biovar Medievalis str. 91001 =32
Yersinia pestis KIM =32
Yersinia pseudotuberculesis IP 32953 232
Aquifex aeolicus VF5 @1
Bacillus subtilis subsp. subtilis str. 168 @1
Campylobacter jejuni subsp. jejuni NCTC 11168 @1
Caulobacter crescentus CB15 @1
Chromobacterium violaceum ATCC 12472 01
Corynebacterium diphtheriae NCTC 131290 @1
Enterococcus faecalis V583 1
Haemophilus influenzae Rd KW20 &1
Halobacterium sp. NRC-1 21
Pasteurella multocida subsp. multocida str. Pm70 @1
Symbiobacterium thermophilum IAM 14863 @1
Thermotoga maritima MSB8 01
Vibrio cholerae O1 biovar eltor str. N16961 @1
Yersinia pestis CO92 01

Figura 14: Distribucién en genomas de la familia IcIR.

Este resultado es util para realizar estudios de genémica comparada: si una familia es muy frecuente
en organismos patdgenos para el humano, puede tener que ver en su patogenia; por el contrario, si es muy
frecuente en no patégenos, se podria usar como blanco para disefio de drogas.
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Abstract

In the last decade enormous advances in life sciences have been possible due to the information obtained
from DNA sequencing projects. The optimal interpretation and analysis of genome sequence data
requires the precise annotation and classification of proteins deduced from open reading frames, which
is usually done with the help of family-specific signatures. Here we report a novel profile for the IcIR
type of transcriptional activators and repressors. In contrast to profiles for other families of tran-
scriptional regulators, the new IcIR profile is located outside the helix-turn-helix DNA-binding motif.
We provide evidence that the new profile is more specific than any of the existing signatures for this
family of regulators. More than 500 representatives of this family were identified with this profile. A
database on bacterial regulators (http://www.bactregulators.org) was built to compile and regroup the

sequences with the aid of the new profile.

Keywords: IclR; transcriptional regulator; family profile

Recent developments in functional genomics and the
availability of bacterial DNA chips have revealed that
microorganisms are able to alter its transcriptome pattern
in response to changing environmental conditions. This
involves a series of adaptive responses that are mainly
triggered by regulatory proteins (Ramos et al. 2001).
The most recurrent DNA-binding motif for the binding
of regulators to their corresponding promoters is a con-
served DNA recognition motif that consists of an a-helix,
a turn, and a second a-helix (referred to as HTH). The
latter helix, termed the ‘‘recognition helix,” was shown to
fit into the DNA major groove (Pabo and Sauer 1992).
Among HTH transcriptional regulators, families have
been proposed based on common 3D structural motifs,
conserved domains, and primary sequences (Nguyen and

Reprint requests to: Juan L. Ramos, Bstacién Experimental del
Zaidin, Consejo Superior de Investigaciones Cientificas, C/ Prof.
Albareda 1, 18008 Granada, Spain; e-mail: jlramos@eez.csic.es; fax:
+34-958-135740.
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are at http://www.proteinscience.org/cgi/doi/10.1110/ps.051857206.

Protein Science (2006), 15:1207-1213. Published by Cold Spring Harbor Laboratory Press. Copyright © 2006 The Protein Society

Saier 1995; Gallegos et al. 1997; Rigali et al. 2002;
Ramos et al. 2005). Comparative studies have led to the
determination of a specific signature for some families of
bacterial regulators, and these signatures have made it
possible to detect and classify new family members
(Schell 1993; Gallegos et al. 1997; Rigali et al. 2002;
Busenlehner et al. 2003).

One of the families of bacterial transcriptional regu-
lators is termed IcIR, which has been named after the
Escherichia coli IcIR protein. This protein controls the
glyoxylate shunt and represents the best-characterized
member of the family (Negre et al. 1992; Yamamoto and
Ishihama 2003). The specific functions regulated by mem-
bers of the IcIR family are diverse and include, for example,
carbon metabolism in enterobacteriaceae (Yamamoto and
Ishihama 2003), degradation of aromatic compounds by
soil bacteria (Gerischer et al. 1998), solvent tolerance in
Pseudomonas (Guazzaroni et al. 2004), inactivation of quo-
rum sensing signals in Agrobacterium (Zhang et al. 2004),
plant virulence by certain enterobacteriaceae (Reverchon et al.
1991), and sporulation in Streptontyces (Jiang and Kendrick
2000).
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Interpro (Mulder et al. 2003) assigns proteins to the
IcIR family according to the PROSITE profiles PS51077
and PS51078 (Hofmann et al. 1999), the SMART domain
SM00346 (Schultz et al. 2000), or the Pfam Hidden Markov
Model (HMM) PF01614 (Bateman et al. 2002). The sig-
natures used by PROSITE, SMART, and Pfam to identify
IcIR differ significantly and are located in different parts of
the protein sequence. Pfam PF01614 HMM and PROSITE
PS51078 are based on a very large segment of the proteins,
the former comprising residues 82-269 and the latter com-
prising residues 87-272 in the IcIR primary sequence, and
do not consider the HTH motif. This contrasts with the
SMART domain SM00346 and PROSITE profile PS51077.
The former uses the HTH region of the protein and a large
adjacent fragment up to residue 114 in the E. coli IcIR pri-
mary sequence, whereas the latter is located between amino
acids 24 and 86 in the primary IcIR sequence. These differ-
ences between signatures do not guarantee an unequivocal
identification of family members. Therefore, efforts were
made to define a precise profile for the recognition of
members of the IcIR family of transcriptional regulators,
which is reported here. This profile has allowed the identifi-
cation of >500 members of the IcIR family of transcrip-
tional regulators (as of August 2005), which were found to
be widely distributed in bacteria. In addition, data on IcIR
proteins were collected and deposited in our database of
bacterial regulator proteins (http://www.bactregulators.org).

Results and Discussion

The first step in the development of the new signature for
IcIR family members was the selection of a seed contain-
ing 53 sequences based on the following two criteria: (1)
InterPro entry IPR005471 identifies the protein unequiv-
ocally as an IcIR family member; (2) the proteins were
similar in size, i.e., 240-280 amino acids. BLASTCLUST
analysis showed that each of the 53 proteins could be clearly
distinguished from each other. The sequences were sub-
sequently aligned with CLUSTAL (http://www.clustalw.
genome.jp), which revealed three regions that were partic-
ularly well conserved in the multialignments (Fig. 1). One
of the conserved regions comprises the HTH DNA binding
motif located at the N terminus, a second region covers part
of the N-terminal portion of the proteins toward the central
region, and the third one corresponds to a segment from the
central region of the protein toward the C terminus (see
Fig. 1). The conserved regions were progressively extended
in both directions until the global score of the multialign-
ment diminished. The resulting alignments of these three
regions were used as a seed to construct different conven-
tional profiles, each covering a conserved region (available
at http://www.bactregulators.org/docs.php). The profiles
were built with the “pfmake” program available at the
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Swiss Institute of Bioinformatics (http://www.isrec.isb-sib.
ch/ftp-server/pftools) (Bucher et al. 1996). The different
profiles were confronted against all entries in the SWISS-
PROT and TREMBL databases (released July 2005). We
found that the profile covering the central region toward the
C-terminal end (amino acids 151-229 in E. coli IcIR) iden-
tified all IcIR members recognized as such by PROSITE
PS51078 and Pfam PF01614, whereas the profiles based on
other segments of the protein had a reduced discriminatory
capacity, and identified not only IcIR family members but
also regulators unequivocally ascribed to other families. A
profile based on the combination of any of the conserved
regions was found to be less precise than the profile that
was based solely on the central region toward the C-
terminal end of the multialignment. We thus considered
that members of the IcIR family are best identified by
a profile that does not include the HTH domain of this set
of proteins, and that covers a significant portion of the C
terminus of the proteins. This contrasts with findings for
the AraC/XylS (Gallegos et al. 1997), TetR (Orth et al.
2000; Schumacher et al. 2002; Ramos et al. 2005), and
GntR (Rigali et al. 2002) families, which are best defined by
a specific profile that includes the HTH DNA binding domain.
The IclR profile, available at the BacTregulators
database (http://www.bactregulators.org/docs.php), was
confronted against all prokaryotic proteins in the
SWISS-PROT and TrEMBL (SPTR) databases (release
13-8-05) using the “pfsearch” program available at
http://www.isrec.isb-sib.ch/ftp-server/pftools (Bucher et al.
1996). The program, which proposes a tentative threshold
N-score of 8.5 to consider a protein as member of the
IcIR family, selected 546 proteins as putative members of
the IcIR family, of which 34 were encoded by plasmids.
To evaluate the specificity (false positives) and sensi-
tivity (false negatives) of the new IcIR profile, we used an
in-house developed tool termed ‘‘Provalidator.” Provali-
dator is a PHP-based tool that assists in the automation of
profile construction and validation, and will be available
free of charge at http://www.bactregulators.org. Our
analysis revealed no apparent false positive proteins. A
search in Interpro (Zdobnov and Apweiler 2001), a data-
base containing all currently available classification
methods for IcIR proteins, assigned 587 proteins to the
IcIR family. The 41 proteins assigned to the IcIR family
by Interpro, although not identified with the new profile
constructed in this study, were considered as incorrectly
assigned to the family. In fact, among these 41 proteins
there were three truncated polypeptides (Table 1, proteins
30, 31, and 35) and six polypeptides of reduced size (71—
137 amino acids, namely proteins 23, 26, 30, 32, 34, 36,
and 37 in Table 1), which made it unlikely for the latter
being part of the IcIR family, since our analysis revealed
that these polypeptides do not possess an HTH DNA
binding domain. The remaining 32 proteins assigned by
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Interpro (listed in Table 1) were divided into two groups
according to their score with the new profile developed
here. A group of 25 proteins (Table 1, proteins 8-39, not
considering the above-mentioned small or truncated
proteins) yielded N-score values between 2.1 and 6.4.
Alignment of these 25 proteins with IcIR family members
revealed substantial sequence conservation at the HTH
DNA binding domain, but less sequence conservation in
the C-terminal where the new profile is located (not
shown). The reason why Interpro assigns these proteins
to the IcIR family is because PROSITE PS51077 and
SMART SM00346 include the nondiscriminatory HTH
region. In agreement with this observation is that, with
the exception of protein Q57K18 that is exclusively
recognized by SM00346, all proteins listed in Table 1
are recognized by PS51077, which is the other profile
including the HTH sequence. Therefore, these proteins
should be considered as incorrectly assigned to the IcIR

family, since a profile based on the HTH as PROSITE
PS51077 lacks the necessary discriminatory potential.
The second group consisted of seven proteins with N-score
values between 8.46 and 7.71 (Table 1, proteins 1-7). The
alignment of these proteins to IclIR family members revealed
significant sequence conservation in the fragment spanning
the new profile, and thus, it cannot be ruled out that these
proteins are IcIR family members. However, the N-score
threshold of 8.5, as proposed by the “pfsearch” program,
cannot be lowered in order to avoid the inclusion of non-IcIR
proteins. The zZone between N-scores of 8.5 and 7.5 is an
empirically determined buffer zone where it is recommended
to consider the assignment with caution. Sequence annota-
tion is rarely a clear-cut issue, and the purpose of this Zone
is to prevent the detection of false positives. We consider
precision in avoiding false positives more important than
the possible exclusion of any family member. Experimental
characterization of these proteins will provide support for

BIO268 woovionomimmmam s s s m s s s s MANADLDEQPDSVSSNLEVFGILOALG . . EER.EIGITELSQRVMMSKSTVYRFLOTHMETLGYVAQEGESERYSE
P77300 MPIIQSNERALOILDLFN. .EQATELKITDISKLMGLSKSTLHSLEKTLOLHGYIDONPENGEYRL
QBEMM2 -MENVOSTERAFTILKVLS . . NNPDGLRITVRAENSSLTKSTTHRITSTEVNLGYMOQDPETEKYML
Q9KAZS . +MVESVDRALTIISLVS. . EHKQGLGVTDMAAKLSLTKSSAYKLEATLVERGFIEQDEETKKYERL
QOKEK4 esee s JMVQSNDRALMILDILE. . QHPKGLGITELAHELNMAKSTAHRLMSTLETYDYNTODRETSRYSE
QBEPAL v +o . MSVESAKRALDILDLLA . . KHTNGLTIKNIGDKLELPQSSTFNLEKTLHSEGYVROD. SMELY YL
Qa3eM2 MKETKPYGTVELRAAKIMDCLS ., . LOP. DQTLOETAKNTEMTASTAIKIRETETLIGYMOKD . TNKTYRE
Q9WXS0 MNTEKRAFEILDFIV. . KNPGDVSVSETAEKFNMSVSHAYKYMVVLEEKGFVLRK . KDKRYVE
P37671 MGKEVMGKKENEMAQEKERPAGSQSEFRGLMEIEILS . . NYPNGCPLAHLSELAGLNKSTVHRLEQGLOSCGYMTTAPARGSYRE
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052154 MS PARPAbAAMAPPIUASPAKHlQAE1GJPD}M1&LARGLAVIOEEO -ERKRHLTIAQISHRTETPRAAVRRCEHTLIKLGYATSDGRT . . ¥54
Q8UTAB - .MAVSERDMMGGEAKGLRVIEAFS . . AERPRLSISDAAEIAGLDRATTRRCLELTLSELGYAAYDGKF . . ETH
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Q43992 HEOPHQVLAP“HQSFFIRTFDYIAGLAKGLALLFRFG - IDRQRLNVTOMAERTGISRTAARRYLKTLKFLGYLDTDERY . . EWL
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QB81vV2 MTEDLIKRRARGEDRAFDILDFLK . . EKARPMRPNETASGIGSPKSTVYELVASLLERRIBESVGKDGHVYH
QEPAVY | ool deviidin sl e ruiea e -MEARKRSRVSGIDRALOVIDYLY . . ETGSPAGAYATAKAIKAPLSTVYVINDDLIVEKTMLARN . ADGNIWL
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PAOAB0 - wooivnail it s s s e - .MVEKGCNSDVRAEKILTHIA . .WVG.MASYMELLNKFQYPKSSLLNLENVMVDCGFLIKN .KNGY¥SL
P15360 MARNIQSLERAARMERLLA . . GGERRLGLSDIASSLGLAKGTAHGILRTLOQEGFVEQDDASGRYOL
QIVTS3 -MSRIPNATARGPGSHSDDGAGQHPIATQVIDRAMREEDALA . . AQPEFVTLKELSATTGLHASTAHRIENDLVVGRYVERVDN . GLYQL
QTWBTZ - .MTSLPDTVDEHDSESAALMTMERGLKVLRAFE. . SDRTPLSNAELVRRTGLPKATVSRLTSTELOVGFLRQVPGRREEEL
OBGRB4: . il G0 S T S s R e T R T R MEHQYKDIYIIQNVHLALEVLFL. . LEKKPYTFEKLOEELRISROKLOKILTFLLESEWESFOEENELYRE
L MVOSTIDRAISIIKLLNSTNEKEYWALSDIADGTHEFVSTVHRLLINSEMEHGLNTOITETKQYKT
QBUHHS - .MPDDKKANGGKPDAVEPSHQKTENATGTRGEVVSLLELIA . . LAEKFMRFTDMVEASGQPRGTVHROLAHLVAEGLNDHAADQT . ¥AN
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cont.

Figure 1. (Continued on next page)
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Figure 1. Multialignment of the 53 sequences used as the seed to construct the IcIR family profile. Shaded in green is the conserved segment that best
defined the IcIR family. Bars in blue above the sequence indicate the HTH binding motif. Highlighted in light brown are the residues that are conserved
in =60% of the aligned sequences, and in purple are shown the amino acids with =80% conservation.
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Table 1. Proteins listed as IcIR family members in Interpro (Zdobnov and Apweiler 2001) but detected as non-IcIR family members by

the new profile

No. Accession no. Description Microorganism Profile N-score No. of amino acids
1 QYAHO6 Putative transcriptional regulator Rhodococcus erythropolis 8.465 274
2 Q62180 Putative transcriptional regulator Burkholderia mallei 8.337 180
3 Q9EWL2 Putative transcriptional regulator Streptomyces coelicolor 8.189 255
4 Q6FBA6 Putative transcriptional regulator Acinetobacter sp. 7.932 259
5 Q82D43 Putative differentiation regulon Streptomyces avermitilis 7.895 213
6 QIHW60 Probable transcriptional regulator Pseudomonas aeruginosa 7.877 256
7 Q93133 Differentiation regulon SamR Streptomyces ansochromogenes 7.711 213
8 Q5YU96 Putative transcriptional regulator Nocardia farcinica 6.441 299
9 Q5Z0G4 Putative transcriptional regulator Nocardia farcinica 6.386 221

10 Q7WI1I1 Putative transcriptional regulator Bordetella parapertussis 5.558 236

11 Q7WPH1 Putative transcriptional regulator Bordetella bronchiseptica 5.558 236

12 Q76212 Hypothetical protein orf12 Rhodococcus rhodochrous 5.190 202

13 Q5PJJ6 Probable global regulatory protein homolog Salmonella paratyphi 5.117 228

14 Q8ZM49 Putative transcriptional regulator Salmonella typhimurium 4.914 228

15 Q7W4F4 Putative DNA-binding protein Bordetella parapertussis 4.730 250

16 Q57K18 Putative transcriptional regulator Salmonella cholerae-suis 4.712 238

17 Q7TWFW4 Putative DNA-binding protein Bordefella bronchiseptica 4.620 250

18 Q7WBG1 Putative transcriptional regulator Bordetella parapertussis 4.546 235

19 Q7WMY?2 Putative transcriptional regulator Bordetella bronchiseptica 4.546 235

20 Q5YWYS Hypothetical protein Nocardia farcinica 4.197 295

21 Q938D9 Putative transcription regulator Mycobacterium smegmatis 4.068 229

22 Q7VVel Putative DNA-binding protein Bordetella pertussis 3.957 250

23 Q7INW36 Hypothetical protein Chromobacterium violaceum 3.810 100

24 Q5YWX8 Putative transcriptional regulator Nocardia farcinica 3.608 294

25 Q73W85 Hypothetical protein Mycobacterium paratuberculosis 3.479 295

26 Q4NBLA4 Regulatory protein, IcIR Arthrobacter sp. FB24 3.295 128

27 Q6UPSR Putative enoyl-CoA hydratase Alcaligenes eutrophus 3.258 448

28 QRZ3V0 Probable global regulatory protein Salmonella typhi 3.258 228

29 Q898X5 Transcriptional regulatory protein Bradyrhizobium japonicum 3.166 250

30 QY3RLE IcIR-like protein {fragment) Acinetobacter sp. NCIMB9871 3.111 127

31 Q60G69 Putative regulatory protein (fragment) Rhodococcus sp. DFA3 3.019 129

32 QYAGI8 Probable transcriptional regulator Corynebacterium glutamicum 2.872 137

33 Q5YTZ3 Putative transcriptional regulator Nocardia farcinica 2.798 288

34 Q6QID7 Gpl2 Burkholderia cenocepacia 2.761 100

35 Q984Y5 Glyoxylate regulatory protein (fragment) Salmonella enteritidis 2.725 148

36 Q65WD35 Hypothetical protein Muannheimia succiniciproducens 2.504 108

37 Q5GRB7 Probable transcriptional regulator Alcaligenes xylosoxydans 2.375 71

38 Q7W593 Putative transcriptional regulator Bordetella parapertussis 2.338 215

39 Q7TWCS4 Putative transcriptional regulator Bordetella bronchiseptica 2.338 215

40 Q7VZR7 Putative transcriptional regulator Bordetella pertussis 2.320 215

41 067479 Hypothetical protein aq_1510 Aguifex aeolicus 2.136 219

their identification as members of the Ic1R family, but at
present, such information is not available.

The IcIR profile with an N-score threshold of 8.5
unequivocally identified proteins as members of the IcIR
family, and no false positives were found among all
prokaryotic proteins that were analyzed. These results
indicate that the new profile is highly effective in
detecting members of the IcIR family.

Using the profile defined above for the IcIR family, we
searched for members of this family in 228 complete
microbial genomes available in NCBI (release 13-8-05).
This resulted in the detection of 477 IcIR members in
91 microbial genomes belonging to 60 genera of Gram-
positive, o, B, and y-proteobacteria and archaea, indicat-

ing a wide taxonomic distribution. This information can
be accessed at http://www.bactregulators.org/.

The database of bacterial transcriptional regulators:
BacTregulators

The profile that best defines the IcIR family members, the
sequences of all members of the family, their sequence
alignment, as well as the available structural information
together with a number of references on IcIR proteins
have been gathered in the BacTregulators database
(http://www.bactregulators.org). This database, which can
be searched with a number of different parameters such as
organism, name of the regulator, accession code, or simple
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text information as input information, is, in our view, a
convenient tool to identify and study IcIR family members.

The structural information available for IcIR family
proteins supports the profile as a useful tool for
assigning proteins to this family

Currently, five PDB entries are available that contain
structural information on IcIR family members. The only
full-length 3D structure of an IcIR-family member is that
of Thermotoga maritima TMO0065 (PDB: 1MKM) (Zhang
et al. 2002). The other four structures correspond to the
effector binding domains of IclIR, the glyoxylate shunt
regulatory protein, Yail and KdgR from E. coli (PDB:
1TF5, 1TF1, 1YSQ, and 1YSP, respectively). All struc-
tures have in common that they were obtained in the
absence of target promoter DNA or effector molecules.
Structural alignments with the DALI algorithm have shown
that these proteins share a similar structure, as witnessed by
Z-scores >22 (see http://www.bactregulators.org/structure.php).

The TMO0065 IclR protein was shown by X-ray crys-
tallography (Zhang et al. 2002) to consist of two o/
domains: a small N-terminal DNA-binding domain with
the HTH motif and a larger C-terminal effector-binding
domain (Fig. 2). The latter domain consists of a five-
stranded, curved B-sheet, which is flanked on both sides
by several a-helices. The 79-amino acid fragment that
contains the IcIR profile is highlighted in yellow in Figure

2. The profile sequence forms a long loop starting at
Glyl51, followed by a sequence of three helices (H6—HS,
of which H6 is buried and H7 and H8 are surface-
exposed), and terminates with strands S5 and S6, which
form the flanking part of the sheet (Fig. 2). The amino
acids with the highest score (indicating that little varia-
tion is tolerated) in this new profile are shown in ball-and-
stick mode. Gly151, which is labeled in Figure 2, has
been proposed to play a key role in tetramerization of the
protein, which is likely to occur when the protein is
bound to DNA (Zhang et al. 2002). This role in tetra-
merization is thus likely to be responsible for the high score
of Glyl51 in the IcIR profile. The remaining high-scoring
amino acids are all located on the loop, the short buried
helix, and the two strands. None of the important amino
acids is located on the two long surface-exposed H7 and
H8 helices. All the important amino acids are buried to
a large degree and maintain multiple interactions with
neighboring residues. These residues thus fulfill an impor-
tant structural role, which accounts for their weight in the
IcIR profile.
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Figure 2. Schematic representation of the three-dimensional structure of the IcIR dimer of Thermotoga maritima. Secondary structure
elements are annotated, and the helix-tumn-helix DNA binding domain (HTH) is shown in purple. The 79-amino acid fragment
comprising the new IcIR profile is highlighted in yellow. The nine amino acids with the highest score in the IcIR profile are shown in
ball-and stick-mode. Gly151 proposed to be involved in tetramerization is annotated.
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Introduction

Abstract

Members of the IcIR family of regulators are proteins with around 250 residues.
The IcIR family is best defined by a profile covering the effector binding domain.
This is supported by structural data and by a number of mutants showing that
effector specificity lies within a pocket in the C-terminal domain. These regulators
have a helix-turn-helix DNA binding motif in the N-terminal domain and bind
target promoters as dimers or as a dimer of dimers. This family comprises
regulators acting as repressors, activators and proteins with a dual role. Members
of the IcIR family control genes whose products are involved in the glyoxylate
shunt in Enterobacteriaceae, multidrug resistance, degradation of aromatics,
inactivation of quorum-sensing signals, determinants of plant pathogenicity and
sporulation. No clear consensus exists on the architecture of DNA binding sites for
IcIR activators: the MhpR binding site is formed by a 15-bp palindrome, but the
binding sites of PcaU and PobR are three perfect 10-bp sequence repetitions
forming an inverted and a direct repeat. IcIR-type positive regulators bind their
promoter DNA in the absence of effector. The mechanism of repression differs
among IcIR-type regulators. In most of them the binding sites of RNA polymerase
and the repressor overlap, so that the repressor occludes RNA polymerase binding.
In other cases the repressor binding site is distal to the RNA polymerase, so that the
repressor destabilizes the open complex.

to variations in the level of RNA polymerase sigma factors,
which influence promoter recognition and consequently

Bacteria in the environment are exposed to variations in
temperature, nutrients and water availability, and to toxic
molecules that originate from their abiotic and biotic
surroundings (including deleterious molecules that origi-
nate from their own metabolism). These changes can make
their living conditions far from optimal. Survival in this
unstable environment requires a wide range of rapid,
adaptive responses that are triggered mainly by regulatory
proteins. Most often, adaptive responses in bacteria are
mediated by transcriptional regulators which, upon receiv-
ing the appropriate signal, trigger the specific transcriptional
response(s) (McKay & Steitz, 1981; Henikoff et al., 1988;
Cohen et al., 1993; Fuqua et al., 1996; Surette & Bassler,
1998; Rojo, 1999; Beinlich et al., 2001; Ramos et al., 2001,
2002; Roessner et al., 2002; Winans & Bassler, 2002; Cases
et al., 2003; Fromknecht et al., 2003; Eggers et al., 2004;
Ventre et al., 2004). Environmental conditions can also lead

result in altered transcriptional patterns (Karmierczak
et al., 2003; Rollenhagen et al., 2003; Eggers et al., 2004). In
the case of some gram-positive microorganisms, the re-
sponse to a number of environmental insults is through a
cell differentiation programme that results in the formation
of spores (Champness & Chater, 1994; van Wezel et al., 2000;
Chater, 2001).

Among transcription factors, several groups have been
identified on the basis of their conserved motifs and their
modes of DNA binding. Structural analyses have revealed that
the helix-turn-helix (HTH) signature is the most recurrent
DNA binding motif in prokaryotic transcriptional factors for
the binding to their target DNA sequences (Argos et al., 1983;
Schevitz et al., 1985; Brennan et al, 1990; Harrison &
Aggarwal, 1990; Branden & Tooze, 1991; Harrison, 1991;
Pabo & Sauer, 1992; Bairoch & Rudd, 1995; Gallegos et al.,
1997; Bateman et al., 2000; Pérez-Rueda & Collado-Vides,
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2001; Fromknecht et al., 2003; Rousseau et al., 2004; Ramos
et al., 2005). This conserved DNA recognition motif consists
of an «a-helix, a turn, and a second o-helix, often called the
‘recognition’ helix as it is the part of the HTH motif that fits
into the DNA major groove. Generally, HTH proteins bind as
dimers to symmetrical DNA sequences in which each mono-
mer recognizes a half-site (Harrison & Aggarwal, 1990; Pabo
& Sauer, 1992; Orth et al., 2000), although variations have
been found and some proteins recognize direct repeats
(Bustos & Schleif, 1993; Kessler et al., 1993; Gallegos et al.,
1996; Harmer & Schleif, 2000; Grainger et al., 2004). Among
HTH transcriptional regulators, families have been identified
through sequence comparisons and phylogenetic, structural,
and functional analyses focused on DNA binding domains.
These functional analyses have considered the HTH structure
almost exclusively, as this is usually the only active motif that
shows strong similarities among all members of the group
(Henikoff et al., 1988; Haydon & Guest, 1991; Weickert &
Adhya, 1992; Gallegos et al., 1993; Nguyen & Saier, 1995;
Rosinski & Atchley, 1999; Rigali et al., 2002). Comparative
studies have led to the determination of a specific signature
for each family, providing the basis for a simple method of
classification and detection of new members (Henikoff et al.,
1988, 1990; Ramos et al, 1990; Haydon & Guest, 1991;
Summers, 1992; Gallegos et al., 1993; North et al., 1993;
Schell, 1993; Fuqua et al., 1994; Spiro, 1994; Poole et al., 1996;
Wintjens & Rooman, 1996; Martinez-Hackert & Stock, 1997;
Eulberg et al., 1998; Grkovic et al., 2001a, b; Karmirantzou &
Hamodrakas, 2001; Egan, 2002; Rigali ef al., 2002; Busenleh-
ner et al., 2003).

The aim of this review is to identify members of the IcIR
family of transcriptional regulators using a precise profile
recently developed for this family, and to review the
literature on the members of this family. The IcIR profile
can be easily used to identify IcIR family members in SWISS-
PROT and TrEMBL, and in all available proteins from
prokaryotic genome sequences in databases.

We provide evidence that members of the IcIR family of
transcriptional regulators are well represented and widely
distributed in bacteria. Proteins of the IcIR family always
have the HTH motif at their N-terminus end (Negre et al.,
1991; Donald et al, 1996; Pan et al., 1996), and the
polypeptide size of these members is typically in the range
of 240-280 residues. After compiling data from protein and
nucleic acid databases, we found the IcIR family of regula-
tors to include about 421 nonredundant sequences (October
2004). The specific function regulated by members of the
IcIR family is known for only a limited number of members
(Table 1). These proteins control genes whose products are
involved in the glyoxylate shunt in Enterobacteriaceae,
multidrug resistance, degradation of aromatic compounds
in soil bacteria, inactivation of quorum-sensing signals in
Agrobacterium, determinants of plant pathogenicity by
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certain Enterobacteriaceae, and sporulation in Streptomyces
(Table 1).

Defining the IcIR family

A specific profile for the IcIR family allows easy
identification of IcIR family members in different
DNA and protein databases

The IcIR family is named after the member of this group that
has been most comprehensively characterized at the genetic
and biochemical level — the IcIR protein (Table 1). This
protein controls the glyoxylate bypass in Escherichia coli. We
found that the IcIR family can be best defined by a conven-
tional profile, which is based on sequence similarities in the
region between residues 151 and 229 in the E. coli IcIR
primary sequence (T. Krell ef al., submitted). This profile
was built using the ‘pfmake’ program available at the Swiss
Institute of Bioinformatics (http://www.isrec.isb-sib.ch/ftp-
server/pftools) (Bucher & Bairoch, 1994; Bucher et al., 1996)
and is available at http://www.bactregulators.org.

Using this new profile, we have searched for members of
this family in 196 complete and incomplete microbial
genomes available in NCBI (Release 25-10-04). Table 2
shows that members of the IcIR family were detected in 61
microbial genomes belonging to 42 genera of gram-positive
and Alpha-, Beta- and Gammaproteobacteria and Archaea,
indicating a wide taxonomic distribution. The number of
regulators in a given microorganism belonging to the IcIR
family was particularly high in the three strains of Bordetella
(Table 2), which were found to contain 18-40 IcIR family
member proteins per genome. This observation led us to
analyze whether there is a link between the pathogenicity of
a microorganism and the frequency of IcIR family member
proteins in the genome. For these analyses we considered the
complete genomes available for 135 pathogens and 57
nonpathogenic bacteria. The number of genomes for which
at least one IcIR protein was detected was very similar for
pathogens (40%) and nonpathogens (39%). Table 2 lists the
microorganisms in which IcIR family members were found.
The bacteria with complete genomes were classified into the
following groups according to the number of IcIR proteins
found per genome: 0, 1-2, 3-5, 6-10, 11-20 and above 20
IcIR family members per genome. The ratio of the number
of pathogenic and nonpathogenic microorganisms in each
of these groups was also analyzed and was found to be
similar, indicating that there is no statistically relevant link
between the number of IcIR family members and patho-
genicity.

To determine whether there is a link between IcIR
sequences and pathogenicity, all IcIR pathogen sequences
were highlighted on a phylogenetic tree showing all the IcIR
family sequences from completed bacterial genomes (not
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Table 1. Members of the IcIR family for which a function has been identified
Accession
Protein number Microorganism Function References
Att) Q8VPD8 Agrobacterium Att) is the repressor of the attMKL operon Zhang et al. (2004)
tumefaciens involved in degradation of acyl-homoserine
lactones that act as signals in Ti plasmid
transfer
CatR 033539 Rhodococcus opacus Regulator of the catABC genes for catabolism Eulberg & Schldmann
of catechol via an ortho-cleavage pathway (1998)
DitR Q9X4x3 Pseudomonas dit genes encode the enzymes involved in Martin & Mohn (2000)
abietaniphila catabolism of abietane diterpenoid. ditR
forms a cluster with did3BCD and E genes.
Although DitR is not strictly required for
growth on abietanes, a ditR:Km" mutation
showed reduced induction of diitA3.
GclR or AlIR Q8VP30/ Escherichia coli Repressor of glycolate carboligase Rintoul et al. (2002)
P77734
GylR Q828K3 Streptomyces Control of glycerol metabolism Bolotin & Biro (1990),
avermitilis Hindle & Smith (1994),
Smith & Chater (19883, b)
HmgR QBEMIO Pseudomonas putida The hmgR gene product controls the Arias-Barrau et al. 2004)
inducible expression of the divergently
transcribed hmgABC that encodes
homogentisate dioxygenase,
fumarylacetoacetate hydrolase and
maleylacetoacetate isomerase in the
homogentisate pathway. HmgR is a repressor
HppR 005148 Rhodococcus The hppR gene forms part of the hopCBKR Barnes et al. (1997)
globerulus cluster involved in the metabolism of 3-(3-
hydroxyphenyl)propionic acid. No functional
studies on this regulator are available
IcIR P16528 Escherichia coli Repressor of the aceBAK operon for Sunnarborg et al. (1990)
glyoxylate shunt. Regulates its own synthesis
IcIR Q8D1U3 Yersinia pestis Control of acetate metabolism Song et al. (2004)
KdgR P3778/ Erwinia sp. Repressor of exoenzyme production Reverchon et al. (1991),
Q6D4G5 Bell et al. (2004)
MhpR Q9S159 Comamonas The mhpR gene is transcribed divergently Arai et al. (1999)
testosteroni with respect to the mhpABDorf4orf5mhpFEC
operon. The MhpA-C proteins are involved in
degradation of 3-(3-hydroxyphenyl)propionic
acid. Mutants in mhpR fail to grow on 3-(3-
hydroxyphenyl)propionic acid and 3-
hydroxycinnamic acid.
MhpR P77569 Escherichia coli K12 The mhpR gene is transcribed divergently Ferrandez et al. (1997)
with respect to the mhpABCDFE cluster,
which encodes the enzyme for catabolism of
3-(3-hydroxyphenyl)propionic acid via 2,3-
dihydroxyphenyl propionic acid. MhpR
induces expression of the mhpA-E cluster
NdpR Rhodococcus opacus The NdpR protein represses expression of ndp/ Nga et al. (2004)
and ndpC, whose gene products are hydride
transferases involved in the early steps of
picric acid degradation. /n vivo 2,4-
dinitrophenol is an effector
OhbR Q97Z5W3 Pseudomonas Putative regulator of the ohbAB operon for Tsoi et al. (1999)
aeruginosa metabolism of 2-chlorobenzoate
PcaR Q52154 Pseudomonas putida Positive regulator of the pca genes for 3,4- Romero-Steiner et al.

dihydroxybenzoate metabolism. Induces
expression of pcall, pcak, pcaF and pcaTBDC

(1994)
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Accession

Protein number Microorganism Function References

PcaR 067983 Rhodococcus opacus The pcaR gene is part of the pcaHGBLRF Eulberg et al. (1998)
cluster. PcaR is the presumed regulator of the
cluster.

PcaR Q6NB48 Rhodopseudomonas Control of protocatechuate metabolism Larimer et al. (2004)

palustris

Pcau 083046 Acinetobacter sp. Positive regulator of pcal/FBDKCHG, pcaU. Kok et al. (1998)

ADP1 The structural operon is transcribed
divergently with respect to pcal, and this
organization influences its autoregulation

PobR Q43992 Acinetobacter Positive regulator of pobA, which encodes p- DiMarco et al. (1993)
hydroxybenzoate hydroxylase. Regulates its
own synthesis

RexZ Q6CZM8 Erwinia sp. Activator of exoenzyme production Bell et al. (2004)

SsfR QYL688 Streptomyces griseus Regulator involved in sporulation through Jiang & Kendrick (2000),
activation of ssgA Yamazaki et al. (2003)

SsgR Streptomyces Regulator involved in sporulation Zhu & Winans (1999)

coelicolor

TsaQ Q6XL52 Comamonas Positive regulator needed for induction of the Tralau et al. (2003)

testosteroni tsaST genes involved in conversion of p-
toluenesulphonate into p-toluenecarboxylate

TtgT Q8GY976 Pseudomonas putida Repressor of ttgDEF and ttgGH/I operons. The Duque et al. (2001),
TtgDEF and TtgGHI proteins form efflux Mosqueda & Ramos
pumps that extrude solvents (2000), W. Teran et al.

(unpublished)

TtgV Q93PUB Pseudomonas putida Repressor of ttgDEF and ttgGH! operons. The Guazzaroni et al. (2004),
TtgDEF and TtgGHI proteins form efflux Rojas et al. (2003)
pumps that extrude solvents.

Yial P37671 Escherichia coli Positive regulator for xylulose metabolism Schumacher et al. (2002)

shown). No significant clustering of sequences from patho-
gens was observed, demonstrating that there is no a link
between IcIR-family member sequences and pathogenicity,
or between the number of IcIR proteins per genome and
pathogenicity.

Members of the IcIR family are activators,
repressors or proteins with dual function

A large number of studies are available on the mechanism of
signal-dependent transcriptional repression and induction,
and much of the information has been deduced from gene
and operon structure and from genetic and mutagenesis
studies. The information relevant to the IcIR family shows
that, in contrast to other families of regulators in which
either activators or repressors are predominantly found (i.e.
XylS/AraC (Gallegos et al., 1997) and TetR (Ramos et al.,
2005), respectively), members of the IcIR family include
repressors, activators and proteins with a dual role: as a
repressor for certain genes (including autoregulation) and as
an activator for others.

The physiological role of the IcIR family members has
been elucidated for a limited number of these proteins using
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genetic or biochemical approaches. The best-characterized
member of the IcIR family is the E. coli IcIR glyoxylate shunt
repressor, which regulates the aceBAK operon encoding
proteins in acetate utilization (Maloy & Nunn, 1982; Sun-
narborg et al., 1990). In Streptomyces griseus and Strepto-
myces coelicolor, IcIR family members SffR and SggR are
repressors that control sporulation (Nomura et al., 1998;
van Wezel ef al., 2000). In the plant pathogen Erwinia sp.,
the IcIR family members KdgR (Nasser et al., 1992; Liu et al.,
1999) and RexZ (Thomson et al., 1999) regulate genes
whose products are involved in the breakdown of plant cell
wall polysaccharides, which are critical for the initial steps in
plant tissue colonization. Whereas KgdR functions as a
repressor, the RexZ protein is a positive transcriptional
regulator. A good number of IcIR family members regulate
catabolic pathways for the degradation of aromatic com-
pounds, such as p-hydroxybenzoate in Pseudomonas putida
WCS358 (Bertani et al., 2001) and Acinetobacter sp. ADP1
(DiMarco ef al., 1993), protocatechuate in Acinetobacter sp.
ADP1 (Gerischer et al., 1998; Kok et al., 1998), Rhodococcus
opacus 1CP (Eulberg & Schlomann, 1998; Eulberg et al.,
1998) and Pseudomonas putida PRS2000 (Guo & Houghton,
1999). Most of the regulators of these pathways are proteins
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Table 2. Microorganisms in which IcIR family members were detected

Microorganisms No. of IcIR family members Genome size (Mbp) Pathogenic bacteria
Acinetobacter sp. ADP1 7 36 —
Agrobacterium tumefaciens C58 16 11.35 +
Aquifex aeolicus VF5 1 1.59 —
Bacillus anthracis A2012 2 5.37 +
Bacillus anthracis AMES 2 5.23 +
Bacillus anthracis ‘Ames Ancestor’ 2 55 +
Bacillus anthracis Sterne 2 5.23 +
Bacillus cereus ATCC 10987 3 5.22 +
Bacillus cereus ATCC 14579 2 5.43 +
Bacillus cereus ZK 2 53 +
Bacillus halodurans C-125 3 4.2 -
Bacillus licheniformis ATCC 13032 6 8.44 +
Bacillus subtilis subsp. subtilis168 1 4.21 —
Bacillus thuringiensis 97-27 2 5.24 +
Bifidobacterium longum NCC2705 4 2.26 —
Bordetella bronchiseptica RB50 40 5.34 +
Bordetella parapertussis 12822 33 4.77 +
Bordetella pertussis Tohama | 18 4.09 +
Bradyrhizobium japonicum USDA 110 15 9.20 —
Brucella melitensis 16M 7 3.29 +
Brucella suis 1330 7 3.32 +
Burkholderia mallei ATCC 23344 - +
Burkholderia pseudomallei K96243 13 7.25 +
Campylobacter jejuni subsp. jejuniNCTC 11168 1 1.64 +
Caulobacter crescentus CB15 1 4.02 —
Chromobacterium violaceum ATCC 12472 1 4.75 +
Comamonas testosteroni —
Corynebacterium diphtheriae NCTC 13129 1 2.49 +
Corynebacterium efficiens YS-314 4 3.15 —
Corynebacterium glutamicum ATCC 13032 6 3.31 —
Deinococcus radiodurans R1 3 3.28 -
Enterococcus faecalis V583 1 3.22 +
Erwinia carotovora subsp. atroseptica SCRI1043 3 5.06 +
Erwinia sp. —
Escherichia coli CFT073 6 5.23 +
Escherichia coli K12 8 4.64 —
Escherichia coli 0157:H7 5 5.59 +
Escherichia coli 0157:H7 EDL933 5 5.53 +
Geobacter sulfurreducens PCA 4 3.81 -
Haemophilus influenzae Rd KW20 1 1.83 +
Halobacterium sp NRC-1 1 2.57 —
Leifsonia xyli subsp. xyli CTCBO7 2 2.58 +
Mannheimia succiniciproducens MBEL 55E 2 2.31 —
Mesorhizobium loti MAFF303099 6 7.6 -
Mycobacterium avium subsp. paratuberculosis k10 4 4.83 +
Mycobacterium bovis AF2122/97 3 4.35 +
Mycobacterium tuberculosis CDC1551 3 4.4 +
Mycobacterium tuberculosis H37Rv 3 4.41 +
Nocardia farcinica IFM 10152 13 6.29 +
Oceanobacillus iheyensis HTE831 3 3.63 —
Pasteurella muftocida subsp. multocida Pm70 1 2.26 +
Photobacterium profundum SS9 4 6.4 —
Photorhabdus luminescens subsp. laumondii TTO1 2 5.69 +
Photorhabdus luminiscens —
Propionibacterium acnes KPA171202 2 2.56 +
Pseudomonas abietanphyla —
Pseudomonas aeruginosa PAO1 6.26 +
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Microorganisms

No. of IcIR family members

Genome size (Mbp) Pathogenic bacteria

Pseudomonas putida K12440 4
Pseudomonas syringae DC3000 5
Ralstonia solanacearum GMI1000 7
Rhodococcus globerus

Rhodococcus opacus

Rhodopseudomonas palustris CGA009

Salmonella enterica subsp. enterica serovar typhi CT18

ella enterica subsp. enterica serovar typhi Ty2

riIca SUDSP. (2 serovar ty

Salmonella typhimurium LT2

Shigella flexneri 2a 24577

Shigella flexneri 2a strain 301

Sinorhizobium meliloti 1021

Streptomyces avermitilis MA-4680
Streptomyces coelicolor A3(2)

Streptomyces griseus

Symbiobacterium thermophilum |1AM 14863
Thermotoga maritima MSB8

Thermus thermophilus HB27

Vibrio cholerae O1 biovar eftor N16961
Vibrio parahaemolyticus RIMD 2210633
Vibrio vulnificus CMCP6

Vibrio vulnificus YJ016

Xanthomonas axonopodis 306
Xanthomonas campestris pv. campestris ATCC 33913
Yersinia pestis biovar medievalis 91001
Yersinia pestis CO92

Yersinia pestis KIM

Yersinia pseudotuberculosis IP 32953

o= 00 A~ S~ O UGU O

NN =2 NN WN =2 N = o

6.18
6.4
5.81

[

5.46
5.13
1.79
4.95
4.6

4.61
6.69 —
9.12 -
9.05 -

+ o+ o+ o+

3.57 —
1.86 -
213 -
4.03
5.17
5.26
5.13
518
5.08
4.8

4.83
4.6

4.84

R i

Genome size and number of IcIR-like family members are only given for microorganisms for which the complete genome is known.

with dual function, since they control their own synthesis
while at the same time activating transcription of the
catabolic operons (see below). There are many other cases
in which the gene specifying an IcIR family member is
adjacent to a probable or demonstrated gene or operon of
unknown function, but no regulatory link between the
regulator and the gene has yet been found. Thus, proteins
of the IcIR family appear to have diverse regulatory roles in
bacteria, and an adequate understanding of their mode of
action is of interest (see below).

Crystal structure of members of thelcIR
family

There are currently five 3-D structures of IcIR proteins
available, namely, the full-length protein from Thermotoga
maritima TMO0065 (Zhang RG et al., 2002), the effector
binding domains of two glyoxylate regulatory proteins (PDB
entries 1TF1 and 1TDJ), Yai] (PDB entry 1YSQ) and KdgR
(PDB entry 1YSP). For the latter four structures there are
currently no literature references available. All structures are
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obtained without bound DNA and effector. The full-length
structure of the Thermotoga IcIR is used below to illustrate
the 3-D structure of the members of this family.

TheTM-IcIR protein

The T. maritima gene is located within a cluster of genes that
are homologous to genes whose translated products are
involved in xylulose metabolism. In E. coli, the catabolism
of endogenously formed xylulose is mediated by IcIR family
member Yia] (Schumacher et al., 2002). The crystal struc-
ture of the TM0065 protein, also known as TM-IcIR, was
resolved at 2.2 A (Zhang RG et al, 2002). The protein
consists of two a/p domains, a small N-terminal DNA
binding domain, and a large C-terminal putative signal
binding domain. These domains are linked by an «-helix
and a short loop. The protein crystallized as a dimer and the
dimerization interface comprises the o-helices H1 and H4
(Fig. 1). The hydrophobic interface formed by the two H1 a-
helices from the N-terminal domains includes four aromatic
side chains, two from each monomer. A number of addi-
tional hydrophobic interactions (such as Ala7-Leu4) and
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Fig. 1. Thermotoga maritima TM-IcIR dimer. Solid orange cylinders represent the a-helixes (H) and the green arrows represent the B-sheet (S). The helix-

turn-helix of each monomer is shown in red (H2 and H3) and (H,’ and Hs').

hydrogen bonds (such as Asp12-Tyr67) were also observed
at the dimer interface (Zhang RG et al., 2002). The dimer is
asymmetrical with respect to the orientation of the signal
binding domains.

The HTH DNA binding motif at the N-terminal domain
is composed of two consecutive a-helices (H2 and H3 in Fig.
1 and the 4-residue turn connecting them). The H2 a-helix
is aligned at almost 90° with respect to the predicted
recognition a-helix (H3). The H3 of Thermotoga IcIR has
four turns, making it larger than the corresponding helix in
QacR and TetR, which has two turns (Orth et al., 2000;
Schumacher et al., 2002), and the helix in MarA and BmrR,
with three turns (Rhee et al., 1998; Heldwein & Brennan,
2001). The HTH motif is followed by a B-hairpin, which
connects to the linking region, and the global architecture of
the DNA binding domain resembles that of the winged HTH
(Clubb et al., 1994). The distance between HTH motifs in
the dimer is 33.45 A.

The C-terminal domain is composed of a six-stranded
antiparallel P-sheet, five o-helices, and one short 3, helix
(Fig. 1). The strongly curved B-sheet forms a half barrel and
divides the five a-helices into two subgroups: two relatively
short a-helices (H4 and H5) that lie on the outside of the
curved sheet, and three helices (H6, H7 and H8) on the
inside, forming an «/B/o structure. The H6 a-helix is
inserted into the half barrel and is parallel to the sheet
surface. In the dimer, the C-terminal domains do not

contact each other. The C-terminal ligand binding domains,
which are not directly involved in dimer formation, are not
related by two-fold symmetry, thus making the dimer
asymmetrical. At this point it is not clear whether this
observation is of physiological relevance or whether it is an
artifact of crystallization. The linking regions (residues
62-79) in the two monomers in the asymmetric unit adopt
two different conformations, which results in two different
orientations of the ligand binding domains with respect to
the HTH dimer.

In the TM-ICIR structure, the proposed substrate binding
pocket is occupied by water molecules and a divalent metal
ion (assigned as Zn>*) bound to Cys196. This effector
binding site has been proposed to be a pocket formed by
the inner surface of the curved B-sheet, helix H6 and a loop
(the latter being highlighted in red in Fig. 1). Interestingly,
parts of this proposed effector binding site (namely residues
214-220 and 114-118, Fig. 2) were proposed to mediate
tetramer formation and the proximity of the presumed
ligand binding region to the region involved in tetrameriza-
tion suggests that ligand binding and tetramerization may
be linked (Fig. 2). Because tetramerization and DNA bind-
ing are also connected, the proximity of the signal binding
and tetramerization domains as suggested in the crystal
structure may provide the link between signal binding and
DNA binding, but this interpretation awaits the results of
further in vitro studies.
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Fig. 2. (a) Tetramer of IcIR. The two monomers forming a dimer are colored in blue or green and the helix-turn-helix of each monomer is highlighted in
red. {b) Perpendicular view of (a) to highlight Gly151, shown as an orange ball.

IcIR proteins are structurally conserved and show
similarities with GAF domains

To address the question of whether IcIR proteins form a
separate group of structurally distinct proteins, all currently
available 3-D protein structures were aligned with the
effector binding domain of E. coli IcIR using the Dali
algorithm (Holm & Sander, 1996). The obtained fits were
sorted using the Z-score (an indication of the quality of the
alignment) and best structural fits are shown in Table 3. An
identical alignment (E. coli IcIR with itself) is characterized
by a Z-score of 36.8. As mentioned above, there are a total of
five IcIR structures currently available in the protein data
bank and very close fits were obtained for the alignment of
E. coli IcIR with the remaining four members of the IcIR
family (Z-scores > 22). These fits were global and covered
the entire effector binding domain. At least 93% of amino
acids could be superimposed with an Rmsd of less than 2 A
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(Table 3). The sequence and length of all secondary structure
elements in these five proteins were found to be very similar
and it can be concluded that these five IcIR proteins share a
similar structure (Fig. 3).

Members of the IcIR family of regulators exhibit signifi-
cant Z-scores (9.3—6.4) with a few non-IcIR proteins indi-
cating a certain degree of structural similarities. The three
best alignments with non-IcIR proteins are with proteins
exhibiting GAF domains (Hopper et al., 1996; Korsa & Bock,
1997; Ho et al, 2000; Anantharaman et al, 2001). GAF
domains are ubiquitous structural motifs present in cGMP-
regulated cyclic nucleotide phosphodiesterases, certain Ade-
nyl cyclases, the bacterial transcription factor FhlA (letters in
bold indicate the origin of the acronym), and hundreds of
other signalling and sensory proteins from all three king-
doms of life (Beinlich et al., 2001, see below). The GAF
domain can be partially superimposed on the effector
binding domain of E. coli IcIR (PDB entry 1TD5), thus



Capitulo 2.3

IcIR family of bacterial transcriptional regulators

165

Table 3. Structural alignments using the DALI algorithm of the Escherichia coli IcIR effector domain with the equivalent region of protein with other

members of the IcIR family*

Sequence identity
over equivalent

Protein Microorganisms pdb code Z-score’ Rmsd (amino acids)! region (%)
IcIR Escherichia coli 1TD5 36.8 0071 100
Glyoxylate regulatory protein Escherichia coli 1TF1 26.9 1.4(168) 44
IcIR homologue Thermotoga maritima TMKM 243 1.9(166) 31
Yail Escherichia coli 1YSQ 241 1.6(167) 28
KdgR Erwinia 1YSP 224 1.9(159) 30

*Analyses were performed in April 2005.

Z-score: strength of structural similarity in standard deviations above expected.
fRmsd (amino acids): positional root mean square deviation of superimposed C, atoms in ,&ngstroms. The total number of equivalent residues is given in

brackets.

sharing the curved and antiparallel B-sheet with the same
strand order, and the three helices corresponding to H5, H6
and H9 in the Thermotoga TM-IcIR structure (Fig. 1).

The structural similarities identified for GAF and IcIR
proteins may reflect a similar function, which could consist
of both protein families sensing a variety of small molecules.
IcIR proteins were shown to bind to many structurally
different small molecules, as detailed in the following
sections of this review. Likewise, GAF domains do not only
bind cyclic nucleotides, but have also been found to bind to
formate, 2-oxoglutarate or aromatic compounds such as
tetrapyrroles and photopigments (Rost & Sander, 1993;
Reyes-Ramirez et al., 2002; Little & Dixon, 2003).

The sequences of IcIR proteins can be subdivided into five
major orthologous subgroups (data not shown). However,
the five 3-D structures currently available on IcIR proteins
all group in one of these subgroups. To determine whether
members of all IcIR subgroups share a similar sequence of
secondary structure elements, a representative from all
subgroups was selected on the basis that the function is
known and that no 3-D structural information is available.
The only IcIR sequence from an archaebacterium has also
been included in this analysis (Fig. 3).

Initial experiments were aimed at identifying the algo-
rithm that predicts best the secondary structure for the IcIR-
TM of Thermotoga for which the 3-D structure is available.
Amongst all the currently available algorithms, the predic-
tion method using PHD (Rost & Sander, 1993) turned out
to yield the prediction that coincides best with the 3-D
structure. This algorithm has therefore been employed to
predict the secondary structure of the representatives of each
subgroup and the archaebacterial sequence. Figure 3 shows
an alignment of the secondary structure found in the IcIR
protein of the Thermotoga protein with the six predictions.
Considering that PHD has a precision of 70%, there is a
good agreement between the different proteins. The agree-
ment is best at the N-terminal DNA binding domain. For
the overall alignment, the helical regions appear to be

predicted with more precision than the strands. The region
with the most pronounced differences in secondary struc-
ture was found between residues 115 and 140. In the
Thermotoga IcIR-TM protein this fragment forms loop L3
(containing a P-strand), which has been proposed to be
involved in the binding of the effector molecule.
The difference in secondary structure observed in this
region might be due to the fact that the different proteins
analyzed bind to different effector molecules. However, the
overall good agreement in the secondary structure of IcIR
proteins might indicate that they share a very similar 3-D
structure.

Potential mechanistic and structural reasons for
conservation of amino acidsin the IcIR signature

To identify the reason for the conservation of the amino
acids within the IcIR signature, we analyzed four residues
that are almost completely conserved in the signature
defining the family, namely, G151, P155, G162 and G208 in
the E. coli IcIR primary sequence.

The asymmetrical unit of the crystal used to generate the
structure of the Thermotoga protein (Zhang RG et al., 2002)
was shown to contain a dimer which is proposed to be the
minimal DNA binding unit. However, the authors propose
that the protein forms a tetramer when bound to DNA. This
tetramer is shown in Fig. 2a, where the two monomers
forming a dimer are colored blue or green. Figure 2b, a
perpendicular view of Fig. 2a, shows that G151 is located
on the tetramer interface. There is a distance of 2.9A
between the two Ca atoms of the glycines, indicating
a hydrophobic interaction. Furthermore, this residue is
located on loop L3 (shown in red in Fig. 2b), which is
proposed to form part of the effector binding site and
is likely to move upon ligand binding. These features suggest
that G151 is likely to play a key role in the effector-mediated
dissociation of tetramers into dimers, which in turn leads
to release of the protein from DNA. This important
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Fig. 3. Structural alignment of secondary structure elements found in the 3-D structure of the IcIR protein of Thermotoga with secondary structure
predictions of IcIR sequences, representative of all five major orthologous subgroups. Sequences were selected randomly, but for all sequences no 3-D
information is available and the function is known. The single sequence of an IcIR protein detected in an archaebacterium (Halobacterium sp., see Table
2) has also been added to this alignment. Secondary structure was predicted using the PHD algorithm (Rost & Sander, 1993). Sequence numbering
refers to the Thermotoga protein and the secondary structure elements correspond to those shown in Fig. 1. Helices are in blue and B-strands in red.

mechanistic role of G151 is thus proposed to be the reason
for its conservation.

Zhang et al. (2002) proposed that the effector binding site
is composed of the central B sheet as well as loop L3 and
helix H6 (Fig. 1). Prol55 is situated on loop L3 and might
contribute to the constrained conformation of this loop.
Gly162 is situated in the hinge region between L3 and Heé. It
is likely that L3 and H6 fold over the bound effector, in
analogy to the lid domain found in many ATP binding
proteins. Glycine residues are frequently found in hinge
regions of mobile loops, and we suggest that this is also the
reason for the conservation of Glyl62. In view of these
findings, mechanistic roles related to effector binding are
suggested to be responsible for the conservation of Pro155
and Gly162.

Helix H8 and strand S5 are linked by a sharp turn where
Gly208 is located. Because of its flexible geometry, glycine
residues can enable such sharp turns and thus a structural
role is proposed for this residue.

Analysis ofthe HTH of IcIR-family

Using BLAST-CLUST, Krell et al. (submitted) found that
IcIR members clustered in 189 groups based on the HTH
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domain. A member of each cluster was chosen and the HTH
was aligned. These authors noticed that L or M, located in
the turn between both helices, was highly conserved. Only
two residues were highly conserved in the first helix, namely,
those at positions 3 and 6 in the multialignment. Residues at
positions 3 and 6 corresponded to amino acids Val23 and
1le26 in the Thermotoga IcIR-TM protein. Both residues play
a key role in maintaining the structure of this DNA binding
domain by establishing numerous hydrophobic contacts.
Val23 interacts with Ala37 and with Tyr38, located on helix
3, as well as with Tyr58 of strand 2 (Fig. 1). Ile 26 interacts
with helix 1 by maintaining contacts with Ile10 and Phel3
and also with Val21 and Phe30 located on the N- and
respectively C-terminal end of helix2. The small number of
amino acids conserved in the first helix of the HTH is in
contrast to findings in the XylS/AraC family and TetR
families, in which the most conserved residues were in the
first helix. In fact, the conservation of residues in the first
helix in the HTH motif (H2) of the AraC/XylS and TetR
family was considered critical for the structure and orienta-
tion of the recognition helix H3 (Gallegos et al., 1997). Low
conservation at the recognition helix in the AraC/XylS and
TetR family was interpreted as part of variability enabling
recognition (the second helix in the HTH motif) of different
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promoters. An interesting feature is that the 3-D structure of
IcIR-TM (Fig. 1) has a longer recognition helix compared to
other regulators such as QacR or TetR (Schumacher et al.,
2002; Berens & Hillen, 2003).

Krell et al. (submitted) also found that three hydrophobic
residues were conserved in the recognition helix of the HTH,
and suggested that they could play a certain structural role.
The most conserved position in the HTH was a Leu found in
91% of the sequences. This corresponded to Leu4l in the
TM-IcIR protein, where it is part of the hydrophobic net-
work at the dimer interface of the HTH domain.

Lysine and arginine residues frequently dominate the
interaction of proteins with DNA. Krell ef al. (submitted)
found that there was only one highly conserved charged
residue in the second helix of the HTH, which was an Arg in
75% of the cases. This residue corresponded to Arg36 in the
TM-IR protein and it is likely to interact with DNA.

PobR is the positive transcriptional regulator of the pobA
gene involved in p-hydroxybenzoate metabolism in Acineto-
bacter. A number of mutants at the N-terminal of this
protein with defects in regulation have been isolated (Kok
et al., 1998). In light of the above findings, a 3-D model of
PobR was generated using the structure of the IcIR-TM as a
template. We found that in PobR the recognition helix
extended from residue 43 to 71. Mutations within this
stretch of amino acids in PobR (R56 — S, K64 — M and
K67 — 1) resulted in mutants with reduced DNA binding
capacity.

Circuits in which IcIR family members are
involved

The IcIR protein: genetics of the regulation ofthe
glyoxylate cycle shunt

To grow on acetate or fatty acids, Escherichia coli requires the
induction of the glyoxylate bypass (Fig. 4). This pathway
consists of isocitrate lyase (aceA) and malate synthase
(aceB), and is essential for growth on these carbon sources
because it prevents the quantitative loss of the entering
carbon as CO, in the Krebs cycle (Kornberg, 1966; Brice &
Kornberg, 1968). Once induced, the flow of isocitrate
through this pathway is controlled by the phosphorylation
of isocitrate dehydrogenase (IDH), one of the Krebs cycle
enzymes that competes with isocitrate lyase for isocitrate
(Garnak & Reeves, 1979; Borthwick et al., 1984; LaPorte
et al., 1984; LaPorte & Chung, 1985). This phosphorylation
cycle is catalyzed by a bifunctional protein, IDH kinase/
phosphatase (aceK) (LaPorte & Koshland, 1982; LaPorte
et al., 1989).

The aceBAK operon (Byrne et al., 1988; Chung et al.,
1988; Cortay et al., 1988; Klumpp et al., 1988; Rieul et al.,
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1988) is expressed from a single promoter during growth on
acetate (Chung ef al., 1988), and is repressed if any preferred
carbon source (e.g. glucose or pyruvate) is present simulta-
neously. The expression of this operon is regulated by a
repressor protein encoded by icIR, as suggested by the
finding that mutations in icIR yielded constitutive expres-
sion of the aceBAK operon (Maloy & Nunn, 1982; Kornberg,
1967; Sunnarborg ef al., 1990; Negre et al., 1991, 1992). IcIR
also regulates its own expression, and gel shift assays
demonstrated that IcIR binds to its own promoter (Gui
et al., 1996). IcIR binds to two sites at the aceB promoter,
one of which overlaps the — 35 region (Chung et al., 1988;
Cortay et al., 1991; Negre et al., 1991, 1992; Donald et al.,
1996); (see also Fig. 5). The other site is located further
upstream in the — 100 region and is essential for the
mechanisms of action of this protein (see below). Although
aceBAK and icIR are both regulated by IcIR, aceBAK expres-
sion responds to the presence of different carbon sources,
whereas the expression of iclR does not. The available
evidence suggests that integration host factor (IHF) is
responsible for this difference, since an IHF site was identi-
fied upstream from the IcIR binding site of aceBAK (Resnik
et al., 1996). ITHF contributes to the induction of aceBAK by
opposing repression by IclR during growth on acetate
(inducing conditions) but not on glucose (repressing con-
ditions). It was proposed that the expression of icIR may be
relatively insensitive to the carbon source because it does not
have a binding site for IHE. Consistent with this proposal
was the finding that when the IHF site upstream from
aceBAK was inactivated, the response of aceBAK expression
to the carbon source closely resembled the expression
pattern of icIR.

A sequence just upstream of the icIR promoter bears a
striking resemblance to FadR binding sites found in the fatty
acid metabolic genes (DiRusso et al., 1992; Henry & Cronan,
1992). Disruption of fadR resulted in an increase in the
expression of aceBAK (Maloy & Nunn, 1982), as shown
by measurements of the expression of IDH phosphatase
during growth on glucose and acetate. Mutation in
either the fadR gene or the FadR binding site of icIR yielded
similar increases in the expression of IDH phosphatase.
Furthermore, inactivation of the FadR binding site of icIR
decreased the expression of an icIR:lacZ operon fusion,
indicating that FadR activates the expression of icIR. In vitro
gel shift and DNasel footprint analyses confirmed that FadR
binds to a site just upstream from the icIR promoter. This is
evidence that FadR activates icIR expression and indirectly
regulates aceBAK by altering the expression of IcIR. The
implication of these findings is that control of the glyoxylate
bypass operon (aceBAK) in E. coli is mediated by two
regulatory proteins, IcIR and FadR.

IcIR protein purified on chromatographic Sephadex
G-100 columns and in sucrose density gradients behaves as
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Fig. 4. Krebs cycle and the glyoxylate shunt. Isocitrate lyase and malate synthase are encoded respectively by aced and aceB genes. The activity of
isocitrate dehydrogenase is controlled by phosphorylation (shown to the right).

a tetramer (M,~117 000) (Negre et al., 1991). IcIR binding
to DNA is co-operative, with polymerization of IcIR sub-
units as they bind to the DNA. This co-operativity is con-
sistent with evidence for an equilibrium between IcIR single
subunits, dimers and tetramers at high concentrations.

DNase 1 footprinting and in vitro transcription assays
indicated that IcIR binds to an IcIR box (Chung et al., 1988;
Cortay et al., 1991; Donald et al., 1996; Pan et al., 1996; Gui
et al, 1996). The IcIR binding sequences agree with a
consensus palindromic sequence, 5-TGGAAATNATTTC-
CA-3' (Pan et al., 1996). In view of the palindromic nature
of the IcIR box and the size of the protected region in
footprint assays, the functional IcIR promoter is most likely
recognized by a tetramer (Négre et al., 1992; Donald et al,,
2001).

Yamamoto & Ishihama (2003) proposed two different
mechanisms of transcription repression from the icIR and
aceB promoters. The IcIR protein alone protected a region
between +14 and —21 in the P;gr promoter (Gui et al,
1996). The RNAP holoenzyme alone showed a different
footprinting pattern, including the protected region
between +14 and —59 (Yamamoto & Ishihama, 2003).
‘When the RNAP holoenzyme was added after the formation
of the IcIR-DNA complex, the protection pattern
was similar to that with IcIR alone. In contrast, the
addition of IcIR after incubation of RNAP holoenzyme
with the icIR promoter did not lead to significant changes
in the DNase I protection pattern from that seen with the
RNAP holoenzyme alone. These observations supported
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the competition model of repression of icIR transcription
by IcIR.

The binding sites of RNAP and IcIR on the aceB promoter
were defined by DNase I footprinting assays. The RNAP
alone protected a long sequence from — 62 to +17 on the
coding strand, and a sequence from —61 to +22 on the
noncoding strand. DNase I footprinting experiments
showed two binding sites for IcIR, i.e. an IcIR box I between
— 125 and —99 and an IcIR box II between —52 and — 19
in the aceB promoter region (Fig. 7, left). All IcIR contact
sites were located on the same face of DNA.

Yamamoto & Ishihama (2003) also carried out mechan-
istic studies in the aceB promoter. The binding of IcIR to
the promoter-proximal IcIR box II prevented RNAP from
binding to the aceB promoter, as in the repression of the icIR
promoter by IcIR. In contrast, IclR appears to bind to
the promoter-distal IcIR box I site, even after the RNAP
binds to the aceB promoter. Yamamoto & Ishihama (2003)
measured the level of stable aceB open complexes in
the presence and absence of IcIR. The aceB open complex
was gradually dissociated with a half-life of 16 min, after the
addition of heparin, a compound known to bind to DNA.
In the presence of IcIR, however, the half-life of the aceB
open complex decreased to 6min, suggesting that IcIR
destabilizes the aceB promoter open complex. In contrast,
the stability of the icIR promoter open complex was not
affected by the addition of IcIR. This series of findings led
Yamamoto & Ishihama (2003) to suggest that IcIR induces
dissociation of the aceB open complex, ultimately resulting
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Fig. 5. Modes of repression mediated by Escherichia coli IcIR protein. Left, repression mode I involves IcIR bound to its target site overlapping RNA-
polymerase binding site, so that occupancy of the site by IcIR prevents the entry of the polymerase. Right, repression mode Il involves IcIR bound to a
distal site with respect to the RNA polymerase site. The interaction of IcIR with the a-subunit of the promoter-bound RNA polymerase destabilizes and

disassociates the open complex (Yamamoto & Ishihama, 2003).

in the repression of aceB transcription even after open
complex formation (Fig. 5, right).

The involvement of two different modes of repression for
IclR may allow fine regulation of aceB transcription at
different levels, in response to the intracellular concentra-
tion of IcIR or the level of IcIR effectors.

Control of catabolic pathways for aromatic
hydrocarbons by IcIR family members

A number of regulators belonging to the IcIR family are
involved in the control of catabolic pathways for the
degradation of aromatic compounds (McFall et al., 1998).
PcaR and PcaU in P. putida and Acinetobacter sp., respec-
tively, are involved in the regulation of protocatechuate
degradation (Romero-Steiner et al., 1994). CatR and PcaR
in Rhodococcus opacus are probably involved in the regula-
tion of catechol and protocatechuate catabolism (Eulberg
et al., 1998; Berens & Hillen, 2003). PobR in Acinetobacter
sp. strain ADP1 is the key regulator of p-hydroxybenzoate
hydroxylase (Reyes-Ramirez et al., 2002), and MhpR con-
trols the expression of enzymes involved in the degradation
of aromatic hydroxyalkanoates in E. coli (Torres et al., 2003).
Three of the proteins (PcaU, PobR and PcaR) share a
common physiological function — growth with p-hydroxy-
benzoate through the P-ketoadipate pathway — although
they respond to different effectors (Ornston, 1966b; Harwood
& Parales, 1996; McFall et al., 1998; Parke et al., 2000). Thus,
it appears that a critical stage in the evolution of control for
the B-ketoadipate pathway was the selection of an ancestor
of the PobR group as a transcriptional activator. Subsequent
evolution probably resulted in modified transcriptional
regulators that respond to different effectors. The key
properties of these three regulators and those of MhpR are
summarized below.

The PobR protein of Acinetobacter

The catabolism of p-hydroxybenzoate is initiated in Acine-
tobacter sp. ADP1 by p-hydroxybenzoate 3-hydroxylase
(PobA) to yield protocatechuate. The positive regulator of
the pobA gene is the PobR protein encoded by the pobR gene,
which is transcribed divergently from pobA. A transcrip-
tional fusion of pobA to 'lacZ showed that pobA expression
in Acinetobacter was enhanced up to 400-fold in response to
low concentrations of p-hydroxybenzoate, and that pobA
expression was prevented in a pobR-deficient background.
On the other hand, experiments with a pobR::lacZ fusion
showed that PobR repressed its own synthesis three- to four-
fold (DiMarco et al, 1993; DiMarco & Ornston, 1994;
Elsemore & Ornston, 1994, 1995).

The start codons of pobA and pobR in the intergenic
region are separated by 134 bp. Primer extension analysis
identified the pobA transcript start point 22bp upstream
from the structural gene, whereas that of the pobR transcript
began 69bp upstream from the regulatory gene. This
arrangement requires superimposition of the —10bp and
—35bp RNA polymerase binding sites for the respective
genes (Fig. 6). Electrophoretic gel mobility shift assays
(EMSA) and qualitative surface plasmon resonance revealed
that, as expected, PobR binds specifically to DNA in the
pobA—pobR intergenic region. However, this binding was not
influenced by p-hydroxybenzoate: the addition of up to
1mM p-hydroxybenzoate, the co-effector of pobA expres-
sion, did not affect the association or dissociation character-
istics of wild-type PobR to DNA (DiMarco & Ornston,
1994). DNase I footprinting revealed that the Acinetobacter
PobR binds to a 35-bp motif (Clubb et al., 1994) which
extended from about 10 bp to about 45 bp downstream from
the transcription start site of the pobR transcript (Fig. 6).
This protected region contains an 8-bp inverted repeat that
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Fig. 6. The pobApobR intergenic region. The transcription start points are indicated by small curved arrows. The proposed translation start points are
shown by long arrows. The proposed — 10/ — 35 RNA polymerase binding sites are indicated and the PobR binding site is shown in a gray box. Within

this gray box the black arrows show an inverted repeat.

is probably involved in sequence-specific recognition. PobR
may act as a repressor of its own transcription because it
binds downstream from the pobR RNA polymerase binding
site and most likely prevents transcription progression. In
contrast, it is likely the PobR binding site is close enough to
the pobA promoter for the o subunit of RNA polymerase to
contact PobR.

Protocatechuate formed from p-hydroxybenzoate is
cleaved by protocatechuate 3,4-dioxygenase to [-carboxy
cis,cis muconic acid, which is further metabolized by PcaB.
Ornston and colleagues designed a clever strategy to search
for mutants in pobR based on the fact that a pcaB mutant of
Acinetobacter sp. is unable to grow with succinate in the
presence of p-hydroxybenzoate, due to the metabolic accu-
mulation of toxic P-carboxy cis,cis muconate. A double
mutant pcaB pobR, among other mutants, can grow with
succinate as a carbon source on plates with p-hydroxybenzo-
ate because the toxic compound is not accumulated (Hart-
nett & Averhoff, 1990; Clubb et al, 1994; Elsemore &
Ornston, 1994; Gerischer & Ornston, 1995). Kok et al.
(1997) generated pobR mutants by using random PCR
mutagenesis and the elegant selection procedure summar-
ized above. Some of the mutations were clustered in and
around the HTH DNA binding (residues 43-71) motif. Four
mutations in the PobR recognition helix (R56 — S,
R60 — Q, K64 — M, K67 — 1) in the HTH motif
yielded mutant proteins that completely failed to bind
the operator. Other mutations adjacent to the DNA bind-
ing motif (W80 — R) showed altered operator associa-
tion. In the predicted structure of PobR, tryptophan at
position 80 is presumed to be located at S1 (see Fig. 1)
and maintains numerous hydrophobic contacts with resi-
dues at H2 and H3; consequently, its substitution by
a charged residue disturbs the structural arrangement of
H2 and H3.

As mentioned above, PobR activates transcription of
pobA, and the action of PobA on p-hydroxybenzoate yields
protocatechuate, which in turn activates PcaU to mediate
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transcription from the pca genes. The amino acid sequences
of PobR and PcaU are 54% identical and recognize very
similar operators (see Fig. 7); however, each protein controls
its specific set of genes. Kok et al. (1998) generated mutants
of PobR to mimic Pcal, and found a single mutant in which
Thr57 in the recognition helix was substituted by Ala. The
mutant PobR (T57A) depended on p-hydroxybenzoate for
induction of the pca operon.

Kok et al. (1998) subjected the allele that encodes
PobR(T57A) to a round of PCR mutagenesis and searched
for mutants that were able to activate transcription inde-
pendently of p-hydroxybenzoate. Ten mutants which main-
tained the original T57 — A mutation had acquired a
mutation causing an amino acid substitution in one of four
residues clustered near the middle of the PobR primary
sequence. This suggested that these residues formed part ofa
specific functional domain. In four of the six different
mutations, an acidic residue (E124 or E126) was replaced
by an uncharged residue (G or V). Other mutations were
S118 — T, L135 — S and V120 — E. At least one of these
mutants (V120 — E) was shown to bind the PobR operator
in vitro, but the mutation prevented the response to p-
hydroxybenzoate, thereby locking the protein in an appar-
ently inactive conformation. In the predicted 3-D structure
of PobR generated using the TM-IcIR protein as a template,
amino acids Ser118, Leul35 and Vall20 were found on
neighboring B-strands, which have been proposed to form
part of the effector binding site of TM-IcIR. These amino
acids thus appear to be directly involved in effector binding.
Furthermore, Asp124 and Asp126 are found on a short turn
connecting the latter two strands. Both side chains point
away from the effector binding site and appear to interact
with other parts of the structure. Thus, all the mutations
identified were either inside or in the vicinity of the
proposed effector binding site.

DNA binding may be influenced by distal regions in the
primary sequence with respect to the HTH binding domain.
In this regard it should be noted that the C-terminal end of
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Acinetobacter ADP1
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—_— s —
AGCCCGATAGCGGAACGAG pcaF-pcaT

Fig. 7. Operator sequence of PobR, PcaU and PcaR. The organization of catabolic operons in Acinetobacter and Pseudomonas putida (top) and the
corresponding operator sequences (bottom). The dark arrows represent the genes encoding the regulators and the clear arrows the catabolic genes.

The regulator target sites in each promoter are indicated by black arrows and the corresponding operators are aligned.

the TM-IcIR-TM forms a long helix which points toward the
N-terminal DNA binding domain of the other monomer in
the dimer (Fig. 1). In fact, there is a hydrophobic interaction
between glycine 245 and tyrosine 62 in the DNA binding
domain of TM-IcIR. When this information is translated to
PobR and considered in the light of available mutants, it is
worth noting that a nonsense mutant lacking the last 15
amino acids of PobR resulted in a null mutant, and also that
a PobR mutant in residue 241 (His241 — Lys) was unable
to bind DNA (Kok et al., 1998).

The PcalU protein of Acinetobacter

As mentioned above, protocatechuate generated from p-
hydroxybenzoate is catabolized through the pca pathway.
The promoter region of the pcal gene was fused to 'lacZ, and
B-galactosidase activity was determined in a wild-type and
in a ApcaU derivative background. The minimal protoca-
techuate concentration in the medium able to activate
transcription at the pcal promoter was 10 uM, whereas in
the pcaU-deficient background, induction did not occur. In
the wild type, the addition of 2mM p-hydroxybenzoate also
resulted in an approximately 100-fold greater induction.
Thus, the process of induction at the pcal promoter is
completely dependent on a functional PcaU protein, and
on protocatechuate supplied directly or generated from
p-hydroxybenzoate in vivo (Trautwein & Gerischer, 2001;
Popp et al., 2002).

Divergently oriented with respect to the pcal gene is the
peaU gene, which encodes the regulator. A pcaU::lacZ fusion
was created to examine the influence of pcalU on its own
expression. PcaU appears to decrease to one third pcalU

expression, and this repression was relieved by protocatech-
uate (Gerischer et al., 1998). Trautwein & Gerischer (2001)
proposed that PcaU exerted a repressor function not only on
its own promoter but also on the structural gene promoter
in the absence of effectors, whereas it functioned as an
activator of transcription only on the structural gene pro-
moter in the presence of elevated concentrations of the
effector. The PcaU protein has been shown to be a homo-
dimer in solution. PcaU binds to the intergenic pcaU-pcal
region both in the absence and in the presence of the effector
protocatechuate (100 pM). The regulator covers a 45-bp
sequence which includes three perfect 10-bp repeats, two in
palindromic order, and a direct repeat separated by 10 bp
(Fig. 8) (Gerischer et al., 1998; Guo & Houghton, 1999). The
affinity of PcaU for the intergenic binding site is very high
(dissociation constant [Kp], 0.16 nM). Removal of any of
the two external repeats in this intergenic binding site still
allowed the specific binding of PcaU, but the affinity was
significantly reduced (Kp for the direct repeat was 16 nM,
and for the palindrome 8 nM), suggesting an important role
for all three sequence repeats in gene expression (Popp et al.,
2002). The described binding of PcaU to three repeats as a
palindrome and as a direct repeat is unusual for regulator
binding sites.

The PcaR protein of Pseudomonas putida

Degradation of protocatechuate in P. putida is accomplished
by the products of the pca genes (pcaHG, pcaTBDC, pcal],
peaK and pcaF) (Hughes et al., 1988; Parales & Harwood,
1992; Frazee et al., 1993; Harwood et al., 1994; Nichols &
Harwood, 1995). In P putida, these genes (with the
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57 TATCATCAGATAACTCCAATGTGCATCTAGCAAATTTGATAGGAAGGAAAATTAAGCATGTTTARGGARGTGA
3’ ATAGTAGTCTATTGAGGTTACACGTAGATCGTTTAAACTATCCTTCCTTTTAATTCGTACARATTCCTTCACT

pcal

ATTTATATGGATGAAATACTATTTCCTTTGTCATTCAGTAGAATTCCCTTGTCTGATCATTTTTTATAATTTT
TAAATATACCTACTTTATGATAAAGGAAACAGTAAGTCATCTTAAGGGAACAGACTAGTAAAAAATATTARAA

A.J. Molina-Henares et al.

Ppcal -10

AACTAAGTCAAGGTCTCATCAAATC.

TTGATTCACTTCCACACTI—\GTTT?\G$GGTTTTGTTCGATRTTTAMTAATTTGTTCGATARTCGARCAM%C

CCAAAACAAGCTATARATTTATTAAACAAGCTATTAGCTTGTTTTG
—_—

-35

rEpc-u pcal

__ =35 _ —
ATGATTTAGTTATAGTCATTCCGCGTTATATTATACATGTCAATATGACAATCGTATGTAGTAGCTGGRATG 5'
TACTARATCAATATCAGTAAGGCGCAATATAATATGTACAGTTATACTGTTAGCATACATCATCGACCTTAC 3’

pcalJFBDKCHG m

Fig. 8. The PcaU target sites at the pcal/pcal intergenic region. The gene organization of pcal/F/BDKCH and pcaU is shown in the bottom. The
intergenic sequence between pcal and the ATG of pcaU is shown. The +1, — 10/ — 35 sequences of both promoters are indicated. The PcaU box is
shown in gray. Within this box the Pcal motif recognized by PcaU is indicated with black arrows.

exception of pcaHG) are activated by the regulatory protein
PcaR (Fig. 7), in association with the pathway intermediate
B-ketoadipate (Ornston, 1966a; Parke & Ornston, 1976;
Hughes et al., 1988; Williams et al., 1992; Frazee et al,
1993; Parales & Harwood, 1993; Harwood et al, 1994;
Romero-Steiner et al., 1994; Nichols & Harwood, 1995;
Harwood & Parales, 1996; Orth et al., 2000; Bertani et al.,
2001).

Pseudomonas putida cells carrying a Py .p:i’lacZ fusion
showed P-galactosidase activity, which was about 10-fold
higher when the cells were grown on benzoate than when
cells were grown on glucose or succinate. An about five-fold
higher level of B-galactosidase activity was found in cells
grown on glucose with either B-ketoadipate or its nonmeta-
bolizable analogue, adipate. These levels of induction corre-
sponded to those observed when activity of the pathway
enzyme P-ketoadipyl coenzyme A thiolase was assayed in
P. putida cell extracts (Harwood et al, 1994). Under these
conditions, B-ketoadipate, an intermediate of benzoate and
p-hydroxybenzoate catabolism, was the physiological effec-
tor of pcaF expression. It was also demonstrated that
B-ketoadipate was also an effector for the pcall and pcaK
genes (Weickert & Adhya, 1992; Harwood et al., 1994).

Experiments with a fusion of the pcaR promoter to 'lacZ
demonstrated that PcaR was negatively regulated (up to
four-fold) by its own gene product (Hughes ef al., 1988).
Autoregulation of PcaR was shown to be independent of any
response to the co-effector molecule, -ketoadipate, as well
as to the presence of any gratuitous effector such as adipate
(Parke & Ornston, 1976; Hughes et al., 1988). Primer
extension analyses demonstrated that pcaR is expressed
constitutively and that the transcript is initiated 27bp
upstream from the proposed first ATG for the pcaR struc-
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tural gene (Romero-Steiner et al., 1994). Transcription was
driven from a ¢”° (rpoD) promoter (Dominguez &
Marqués, 2004).

Purified PcaR protein was shown to form a homodimer
in solution and to bind specifically to its own promoter, as
well as to the promoter regions of pcal and pcaF. Although it
is likely that PcaR interacts with B-ketoadipate to activate
transcription of the various target genes, the addition of
B-ketoadipate to the mobility shift assay mixture did not
alter the migration of the PcaR—pcaR promoter complex.
The apparent equilibrium dissociation constants (Kp) of
PcaR with each of these promoter fragments were deter-
mined by mobility shift assays and found to be 0.087 and
0.13 nM for the pcaR and pcal promoters, respectively (Guo
& Houghton, 1999). Deletion analysis of the pcal] promoter
region suggested that a DNA sequence proximal to the — 10
region was sufficient for specific induction of these genes,
implying that the binding site for transcriptional activation
by PcaR lies very close to the transcriptional start site of the
peal] operon (Parales & Harwood, 1993). The correspond-
ing region of pcal] revealed a similar 15-bp target
(5'-GTTCGATAATCGCAC-3’) that was centered in the
— 10 region. The pcaR binding site in pcaK was found to be
5'-GTTCGATAAACGGACAAT-3’ (see Fig. 7). The position-
ing of an operator region so close to the transcriptional start
site is unusual for an inducible system, and suggests a
possible mechanism for induction of the pca genes that is
similar to that for the induction of the mercury resistance
operon (Parales & Harwood, 1993). In this case the MerR
protein and RNA polymerase bind to opposite faces of the
DNA strand to effect open-complex formation (O’Halloran
et al., 1989; Ansari et al., 1992). Footprint analyses demon-
strated that the binding of PcaR to its own promoter occurs
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within a footprint that extends from the —20 to the +4
position. This footprint can be explained assuming that a
dimer binds to the pcaR promoter. Similar analyses with the
pcal] promoter showed that the footprint of PcaR extended
over a significantly larger portion of DNA, from the — 38 to
the +1 positions of the promoter sequence. It therefore
seems that PcaR interacts with the inducible pcal] promoter
as two dimers in tandem, so that a dual footprint encom-
passing both the — 35 and the — 10 regions of the promoter
sequence is created.

The MhpRregulator

The 3HPP (3-(3-hydroxyphenyl)propionic acid) and 3-
hydroxycinnamic acid degradation pathway of E. coli is
encoded by the mhp cluster (Burlingame & Chapman,
1983; Burlingame et al., 1986; Diaz & Prieto, 2000). This
pathway is initiated by the MhpA monooxygenase, which
transforms 3HPP into 2,3-dihydroxyphenylpropionate. This
compound is then converted to succinate, pyruvate and
acetyl-CoA through the action of a meta-cleavage hydrolytic
pathway, which involves dioxygenase (MhpB), hydrolase
(MhpC), hydratase (MhpD), aldolase (MhpE) and acetalde-
hyde dehydrogenase (MhpF) activity (Burlingame & Chap-
man, 1983; Diaz et al., 2001). The mhp cluster is arranged as
follows:

1 six catabolic genes encoding the initial monooxygenase
(mhpA), the extradiol dioxygenase (mhpB), and the
hydrolytic meta-cleavage enzymes (1mhpCDFE);

2 a gene (mhpT) that encodes a potential transporter;

3 aregulatory gene (mhpR) that is adjacent to the catabolic
genes but transcribed in the opposite direction to that of
the mhpABCDEFE catabolic genes.

The intergenic mhpR—mhpA region contains the Pr and
Pa promoters which drive the expression of the mhp
regulatory and catabolic genes, respectively.

The MhpR protein controls the expression of a mefa-
cleavage pathway for the degradation of aromatic com-
pounds, in contrast with PobR, PcaU, CatR and PcaR, which
control ortho-cleavage pathways (Ferrandez et al., 1997).
The influence of the MhpR protein on the expression of the
reporter Pa:'lacZ and Pr:'lacZ fusions was analyzed in cells
growing in minimal medium with glycerol in the presence
and in the absence of 3HPP. The expression of the Pa:'lacZ
fusion required the presence of the mhpR gene and the
3HPP effector, whereas the Pr:'lacZ fusion was expressed
constitutively both in the presence and in the absence of
MhpR and 3HPP. These findings indicate that MhpR is a
3HPP-dependent activator of the Pa promoter, and that the
expression of the mhpR gene is constitutive and MhpR-
independent. In this sense, MhpR shows a distinct regula-
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tory feature when compared with other IcIR-type regulators
of aromatic catabolic pathways, e.g. PcaR from P. putida and
PobR and PcaU from Acinetobacter sp. ADP1. These regula-
tors act as transcriptional activators of the cognate catabolic
genes, but behave as repressors of their own expression
(DiMarco & Ornston, 1994; Guo & Houghton, 1999;
Trautwein & Gerischer, 2001).

Gel retardation assays with a DNA fragment bearing the
Pa and Pr promoters, at subsaturating concentrations of
MhpR in the presence of different concentrations of the
3HPP effector molecule, revealed that the higher the con-
centrations of 3HPP, the better the retardation of the DNA
probe. These results indicate that this effector molecule,
although dispensable, facilitates DNA binding. Further-
more, it was shown that the MhpR activator protected a
region centered at position —58 with respect to the
transcription start site in the Pa promoter, with a 17-bp
imperfect palindromic motif. Torres et al. (2003) showed
that expression of the Pa promoter was also influenced by
the cAMP receptor protein (CRP), which allows expression
of the mhp catabolic genes when the preferred carbon source
(glucose) is not available and 3HPP is present in the
medium. Gel retardation assays revealed that the specific
activator, MhpR, is essential for binding of the second
activator, CRP, to the Pa promoter. Such peculiar synergistic
transcription activation has not yet been observed in other
aromatic catabolic pathways, making the MhpR activator
the first member of the IcIR family of transcriptional
regulators known to recruit CRP to the target promoter.

The multidrug efflux pump regulator: theTtgV
repressor

Pseudomonas putida DOT-T1E is able to thrive in liquid
medium with toluene (Ramos et al, 1995). This strain
exhibits an innate high resistance to solvents, which in-
creases when bacteria are pre-exposed to sublethal concen-
trations of toluene (Ramos et al., 1998; Duque et al., 2001;
Rojas et al., 2001). Such resistance is achieved through the
additive efflux of the solvent by three RND pumps called
TtgABC, TtgDEF and TtgGHI (Mosqueda & Ramos, 2000;
Rojas et al., 2001). The expression of TtgABC is constitutive
and its level does not vary significantly in the presence of
toluene (Duque ef al., 2001). The ttgDEF operon is not
expressed at all in the absence of solvents, and its expression
is higher in the presence of aromatic hydrocarbons (Mos-
queda & Ramos, 2000). The #gGHI operon is expressed at a
basal level in the absence of solvents, and its expression
increases about four-fold in response to toluene. The
TtgGHI efflux pump plays a pivotal role in the innate and
induced tolerance to solvents in this strain, a role which was
demonstrated on a ttgH knockout mutant that was extre-
mely sensitive to solvent shocks (Rojas et al., 2001).
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The pattern of expression of the rtgGHI genes was
determined by primer extension analysis and P-galactosi-
dase assays with the ttgGHI promoter region fused to lacZ.
Expression takes place from a single 6”*-like promoter, Pyc,
and increases four-fold in the presence of toluene (Rojas
et al., 2001; Guazzaroni et al., 2004). Rojas et al. (2003)
reported the identification of two ORFs, ttgVand ttgW, that
form an operon and that are transcribed divergently from
the ttgGHI operon (Fig. 9). ttgW is a pseudogene and plays
no role in the transcription of Pyy. However, a mutant
lacking TtgV protein showed increased resistance towards
toluene shocks under noninduced conditions when com-
pared to the wild type. This indicated that TtgV behaved as a
repressor of the ttgGHI operon. In fact, analysis of the
expression of the ttgGHI operon in a ttgV-deficient back-
ground showed that the level of transcription also increased
four-fold in the absence of toluene. These data clearly
indicate that TtgV is a repressor that prevents expression of
the t#tgGHI operon.

The ttgVW operon was also transcribed from a single
promoter regardless of the growth conditions, but its level
of expression in the presence of toluene was three to four
times higher than in the absence of the aromatic hydro-
carbon. The pattern of expression of gV is thus similar to
that of t#tgGHI. Although this contrasts with the situation
described above for the autoregulation of other IcIR family
promoter members, the explanation is straightforward.
Sequence analysis of the promoter region showed that
the — 10 and — 35 boxes of the Py, overlap with the — 35
and — 10 boxes of the ttgV promoter (Fig. 9). The overlap
of the genes for the promoter of the regulator and the
structural efflux pump explains why they are regulated
in the same way. In vitro gel mobility shift assays confirmed
the specific binding of the regulatory protein TtgV to
the intergenic region between the #g¢G and ttgV; and DNAse
I-footprint assays established that TtgV binds to a 40-bp
region that covers the —10/—35 regions of the tgG
promoter and the divergently oriented gV promoter.

A.J. Molina-Henares et al.

Sequence analysis did not reveal the presence of a clear
single invert repeat or direct repeat.

To gain insight into the mechanism of regulation of
ttgGHI transcription by TtgV, in vitro transcription experi-
ments were done using the purified protein and a construc-
tion of the supercoiled DNA plasmid pTE103 ligated to the
ttgV—ttgG intergenic region. When the TtgV protein and the
plasmid were incubated before RNA-polymerase was added,
ttgGHI transcription was completely repressed. However,
when TtgV was added after the formation of the RNA-
polymerase—ttgGHI promoter open complex, repression was
negligible (Guazzaroni et al., 2005). These findings support
the hypothesis that TtgV binding to the intergenic region
blocks the entry of RNA-polymerase to transcribe these
genes. This indicates that the mechanism of repression of
TtgV at its target promoter is similar to the type I repression
described for IcIR (Fig. 5, left).

The first direct evidence of TtgV binding to ligand was
obtained when EMSA assays were done with 1-hexanol
(Guazzaroni et al., 2004). Electrophoretic gel mobility shift
assays revealed that in the presence of increasing concentra-
tions of 1-hexanol, TtgV dissociated from its target operator.
Later, isothermal titration calorimetry (ITC) and equili-
brium dialysis assays suggested that TtgV can accommodate
many different molecules, including mononuclear and bi-
nuclear aromatic compounds, the latter being recognized
with very high affinity (1-10 pM). These assays also demon-
strated that for most effectors, one molecule is bound per
TtgV dimer (Guazzaroni et al., 2005).

IcIR proteins involved in phytopathogenicity by
Erwiniasp.

Members of the genus Erwinia such as Erwinia chrysanthemi
cause soft-rot diseases in a wide variety of host plants
(Perombelon & Kelman, 1980). The phytopathogenicity of
several Erwinia species correlates with their ability to
produce and secrete plant cell wall-degrading enzymes such

CTCAGGCTTGCTTGCGTCAAGAGTATCACATAATGCTACACTCTACCGCATTACGATTCAGCAA

GAGTCCGAACGAACGCAGTTCTCATAGTGTATTACGATGTGAGATGGCGTAATGCTAAGTCGTT

< 10

-35

Fig. 9. ttgG and ttgV promoter fully overlap. The organization of ttgV\W and ttgGH! operons is shown, as well as the intergenic region (double strand)

in which the +1 of each operon is indicated by an arrowhead. The — 10 and — 35 positions of the promoters are indicated to highlight overlap of the
promoters. Boxed in gray is the DNA sequence to which TtgV binds, as revealed by DNAse | footprinting.
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as pectinases, cellulases (Cel) and proteases (Prt) (Collmer &
Keen, 1986; Barras et al., 1994). The crucial role of these
enzymes, particularly the pectate lyases (Pel), in the viru-
lence of Erwinia sp. has been confirmed by the isolation of
mutants that exhibit reduced virulence that are defective in
the production or secretion of these enzymes (Collmer &
Keen, 1986; Boccara et al, 1988; Hinton et al, 1989;
Pirhonen et al., 1991). Exoenzyme production by soft-rot
Erwinia species occurs in response to several environmental
conditions (Hugouvieux-Cotte-Pattat et al., 1996), such as
the presence of pectin-degradative products or plant ex-
tracts, anaerobiosis, temperature, nitrogen starvation, os-
molarity, catabolite repression, iron availability and growth
phase.

The degradation of pectin compounds is initiated by
extracellular pectinases, including two pectin methyles-
terases (encoded by pemA and pemB (Laurent et al., 1993;
Shevchik et al., 1996)), five major isoenzymes of pectate
lyase (encoded by pelA, pelB, pelC, pelD and pelE) and a set
of secondary pectate lyases (Hugouvieux-Cotte-Pattat et al.,
1996), all of which generate unsaturated digalacturonates.
These latter compounds are transported into the bacterium,
where they are catabolized by the products of the genes ogl,
kdulL, kduD, kdgK and kdgA (Condemine et al., 1986;
Hugouvieux-Cotte-Pattat & Robert-Baudouy, 1987; Re-
verchon & Robert-Baudouy, 1987). The complex regulatory
network governing virulence in the erwinias involves several
totally distinct, but highly conserved, members of the IcIR
class of DNA binding proteins: RexZ, Pir and KdgR.

The KdgR protein

The degradation of pectin in E. chrysanthemi is also meta-
bolically relevant as depolymerized pectin fragments are
internalized and used as a carbon source for growth.

The transcription of genes involved in pectin metabolism
is tightly regulated. The key player in this control mechan-
ism is the specific negative regulator KdgR (Nasser et al,,
1994), which controls at least 13 operons (Hugouvieux-
Cotte-Pattat et al,, 1996, 2001; Blot et al., 2002). The
transcription of genes involved in pectin catabolism is
induced by the presence of pectin, which is converted
into catabolic products by a basal level of pectinase activity.
In vitro experiments show that the binding of the catabolic
product 2-keto-3-deoxygluconate (Kdg) to KdgR releases
the transcriptional repressor from its multiple binding
sites in the corresponding promoters (Nasser et al., 1991,
1994). The KdgR-mediated induction of gene expression
is thus based on a derepression mechanism, and Kdg
should be considered the effector. The effector spectrum
of KdgR is very narrow and a well-defined molecular
moiety was identified to be essential for activity (Nasser
et al, 1991). This finding was substantiated by lack of
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activity of the Kdg precursor galacturonate in vitro (Nasser
et al., 1992).

An apparent Kp, of 0.4 mM has been determined for the
binding of Kdg to KdgR complexed with various operators.
This affinity was constant for all the operators tested,
indicating that different induction ratios in vivo are inde-
pendent of the Kdg—KdgR interaction (Nasser et al., 1994).

KdgR was found to bind in vitro very tightly to different
operators, with Kp, values varying between 0.1 and 10 nM
(Nasser et al., 1994). However, there was no strict correlation
between affinity and the degree of repression of the corre-
sponding gene. This suggests that in addition to the specific
KdgR regulation, other signals of a global or specific nature
can fine-tune the action of KdgR (see also below). The key
KdgR action involves recognition of a KdgR box, which is a
DNA binding motif of 17 bp (Nasser et al., 1994) containing
two half-sites. KdgR is a dimer in solution (Thomson et al.,
1999), and one dimer was shown to bind to a KdgR box.
Although the affinity is weaker, KdgR can also bind to
individual half-site sequences (Nasser et al., 1994).

As indicated above, the modulation of pectin metabolism
is influenced markedly by several factors such as tempera-
ture, anaerobiosis, nitrogen starvation, osmolarity, iron
availability, growth phase or the presence of plant extract
(Hugouvieux-Cotte-Pattat et al, 1996). The regulatory
responses to these changes might be mediated by other
proteins such as PecS (MarR family regulator), PecT (LysR
family regulator), for which the triggering signal molecule
has yet to be identified (Reverchon et al., 1994; Praillet et al.,
1996; Surgey et al., 1996; Castillo & Reverchon, 1997), or
CRP, the global regulator of sugar metabolism (Nasser et al.,
1997; Reverchon et al, 1997). Regulation of the genes
involved in pectin metabolism can involve the concerted
action of several of the regulators mentioned above (Roua-
net et al., 1999; Hugouvieux-Cotte-Pattat et al, 2002;
Shevchik & Hugouvieux-Cotte-Pattat, 2003). For instance,
regulation of the pelDE operon, which encodes two of the
secreted pectate lyases, involves PecS, KdgR and CRP, all of
which to bind to the pelD promoter (Rouanet et al., 1999).
DNasel footprinting assays demonstrated that PecS and
KdgR binding sites are close together. Although neither
co-operativity nor competition is observed in vitro for the
binding of these proteins, the presence of bound KdgR
stabilized the interaction of adjacent-bound PecS with
DNA. The presence of both proteins at the promoter gave
rise to more efficient repression in vivo as compared to the
binding of either protein to the promoter. Furthermore,
PecS partially inhibited binding of the CRP activator. The
molecular basis for the mechanisms of action of the repres-
sors needs to be studied in further detail.

KdgR is highly conserved among different bacterial
species. This is exemplified by the fact that sequences with
88-93% identity to the E. chrysanthemi protein are found in
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Erwinia carotovora, E. coli, Shigella flexneri, Yersinia pestis
and Salmonella typhimurium.

The RexZ protein

Erwinia carotovora contains a homologue of the E. chrysanthe-
mi KdgR and in addition has another regulator that belongs to
the IcIR family, called RexZ, which is also involved in virulence.
The E. carotovora rexZ gene encodes a 262-amino acid protein,
which unlike KdgR acts as an activator of exoenzyme produc-
tion and therefore virulence. An E. carofovora rexZ mutant
generated by reverse genetics failed to synthesize depolymeriz-
ing enzymes such as pectate lyases, cellulases and proteases.
These results suggest that the E. carotovora RexZ protein acts as
an activator of exoenzyme synthesis.

As described above, CRP and KdgR are major regulators
of genes involved in pectinolysis in E. chrysanthemi (Nasser
et al., 1997; Reverchon et al,, 1997). Computer searches
revealed the presence of potential binding sites for CRP and
KdgR in the promoter region of the rexZ gene. In EMSA
assays the addition of subsaturating amounts of KdgR and
CRP to a solution containing the rexZ promoter fragment
resulted in three protein-DNA complexes, two correspond-
ing to the KdgR-DNA and CRP-DNA individual complexes
and one corresponding to a CRP-KdgR-DNA complex. At a
saturating concentration of CRP and KdgR proteins, only
one ternary complex was observed.

The precise location of the CRP and KdgR binding sites in
the regulatory region of the rexZ gene were mapped using
DNasel protection experiments. A single protected region
with an average length of approximately 36 and 47 bp was
obtained in the presence of CRP and KdgR at subsaturating
and saturating concentrations, respectively. These protected
regions encompassed the predicted CRP binding site and the
KdgR box. The CRP binding site is centered at position
— 41.5 with respect to the putative transcription start site of
rexZ, which is typical for class I CRP-dependent promoters.
This suggests that the CRP complex may act as a direct
activator of the rexZ promoter. However, the KdgR-pro-
tected region covers the nucleotides between —67 and
—110; this makes it unlikely that KdgR binding would
interfere with the expression of the rexZ promoter, and
suggests that the rexZ promoter is independent of KdgR
repressor control. In the absence of a direct effect on rexZ
expression, it is formally possible that, because the binding
sites of KdgR and CRP are close together, KdgR may affect
rexZ expression by interfering with the ability of CRP to
bind DNA and thus activate gene expression.

The Pir protein

Nomura et al. (1998) isolated a plant-inducible regulatory
(Pir) protein and cloned its structural gene (pir) from
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E. chrysanthemi EC16. Around 50% of the Pir amino acid
sequence was either identical or highly similar to E. chry-
santhemi KdgR and E. carotovora RexZ proteins. The
experimental approach used was based on protein enrich-
ment through binding of a crude cell extract of cells grown
in the presence of polypectate-Na (NaPP) NaPP and glycerol
with or without potato extract to a DNA fragment contain-
ing the pel promoter. The protein that accounted for binding
of a fragment that contained the promoter region of pelE
was called Pir (Nomura et al., 1998, 1999). Its deduced
molecular mass is around 30kDa and gel filtration assays
suggested that Pir is a dimer.

Mutation of pir resulted in the loss of pectate lyase
hyperinduction in response to plant signals, and reduced
bacterial virulence on plant tissues, but did not affect the
regulation of other extracellular enzymes such as cellulases
or proteases.

The promoter region of pelE (from — 150 to +110) was
fused to the lux genes and the construction was inserted
into the chromosome of the wild-type bacteria and a pir-
deficient mutant. In the wild type, expression of the pelE:
'lux fusion was inducible in the presence of NaPP and
glycerol, and was hyperinducible by the further addition of
potato extract. In the mutant strain, hyperinduction in the
presence of potato extract with NaPP and glycerol was not
observed. Nomura ef al. (1998) showed that the virulence of
pir-mutant bacteria was markedly reduced in potato, celery
and Chinese cabbage tissues when low concentrations of
cells ( =~ 10°cellsmL ') were inoculated, demonstrating
the role of this protein in pathogenesis.

Sporulation in Streptomycesinvolves IcIR family
members

Streptomycetes are aerobic gram-positive soil bacteria that
grow as multinucleoidal, multicellular, branched filaments
and undergo morphological and physiological differentia-
tion in response to environmental factors (Kendrick &
Ensign, 1983; Champness & Chater, 1994; Chater, 1998;
Keijser et al., 2002). The first sign of morphological differ-
entiation is the formation of aerial sporogenic hyphae,
which give a fuzzy, white appearance to the colonies. When
these specialized hyphae have stopped growing, DNA segre-
gates and sporulation septa form to generate the uninu-
cleoidal compartments that become the spores. Sporulation
septation occurs relatively synchronously throughout a
single sporogenic hypha (Kwak & Kendrick, 1996; Schwe-
dock et al., 1997).

The characterization of nonsporulating mutants of Strep-
tomyces has been critical to understand this development
process. These mutants have been divided into bald (bld)
strains, which appear not to form aerial hyphae, and white
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(whi) strains, which form aerial hyphae but which are
blocked at various stages of sporulation.

Chater & Horinouchi (2003) compared the developmental
regulatory cascades in S. coelicolor and S. griseus, and de-
scribed an important difference between them: S. griseus
sporulates in submerged culture, and the signal for onset,
although poorly understood, seems to be mediated by the
v-butyrolactone A-factor. S. griseus mutants unable to pro-
duce A-factor are defective in development and antibiotic
production (Horinouchi, 2002; Chater & Horinouchi, 2003),
whereas these processes seem barely affected in y-butyrolac-
tone-deficient mutants of S. coelicolor (Takano et al., 2001).

SsgA plays a key role in the production of sporulation
septa, as deduced from the finding that ssgA mutants of S.
coelicolor and S. griseus are defective in sporulation even
though they form apparently normal vegetative septa (Jiang
& Kendrick, 2000; van Wezel et al., 2000; Traag et al., 2004).
Traag et al. (2004) identified significant differences in the
regulation of ssgA between S. coelicolor and S. griseus, and
proposed that this is one of the determinants of the
morphological and developmental divergence between the
two microorganisms. The IcIR type regulators SsfR and SsgR
were shown to be associated with sporulation in S. griseus
and S. coelicolor, respectively. These proteins are homologues
and share 76% sequence identity.

The SsfR transcriptional regulator of
Streptomyces griseus

Streptomyces griseus is a species that can be induced to
sporulate in submerged cultures in response to phosphate
or nutritional downshift (Kendrick & Ensign, 1983; Kroen-
ing & Kendrick, 1987). In the wild-type strain, sporogenic
hyphae emerge after about 4 h of phosphate starvation, and
after about 10 h, centripetal growth of the sporulation septa
is visible. The formation of sporulation septa is complete by
12 h (Kwak & Kendrick, 1996; Hao & Kendrick, 1998). Strain
SKK2663 is a mutant in which the formation of the
sporulation septum is impaired. This mutant carries a point
mutation in ssfR that introduces an early stop codon. The
SsfR protein is required for sporulation in rich medium
(SpM) or minimal medium with glucose, but not in mini-
mal medium with mannitol. In experiments with a AssfR
mutant, Jiang & Kendrick (2000) showed that the mutation
was complemented by the ssfR gene provided in trans.
Although the ssfR gene is located upstream of ssgA, Jiang &
Kendrick (2000) demonstrated that transcription of ssgA is
not under the control of the ssfR gene product. An interest-
ing feature of SsfR as well as SsgR is that both proteins are
predicted to have a transmembrane domain in the C-
terminal part of the protein. Both predictions favor an
inside-out model, indicating that the large part of the
protein including the HTH domain is inside the cell.
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The SsgR protein of Streptomyces coelicolor

In S. coelicolor, transcription of ssgA and the upstream-
located ssgR is developmentally regulated and activated
around the time of the onset of sporulation. The expression
of ssgR is very low, but its expression is upregulated at the
onset of sporulation.

The ssgR gene encodes a 241-amino acid protein. An in-
frame deletion mutant of S. coelicolor ssgR was generated to
create mutant GSR1. The mutant had a phenotype similar to
that of the ssgA mutant strain and formed aerial hyphae, but
failed to produce spores on rich media such as R2YE or
minimal medium with glucose as the sole carbon source. In
this mutant the ssgA gene was not transcribed, and this was
probably the sole cause of its sporulation deficiency, as wild-
type levels of sporulation could be restored by the SsgR-
independent expression of ssgA from a constitutive promoter.

Failure to detect ssgA transcripts in the ssgR mutant
indicated that the growth phase-dependent induction of
ssgA transcription is dependent on SsgR. Transcription of
ssgA was induced after ssgR and at a time when sporulation
had already commenced. The ssgA gene was found to be
transcribed from two promoters (ssgA P1 and ssgA P2)
separated by approximately 15 nucleotides, suggesting that
they overlap (van Wezel et al., 2000).

Binding of a truncated version of SsgR to the ssgA
promoter region showed that ssgA transcription is directly
activated by SsgR; the dependence of ssgA on SsgR in S.
coelicolor is in clear contrast to the situation in S. griseus,
where ssgA transcription is activated by A-factor, and where
its control by the SsgR orthologue, SsfR, is far less clear. The
ssgR mutant of S. coelicolor was not complemented by the S.
griseus ssfR, which suggests functional differences between
the genes.

Degradation of quorum-sensing signals

Quorum sensing is a bacterial community behavior to sense
the change in bacterial population density and coordinate
different biological functions. Bacterial cells in a prequorum
population produce a basal level of quorum-sensing
signal (quormone), a good example of which is the
N-acyl-homoserine lactones (AHL) identified in many
gram-negative Proteobacteria (Eberhard et al., 1981; Cao &
Meighen, 1989; Jones et al., 1993; Zhang et al., 1993; Pearson
et al., 1994). The quormone AHL accumulates as bacterial
cells proliferate. Once a threshold concentration is reached,
AHL interacts with its cognate transcription factor, usually a
member of the LuxR-type proteins, to form a complex that
triggers the expression of target genes (Zhu & Winans, 1999;
Qin et al, 2000; Welch et al., 2000). Evidence is now
accumulating that bacterial cells can switch off the quor-
um-sensing machinery by degradation of quormone signals
in response to a change in growth (Zhang HB et al., 2002).
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Quormone  N-3-oxo-octanoyl homoserine lactone
(30C8HSL), originally known as conjugation factor, regu-
lates Ti-plasmid conjugal transfer in Agrobacterium tumefa-
ciens (Zhang & Kerr, 1991; Piper et al., 1993; Zhang et al.,
1993). In combination with the cognate transcription factor
TraR, 30C8HSL positively regulates the expression of genes
required for Ti-plasmid transfer (tra genes) (Piper et al,
1993; Hwang et al., 1994; Zhu & Winans, 1999; Qin ef al,,
2000). However, the efficiency of Ti-plasmid conjugal trans-
fer decreases rapidly after bacterial cells enter the stationary
phase (Hwang et al., 1994). Coincidentally, 30C8HSL con-
centration also declines rapidly at the stationary phase
(Zhang HB et al., 2002). Molecular and biochemical ana-
lyses demonstrated that the AHL-lactonase encoded by attM
is expressed and degrades 30C8HSL in the stationary phase.
The attM gene is negatively regulated by the IcIR-type
transcription factor Att]. When att] was knocked out in A.
tumefaciens strain A6 by transposon mutagenesis, AHL-
lactonase became constitutively expressed, which resulted
in phenotypes that were completely deficient in 30C8HSL
accumulation and Ti-plasmid conjugal transfer (Zhang HB
et al., 2002). In vitro analysis showed that Att] specifically
binds to the P,uxrar promoter that directs AHL-lactonase
expression (Zhang HB et al., 2002).

To identify the signalling pathway and regulatory me-
chanisms that mediate quormone degradation, lacZ was
transcriptionally fused to the attKLM promoter. Transposon
mutagenesis of strain A6(attKLM::lacZ) led to identification
of the relA gene, which is involved in the synthesis of the
stress alarmone (p)ppGpp. Tn5 knock-out of relA abolished
the stationary phase-dependent expression of attM. It was
concluded that the A. tumefaciens quormone degradation
system is coupled to and regulated by the generic (p)ppGpp
stress response machinery (Zhang et al., 2004).

Future perspectives and concluding
remarks

In prokaryotic microorganisms, transcriptional regulators
play an essential role in the response to environmental
changes. Based on the structural and functional character-
istics of the regulators they can be grouped into families.
Members of a given family are preferentially repressors or
activators (Méndez et al., 1980; Levy, 1988; Brennan &
Matthews, 1989; Jourdan & Stauffer, 1998; Orth et al.,
2000). Members of the IcIR family are either activators or
repressors, and some of them have dual transcriptional
activity, because they regulate their own synthesis and
activate the transcription of other(s) gene(s).

The signature that best identified members of this family
does not involve the HTH DNA binding domain but about
80 amino acids that cover part of the central domain and the
C-terminal end of the primary structure of the proteins.
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Conservation of such a large segment may imply a large
degree of similarity in the 3-D structure between members
of this family. This is probably the case as demonstrated
from the five available 3-D structures for members of the
IcIR protein family. All of these structures belong to IcIR-like
proteins that are members of only one of the five ortholo-
gous groups of the IcIR family. Therefore, additional protein
structures for members of the family are needed to establish
generalities. However, a number of mutants among mem-
bers of the IcIR family suggest that the conserved domain
may be involved in signal sensing and signal transmission to
the DNA binding domain. Although the HTH fails to define
the family, in contrast with the TetR and AraC/XylS families
(Gallegos et al., 1997; Ramos et al., 2005), a certain degree of
conservation within this region was found, in particular for
a few noncharged residues. These residues seem to play a
role in the maintenance of the HTH structure and in
establishing nonspecific contacts with DNA. This conserva-
tion at the protein level of the HTH domain contrasts with
the relative diversity of promoters recognized by members of
this family. Some promoters are relatively simple in struc-
ture (e.g. a classical inverted repeat), whereas others are
more complex and include inverted repeats plus a half
repeat or a series of potential direct repeats. The lack of
information about the 3-D structures of members of the
family complexed with their target DNA prevents us from
proposing a general model for interactions with target
promoters.

With regard to the mechanism of repression, the IclR
members can exert repression by occluding the RNA poly-
merase binding site at the corresponding cognate promo-
ter(s) or by actively inhibiting RNA polymerase progression.
An intriguing issue is that there is no preferred distance for
the IclR members that act as a positive transcriptional
regulator with respect to the binding site of RNA polymer-
ase. We therefore presume that a number of mechanistic
approaches will be needed to elucidate the intimate mechan-
isms of action of these regulators in the near future.

Members of the IcIR family regulate a variety of metabolic
processes in a diverse range of microorganisms. It will be
interesting to see whether these regulators are associated
with a specific physiological process in the prokaryotic
world. For example, is IcIR a universal regulator of the
glyoxylate shunt in aerobes? Are IcIR family members
involved in the control of catechol pathways in soil micro-
organisms (Eulberg & Schlomann, 1998)? The answer to
these and other related questions could assist bioinformati-
cians in the functional annotation of new genomes.
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Summary

Provalidator is a web-based tool that facilitates the
design and validation of generalized profiles of
protein families in prokaryotes. This tool combines
the nearly full automation of profile building with a
search for family members in all available databases.
The tool is useful for assigning a given protein to a
specific family, and is also useful for genome mining
in annotated prokaryotic genomes. The tool is freely
available at http://www.bactregulators.org. As proof
of concept we constructed a profile that best defines
the MerR family of transcriptional regulators. The
profile created includes functional residues that are
part of the helix-turn—helix DNA binding domain and
accessory elements defined as wings 1 and 2, sug-
gesting that members of the MerR family of regulators
may exhibit conserved 3D structure in the region that
defines the family profile. The profile defined for MerR
was used to search for members of this family in
the Swiss-Prot and TTEMBL databases, and also to
identify members of the family in the genome of
Pseudomonas putida. One of these identified regula-
tors was found to be involved in zinc tolerance,
showing the usefulness of identifying family
members and assigning phenotypes.

Introduction

The analysis of protein sequences grouped according to
function makes it possible to identify conserved domains
in proteins, such as enzyme catalytic sites, cofactor
binding sites, small molecule ligand domains, DNA
binding domains and many others (Corpet etal.,, 1999,
Bradley etal, 2008). Proteins or protein domains

Received 27 May, 2009; accepted 8 July, 2009. *For correspondence
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135740,

belonging to a particular family often share functional
attributes, and therefore the grouping of proteins

L omomum 1 ormomoml § o omle mum b vieme bl oaen b la Euxrim m
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tional level (Holm and Sander, 1996; Tatusov etal,
2001).

Several approaches are available to define domains
and protein families. The most frequently used of these
approaches are Hidden Markov Models (HMM) and
conventional profiles (Bateman efal., 2004; Hulo et al.,
2008). Conventional profiles have the advantage of
being easier to manage (Bucher et al., 1996; Tobes and
Ramos, 2005) than HMM and although the latter can
detect some subtle patterns, this advantage is not rel-
evant to define the families. Profiles are not necessarily
based on small regions with high sequence similarity,
but rather they attempt to characterize a protein family
(or domain) through the consideration of its entire length
(Hulo et al., 2006). Our research group has constructed
conventional profiles to define several families of tran-
scriptional regulators, e.g. the AraC/XyIS family of posi-
tive regulators (Gallegos et al., 1997), the TetR family of
repressors (Ramos et al,, 2005), and the IcIR family,
which includes activators and repressors (Krell etal.,
2006; Molina-Henares et al,, 2006). Other researchers
have constructed profiles that define the GntR family of
regulators (Rigali et al., 2002), while a number of other
profiles are available at the PROSITE database (Hulo
et al., 2006 and http://www.expasy.ch/prosite/). Informa-
tion about the AraC/XylS, TetR and [cIR families is avail-
able through the BacTregulators database, which aims
to collect and integrate information about proteins
belonging to defined families of transcriptional regulators
in prokaryotes (Martinez-Buenc et al.,, 2002).

An added value of the use of profiles for defining protein
families is that the domain that best identifies the family
often corresponds to highly conserved 3D structures. For
example, the stretch that best defines the profile of the
TetR family is made up of 47 amino acid residues that
correspond to the helix—turn—helix DNA binding motif and
adjacent regions. Analysis of a set of 2353 non-redundant
proteins belonging to the TetR family by screening
genome and protein databases with the TetR profile iden-
tified two groups of residues (Ramos et al., 2005). One of
these groups includes highly conserved residues that are
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involved in the proper orientation of the helix-turn—helix
motif and hence seem to play a structural role. The other
set of residues is less conserved, and are involved in
establishing contacts with the phosphate backbone and
with target bases in the operator. In the case of the AraC/
XylS protein family, the profile defining the family was
used to propose the existence of two helix—turn—helix
DNA biding domains in these proteins, which was later
confirmed when AraC/XyIS family members, MarA and
Rob, were co-crystallized with target DNA sequences,
and also when they were analysed by nuclear magnetic
resonance (Kwon et al,, 2000; Dangi et al., 2001). There-
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new members of protein families, but also to define puta-
tive functional domains.

Although there are several ways to construct profiles, a
general limitation of all methods is that they require a
dedicated manual process. In light of the rapidly increas-
ing volume of raw genomics data, automated or semi-
automated programmes are needed to classify proteins
into families, which will in turn facilitate their further bio-
chemical and genetic characterization. Below we desctribe
the construction of a general profile for the MerR family of
transcriptional regulator using Provalidator, a tool that
combines nearly full automation of profile construction
and validation.

Provalidator: a fool for semi-automatic construction
of profiles

The construction of a general profile begins with the
selection of the sequences that are part of the profile
seed, which can be chosen based on literature searches,
or can be selected through the retrieval of sequences
from databases, for which Provalidator provides the
user with tools that automate this task (http://www.
bactregulators.com). The selection of sequences re-
trieved from databases for the profile seed involves three
well-defined steps: (i) clustering of the sequences using
BLASTCLUST; (ii) filtering the sequences to avoid the inclu-
sion of proteins whose description includes words such as
hypothetical, probable, putative, fragment, and to give
priority to Swiss-Prot sequences versus TIEMBL; and (iii)
excluding sequences with extreme differences in length
compared with the rest.

The N sequences are then clustered intc groups
using BLASTCLUST, and a representative sequence of
each group is selected and aligned using CLUSTALW
(http://align.genome.jp). Alignment of the entire sequence
of this set of proteins is used to identify the most con-
served regions, which often correspond to functional
domains such as motifs involved in DNA binding, catalytic
sites, metal binding sites, etc (see also Supportting
information).
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The final alignment is then used as a seed for the
construction of a conventional profile using the pfmake
program, which is part of the PFTOOLS package of pro-
grams, available at the Swiss Institute of Bioinformatics
(http://www.isrec.isb-sib.ch/ftp-server/pftools) (Bucher
et al., 1996). Thereafter, the profile is calibrated and vali-
dated (see Supporting information). To verify the quality of
the profile in regard to specificity (false positives) and
sensitivity (false negatives), Provalidator uses the Inter-
Pro database because it contains a large amount of infor-
mation and allows automatic comparisons that facilitate
the validation of the constructed profile (Zbobnov and

Armnmilar 20N1Y Drataing idantifiad by Dravalidatar that
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match those assigned by InterPro to the family of interest
are considered true positives. False positives are proteins
assigned to the family by Provalidator but not assigned to
the family by InterPro. Potential false positive proteins are
analysed in detail manually by curators in order to ensure
that they belong to the family. Provalidator considers as
potential false negatives those proteins assigned to the
family by InterPro but whose score is below 8.5, a previ-
ously established value that is commonly used for the
construction of profiles.

The profile defined for a given family can then be used
to search for members of this family in the Swiss-Prot
and TrEMBL databases, and also to screen the set of
complete and incomplete microbial genomes available
in NCBI and GOLD (Siezen and Wilson, 2008). This is
an added-value of the profile because it allows the
researcher to learn about the set of sequences that
belong to the group defined by the profiles.

A profile for the MerR family of franscriptional regulators

As a proof of concept we generated a general profile for
MerR family, a set of transcriptional regulators typically
involved in the control of genes that confer cells with
tolerance to toxic metals, and some members seem to be
also involved in responses to oxidative stress and certain
toxic drugs (Brown et al., 2003; Watanabe et al., 2007).
Heavy metals are toxic for all living organisms, and
among these compounds mercury is one of the most
noxious (Van der Lelie et al., 1997; Grosse ef al., 1999).
Microorganisms have developed several systems to
remove mercury, the most frequent being reduction of
Hg®" to Hg®, which volatilizes. The best-studied regulator
that controls the expression of mercury reductase is the
archetypal MerR protein (Barkay et al., 2003), which regu-
lates both its own synthesis and expression of the poly-
cistronic mer operon (reviewed in Brown etfal., 2003;
Hobman et al.,, 2005; Pennella and Giedroc, 2005). MerR
is a dimer in solution that binds to a symmetric operator
DNA sequence within the promoter region. Normally tran-
scription is repressed because the promoter DNA is bent
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Fig. 1. Two groups of MerR family members based on length. The
MerR profile was used to screen all available databases. Members
of the MerR family received a Z-score value between 8.5 and 29.
Two groups were defined based on length.

by the apo-MerR homodimer bound to this motif. When
the MerR dimer binds a mercuric ion, the Hg?-MerR
dimer complex causes allosteric underwinding of the DNA
at the operator/promoter site, thereby realigning the —35
and —10 sequences of the promoter. This in turn allows
the binding of ¢® RNA polymerase to the promoter

1 10

MerR family of regulators 3

sequences and the initiation of transcription (reviewed by
Ansari et al., 1995; Hobman et al., 2005; Hobman, 2007).

Using Provalidator, we generated a profile to identify
proteins that belong to the MerR family of transcriptional
regulators. To construct the MerR profile we scanned
SwissProt and retrieved all 1022 sequences which con-
tained the word MerR. These sequences were aligned
and clusters were established, which reduced the number
of sequences to 309 non-redundant sequences. For seed
generation, the programme excluded proteins annotated
as truncated, fragment, hypothetical, probable and puta-
tive. This reduced the number of sequences for the seed
to 164, which were re-aligned with the Multialignment
programme.

Figure S1 shows the alignment of the seed sequences.
Figure 1 shows that the proteins selected for seed
construction fell into two groups; one in which the set of
sequences was around 140 amino acids long, and
anocther comprising longer proteins of around 270 amino
acid residues. Alignment of all proteins revealed that
regardless of their size, the set of conserved amino acids
was a stretch of around 70 residues at the N-terminal
end of the protein (see Fig.2 for a limited number
of sequences). This region included the helix—turn—helix
DNA binding domain (positions 36 to 57 in the archetypal
Tn501 MerR protein), and an adjacent coiled-coil region.
The functional role of this segment and the corresponding
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Fig. 2. Multialignment of the conserved region of the MerR family members used to create the generalized MerR family profile. The top four
sequeneeas are proteins that belong to group 1 (140 amino acids long, on average), while the other four are proteins that belong to the group
of long (around 270 residues) MerR family members. Red residues were present in more than 80% of the seed proteins, and blue residles
were present in more than 80% of the seed proteins. The green background indicates residues within the helix—turn—helix DNA binding
domain, while the yellow and orange backgrounds indicate residues within the accessory elements wing 1 and wing 2 respectively.
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8D structure is available for BmrR, CueR, ZntR and
SoxR (Qutten et al., 1999; Heldwein and Brennan, 2001;
Changela et al., 2003; Watanabe et al., 2007). Given the
availability of experimental and structural data supporting
the functional role of the selected motif, we decided to
construct the profile based on this conserved region. On
the other hand, in CoaR, a member of MerR, the extended
C-terminal end has been shown fo act as a ‘sensing’
region (Rutherford et al., 1999).

To validate the profile we ran the profile against all
entries in InterPro to search for potential false positives
(Table S1) and potential false negatives (Table S2). Pro-
teins identified by Provalidator and what matched those
assigned by InterPro to the family were considered true
positives. False positives were proteins assigned to the
family by Provalidator, but not assigned to the family by
InterPro. Potential false positive proteins were then
manually analysed in detail in order to ensure that they
did in fact belong to the family. Provalidator considers
potential false negatives those proteins assigned to the
family by InterPro, but whose score is below 8.5. We
found 164 potential false positive and 264 potential false
negative proteins, which we analysed manually. Align-
ment of each of the potential false positives against the
proteins in the profile seed revealed that all 164 of these
proteins exhibited a high degree of identity within the
70-residue conserved stretch, which was considered
confirmation that they were in fact MerR family members.
As such, the potential false positives seem to have
resulted from a delay in the updating of InterPro. Regard-
ing the 264 potential false negatives, we found that most
of them (~90%) belong in the MerR family based on
HMM profiles available in the Pfam database (http://
pfam.sanger.ac.uk/), and ameng this set, a few proteins
are putative enzymes, such as GlcNAc transferase or
citrate synthase (Table S2). The remaining potential false
negatives were, in general, uncharacterized proteins
whose annotation included words such as ‘Replication
protein’, ‘Plasmid partition protein’, or ‘Integrase/
Resolvase’ (Table S2). When each of the false negative
proteins were aligned with the seed proteins used to
define MerR family members, we found that they exhib-
ited very little or no similarity. We therefore considered
the original assignment of a number of proteins to the
MerR family based on the HMM prcfile at PFAM to be
incorrect.

Once the MerR family profile had been validated we
used it to identify MerR family members in SwissProt/
TrEMBL databases, which included complete and uncom-
plete genomes. Close to 4500 (31 August 2008) MerR
family proteins were identified by the profile. We found no
correlation between the genome size and the number of
MerR family members in a given genome; however, we
found that MerR family members were well representedin
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soil and water microbes living in niches exposed to
environmental fluctuations. For instance, MerR family
members were well represented in genomes of bacteria of
the genus Streplomyces, Bacillus, Salinispora, Burkhold-
atia, Frankia and Pseudomonas among others (see
Table 83). In contrast, microorganisms living in environ-
ments less susceptible to environmental changes, such
as Helicobacter, Xylella, Neisseria, Rickeitsia exhibited a
number of MerR family members. It is worth noting differ-
ences in the number of MerR family members between
species of the genera Clostridium and Synechococcus.
Each of the genomes of C. phytofermentants, C. beijer-
inckii and C. difficile contained more than 10 MerR
family members, while the genome of C. perfringens
only encoded a single MerR family member. In the genus
Synechococcus we found a single gene encoding a MerR
family member in S. elongatus PCC7942, whereas 22
MerR family members were found in the genome of
Synechococcus sp. JA-3-3Ab. Therefore, MerR family
members are well distributed in microorganisms living
under changing environmental conditions, but no correla-
tion between genome size and number of encoded MerR
family members was found.

It is known that many members of the MerR family are
involved in resistance to a number of toxic metals
(Grosse etal, 2004). The wild-type Pseudomonas
putida KT2440 strain grows in the presence of a number
of metals, namely Ag (5uM). Gd (1.25mM), Co
(0.625 mM), Cu (6.25 mM), Hg (3 uM), Ni (2.5 mM) and
Zn (1.25mM). However, no information on potential
regulators responding to these metals is available. In the
genome of P. putida 10 open reading frames (ORFs)
have been annotated as potential members of the MerR
family. Among these regulators is PP4273 (SwissProt
Q88F26) for which a mini-Th5 Knockout mutant was
available in the P. putida mutant collection (Duque et al,,
2007), and whose potential involvement in metal resis-
tance was unknown. PP4273 was assigned to the MerR
family by PFAM (PF00376) too. We carried out Minimal
Inhibitory Concentration (MIC) assays using the mutant
strain against the metals cited above to which the paren-
tal strain was resistant. We found that the MIC90 of the
mutant was only different from the parental strain in that
the mutant tolerated up to 5 mM Zn, i.e. fourfold more
than the parental strain, suggesting that PP4273 may
sense Zn in P. putida. Next we examined the genomic
regions adjacent to PP4273 and found that the PP4272
ORF, which encodes a protein of unknown function, was
transcribed divergently with respect to PP4273 and that
only a short intergenic region exists between the genes
suggesting that their promoters may overlap. Howevet,
while PP4273 seems to be involved in Zn tolerance,
whether or not the adjacent PP4272 gene is involved in
tolerance to Zn is currently under investigation.
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In summary, our work shows that automation is feasible
for the construction of profiles that identify members of a
specific family of proteins with high sensitivity. Provalida-
tor software shows promise for use as a tool for the
classification of proteins within families, and for the facili-
tation of new insights into the biological functions of such
proteins. In addition, Provalidator can be used to effi-
ciently derive a consensus sequence in the region that
defines the family protein profile, and to consolidate exist-
ing knowledge in database, while providing another way
in which te detect and thereby correct erroneously anno-
tated proteins. As proof of concept we developed a profile
for the MerR family of regulators. The derived profile
for this family included residues present in functional
domains such as the helix-turn-helix DNA binding
domain and the accessory elements defined as wings 1
and 2. We previously showed that members of the TetR
and AraC/XyIS families exhibited conserved 3D structure
in the region that defines the family profile. In the case of
TetR, these regions included the helix—turn—helix DNA
binding domain and an extended alpha helix that con-
nects this domain to the dimerization and effector binding
domain (Hinrichs et al., 1994, Schumacher et a/.,, 2001).
We therefore suggest that members of the MerR family of
regulators will also exhibit conserved 3D structure in the
region that defines the family profile. We have also shown
that in sifico information and putative functions for proteins
acquired by Provalidator analysis can be quickly con-
firmed using wet testing, as we have carried out for the F.
putida gene product of ORF PP4273, which has been
shown to be involved in tolerance to zinc.
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Table S1. Potential false positives. Sequences were ordered by score value. The Swiss Prot accession number and the
given name are indicated.

Score [AC Name 9.536 | ASEWBS [ Transcriptional regulator, AraC family

26.107 | A3HL45 Putative transcriptional regulator, MerR family 9.475 Q8YR38 Alr3614 protein

24.094 | A3SHF85 Putative transcriptional regulator, MerR family 9434 | 067508 Putative uncharacterized protein

23.017 | Q3CHE9 Regulatory protein, MerR 9434 | AOFTW2 Citrate synthase (EC 2.3.3.1)

20.882 | ASHBL8 Putative transcriptional regulator, MerR family 9414 | A4XEUO Cobyrinic acid a,c-diamide synthase

20.312 | A3HC76 Putative transcriptional regulator, MerR family 9.373 Q3ETK6 Putative uncharacterized protein

19.031 | A3HQ97 Putative transcriptional regulator, MerR family 9.170 | ASVOHI1 Putative transcriptional regulator, MerR family

18.950 | A3HIJ2 Putative transcriptional regulator, MerR family 9.170 Q04CI1 Predicted transcriptional regulator

17.242 | ASHHFS Putative transcriptional regulator, MerR family 9.129 | A6G00S5 Putative uncharacterized protein

17.018 | ASHG31 Putative transcriptional regulator, MerR family 9.109 | AOFJX8 Putative DNA-binding protein

14.700 | AOW4E6 Regulatory protein MerR 9.088 A3WS5S0 ISPsy20, transposase IstA

13.867 | Q1VGQ7 Transcription regulator 9.088 | P45870 Chromosome-anchoring protein racA

11.854 | ATM7DS8 Putative uncharacterized protein 9.088 | A3WS5F1 ISPsy20, transposase IstA

11.772 | AORLV4 Putative uncharacterized protein 9.027 | ASWIT72 DNA binding domain protein, excisionase family

11.732 | Q4V0Z6 Putative uncharacterized protein 9.027 | A6FSG1 Putative uncharacterized protein

11.691 | Q45444 DNA-binding protein 9.027 | A3SWL5 [ Putative uncharacterized protein

11.691 | Q7BUVS Putative uncharacterized protein 9.027 | A38ZF7 Putative uncharacterized protein

11.691 | Q84E49 Orf6 9.007 | ASDWO06 | Putative uncharacterized protein

11.589 | Q3YFI4 Putative DNA-binding protein 8.987 | Q82CK9 Putative MarR-family transcriptional regulator

11.589 | Q45449 Putative DNA-binding protein 8.987 | Q74L34 Putative uncharacterized protein

11.589 | Q45453 Putative DNA-binding protein 8.966 Q8TRW1 Transposase

11.589 | Q9X37Z8 DNA-binding protein Ptr 8.966 QINSA9 Probable replication protein A

11.549 | ATHAS8 Putative transcriptional regulator, MerR family 8.946 | A3IT96 Putative uncharacterized protein

11.528 | A4INV5S Transcriptional regulator MerR family 8.946 | ASGNW4 | Fic

11.447 | Q5DUS4 Putative uncharacterized protein 8.926 Q5DUS2 Putative uncharacterized protein

11.447 | Q5MCL1 Putative DNA-binding protein 8.926 | A9HGMS8 | Putative transposase

11.447 | Q4MIS3 PX02-68 8.926 | A77982 YwkC

11.427 | AO9VVU7 | Putative uncharacterized protein 8.905 | A9GSN4 Putative uncharacterized protein

11.366 | Q3CGIJI5 Regulatory protein, MerR:Resolvase, N-terminal 8.905 Q13H49 Putative integrase

11.366 | QOESX3 Resolvase-like 8.905 Q13171 Putative integrase

11.305 | A9VVC4 Putative DNA-binding protein 8.885 | A4FHU3 Transcriptional regulator, GntR family

11.264 | ABVNV6 Putative transcriptional regulator, MerR family 8.885 Q8PTM1 Transposase

11.264 | Q2IKR4 Putative transcriptional regulator, MerR family 8.865 QOKJAO Putative partitioning protein ParA

11.183 | Q5LK76 Putative uncharacterized protein 8.844 | Q8TH46 Transposase

11.183 | Q3YN23 Putative uncharacterized protein 8.844 | Q8TH42 Transposase

11.101 [ A9GVK2 Putative RepA replication protein 8.804 Q58AT4 Partitioning protein (ATPase, ParA family)

10.817 | QO8RLS5 Putative uncharacterized protein 8.804 | A5VHO6 Cobyrinic acid a,c-diamide synthase

10.715 | Q7MS23 Putative uncharacterized protein 8.804 | Qo46V2 Predicted transcriptional regulator

10.695 | Q4VOT1 Possible DNA-binding protein 8.783 QIL1I9 Putative uncharacterized protein SCO2728

10430 | A9G305 Transcriptional regulator, MerR family 8.763 Q8TIGS Transposase

10.288 [ ASYWP7 Putative uncharacterized protein 8.763 085859 RepA replication protein

10.146 | Q1DSAO Putative uncharacterized protein 8.763 | A4XE00 Cobyrinic acid a,c-diamide synthase

10.085 | QSFMNS Putative uncharacterized protein 8.743 | ATIXA6 Possible DNA-binding protein

10.044 | Q70JB3 Putative DNA binding protein 8.722 AIQNZ2 SopA

10.044 | Q70IC4 Putative DNA binding protein 8.682 | A9GOYO Integrase, catalytic region

9.942 | A9EE06 RepA partitioning protein/ATPase, ParA type 8.682 | A9GF91 Integrase, catalytic region

9.942 | A3T2ES RepA partitioning protein/ATPase, ParA type 8.682 | P45916 Uncharacterized protein ygaT (ORF50)

9.922 | A9EER8 RepA partitioning protein/ATPase, ParA type 8.682 | AAGMZ1 Integrase, catalytic region

9.902 | ASFID2 Possible chromosome-anchoring protein RacA 8.682 | A9FRI4 Integrase, catalytic region (Molybdate ABC

9.881 Q8K VZ6 RC194 transporter permease protein)

9.861 A6KYA9 Putative uncharacterized protein 8.682 | A9G302 Integrase, catalytic region

9.861 | A7v4U2 Putative uncharacterized protein 8.682 | ASG6S1 Putative uncharacterized protein

9.861 A4ITZ1 Putative DNA binding protein 8.682 | A9G4W6 Integrase, catalytic region

9.861 AT7GQL4 Putative uncharacterized protein 8.682 | A9G863 Integrase, catalytic region

9.841 | A4C8KO0 Putative uncharacterized protein 8.641 | ATNQS80 Putative transcriptional regulator, MerR family

9.800 | Q5SSGMO | Putative uncharacterized protein TTHC014 8.641 AS5N5P4 Putative uncharacterized protein

9.780 | A9JAE1 Putative transcriptional regulator, MerR family 8621 |A3WSR1 | Putative uncharacterized protein

9.759 | A8UDSS Putative uncharacterized protein 8.621 Q317G9 Putative transcriptional regulator, MerR family

9.658 | A3XEI7 RepA partitioning protein/ATPase, ParA type 8.600 | ATWBH6 | Putative uncharacterized protein

9.658 | A3TIV2 RepA partitioning protein/ATPase, ParA type 8.600 | A9VYU7 [ Putative uncharacterized protein

9.637 | Q67T11 Putative uncharacterized protein 8.539 | Q8ASN7 Putative DNA binding protein

9.597 | AOE9IN7 Putative uncharacterized protein 8.539 | ATABY%4 Putative uncharacterized protein

9.556 | ATW9E6 Binding-protein-dependent transport systems inner 8.539 Q4EBHS Transcriptional regulator, merR family (Fragment)
membrane component precursor 8.539 | ATALFO Putative uncharacterized protein

9.556 | A6BNU69 Putative uncharacterized protein 8.539 | ATALY4 Putative uncharacterized protein

146




Capitulo 3 (material suplementario)

Table S2. Potential false negatives. Sequences are ordered by score value. The Swiss Prot accession number and the
given name are indicated.

Score [ AC Name 8.112 [QIM736 | Putative replication protein A - Rhizobium
8.478 [ Q8KY1l [RepA - Rhizobium etli. leguminosarum bv. viciae (strain 3841).
8.478 [ Q2K288 [ Plasmid partitioning protein RepAb - Rhizobium etli 8.112 [ AS5EU56 | Putative replication protein A - Bradyrhizobium sp.
(strain CFN 42 / ATCC 51251). (strain BTAil / ATCC BAA-1182).
8.478 | ASWYO09 [RepA'- Agrobacterium tumefaciens. 8.072 | A4ISTO Putative uncharacterized protein - Geobacillus
8.478 | A4XFW4 | Regulatory protein, MerR - Caldicellulosiruptor thermodenitrificans (strain NG80-2).
saccharolyticus (strain ATCC 43494 / DSM 8903). 8.031 [QOAKO2 | Transcriptional regulator, MerR family protein -
8.458 [ Q8XLF2 |Putative uncharacterized protein CPE1090 - Nitrosomonas eutropha (strain C71).
Clostridium perfringens. 8.011 [ Q9HKN4 [ Putative uncharacterized protein Ta0563 -
8.458 [ Q47088 [ Excisionase/Xis, DNA-binding - Thermobifida fusca Thermoplasma acidophilum.
(strain YX). 8.011 [A9GJ31 Cobyrinic acid ac-diamide synthase -
8.458 [Q2JZZ2 | Plasmid partitioning protein RepAe - Rhizobium etli Methylobacterium nodulans ORS 2060.
(strain CFN 42 / ATCC 51251). 8.011 [ A4FPW4 | Excisionase/Xis, DNA-binding - Saccharopolyspora
8.458 | QOTRES | Transcriptional regulator, MerR family - Clostridium erythraea (strain NRRL 23338).
perfringens (strain ATCC 13124 / NCTC 8237/ 7.97 Q981J0 Replication protein A - Rhizobium loti
Type A). (Mesorhizobium loti).
8.458 [ AOLWK3 [ DNA binding domain, excisionase family - 797 | A8M6R6 | DNA binding domain, excisionase family -
Acidothermus cellulolyticus (strain ATCC 43068 / Salinispora arenicola (strain CNS-205).
11B). 7.848 | A0QI31 TobE protein - Mycobacterium avium (strain 104).
8.438 [ QOSUE2 [Resolvase, N terminal domain family - Clostridium 7.828 | AIRAG7 |Putative molybdenum-pterin binding domain protein
perfringens (strain SM101 / Type A). - Arthrobacter aurescens (strain TC1).
8.438 [ QORM36 | Putative site-specific integrase-resolvase - Frankia 7.787 | QOSAJ4 | Probable ABC molybdate transporter, substrate
alni (strain ACN14a). binding protein - Rhodococcus sp. (strain RHA1).
8.417 | A3ZLCO | Probable O-linked GlcNAc transferase - 7.767 | QTWZH4 [ MerR (Fragment) - Vibrio cholerae.
Blastopirellula marina DSM 3645. 7.746 | Q98P11 | Replication protein A - Rhizobium loti
8.377 [Q4V235 | Putative uncharacterized protein - Bacillus cereus {(Mesorhizobium loti).
(strain ZK / E33L). 7.665 | QORN63 | Putative citrate synthase-like protein - Frankia alni
8.356 | QOFMK7 | ATPase, ParA type - Roseovarius sp. HTCC2601. (strain ACN14a).
8.275 [ QSKVB2 | Chromosome-anchoring protein racA - Geobacillus 7.462 | A2SFT7 | Putative transposase - Methylibium petroleiphilum
kaustophilus. (strain PM1).
8.275 [ A6XT7L5 | Cobyrinic acid ac-diamide synthase - Ochrobactrum 7.441 | Q4BZD9 | Cytosine-specific methyltransferase - Crocosphaera
anthropi (strain ATCC 49188 / DSM 6882 / NCTC watsonii.
12168). 7.441 | AS5WYO06 [RepA - Agrobacterium tumefaciens.
8.255 [ Q47LE0 | Excisionase/Xis, DNA-binding - Thermobifida fusca 7.441 | ASWFM?2 [ Putative uncharacterized protein - Erythrobacter sp.
(strain YX). NAPI.
8.255 [Q46R44 | Excisionase/Xis, DNA-binding - Ralstonia eutropha 734 | A4LY71 |Regulatory protein, MerR - Geobacter bemidjiensis
(strain IMP134) (Alcaligenes eutrophus). Bem.
8.255 [Q2IY77 | Plasmid partitioning protein RepAfl - Rhizobium etli 7.197 | A9AWLS | Citrate synthase - Herpetosiphon aurantiacus ATCC
(strain CFN 42 / ATCC 51251). 23779.
8.255 [ A7GBR3 | Conserved domain protein - Clostridium botulinum 7.197 | A3T2U3 | ATPase, ParA type - Sulfitobacter sp. NAS-14.1.
(strain Langeland / NCTC 10281 / Type F). 7.177 | Q5YRLS5 | Putative transporter - Nocardia farcinica.
8.234 [ A4KVAG6 | Replication protein A - Rhizobium meliloti 7.096 | Q5L6D6 | PTS system, ITa component - Chlamydophila
(Sinorhizobium meliloti). abortus.
8.234 [ AOK1F4 | TOBE domain protein - Arthrobacter sp. (strain 7.075 | Q1AOHS | Gp39 - Mycobacterium phage Chel2.
FB24). 7.055 | Q89XX3 | Citrate synthase - Bradyrhizobium japonicum.
8.214 [ Q82C29 | Putative MerR-family transcriptional regulator - 7.055 [ AIHB31 | Citrate synthase - Ralstonia pickettii 121.
Streptomyces avermitilis. 7.035 | QIAXE1 |Excisionase/Xis, DNA-binding protein - Rubrobacter
8.214 [ QIMOIT7 | Putative replication protein - Rhizobium xylanophilus (strain DSM 9941 / NBRC 16129).
leguminosarum bv. viciae (strain 3841). 7.035 | ATHGMS8 | DNA binding domain, excisionase family -
8.214 [ A8YJK4 | Genome sequencing data, contig C321 - Microcystis Anaeromyxobacter sp. (strain Fw109-5).
aeruginosa PCC 7806. 7.014 | QIM8W1 | Putative replication partitioning protein - Rhizobium
8.194 [BOJ8WS5 [ Cobyrinic acid ac-diamide synthase - Rhizobium leguminosarum bv. viciae (strain 3841).
leguminosarum bv. trifolii WSM1325. 7.014 | AOHI38 | Response regulator receiver protein - Comamonas
8.194 [ A7A2S5 | Putative uncharacterized protein - Bifidobacterium testosteroni KF-1.
adolescentis [.2-32. 6.994 | Q1BG16 | Molybdenum-pterin binding domain protein -
8.173 [ Q7UXZ0 | Probable O-linked GlcNAc transferase - Mycobacterium sp. (strain MCS).
Rhodopirellula baltica. 6.994 | A7TCCW7 | DNA binding domain, excisionase family - Ralstonia
8.173 [A7CIKO |ISSoc2, resolvase - Beggiatoa sp. PS. pickettii 12D.
8.153 | Q7D3E2 | Related to citrate synthase - Agrobacterium 6.994 | ASCTI1 | Putative transcriptional regulator involved in
tumefaciens (strain C58 / ATCC 33970). molybdate uptake - Clavibacter michiganensis subsp.
8.153 [ Q7BLR4 [RepA - Agrobacterium tumefaciens. michiganensis (strain NCPPB 382).
8.153 | Q52225 RepA protein - Plasmid pTiB6S3. 6.852 | QORUC7 | Putative DNA-binding protein - Frankia alni (strain
8.153 [ A6UH66 | Cobyrinic acid ac-diamide synthase - Sinorhizobium ACNI14a).
medicae (strain WSM419) (Ensifer medicae). 6.852 | A7IPX9 | DNA binding domain, excisionase family -
8112 [Q4MUT1 | DNA binding domain, excisionase family protein - Xanthobacter sp. (strain Py2).
Bacillus cereus G9241. 6.831 | QIIYS7 |Excisionase/Xis related HTH transcription regulator
8.112 [Q2J5V8 TOBE - Frankia sp. (strain CclI3). - Deinococcus geothermalis (strain DSM 11300).
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6.831 | ABYWDS | Transposase ORF_A - Lactobacillus helveticus 492 [AIRBCS [ Putative DNA binding domain, excisionase family
(strain DPC 4571). protein - Arthrobacter aurescens (strain TC1).
6.831 | ABYVY!1 | Transposase ORF_A - Lactobacillus helveticus 49 Q6MBCO | Putative uncharacterized protein - Protochlamydia
(strain DPC 4571). amoebophila (strain UWE25).
6.831 | ASLA68 | DNA binding domain, excisionase family - Frankia 4.859 [ A3SDHMO [ Regulatory protein, MerR - Clostridium
sp. EANIpec. thermocellum (strain ATCC 27405 / DSM 1237).
6.811 | Q36689 RepA protein - Rhizobium leguminosarum. 4.859 [ AOFRL6 | Regulatory protein, MerR - Burkholderia phymatum
6.811 | Q215A6 | Putative GAF sensor protein - Rhodopseudomonas STMS15.
palustris (strain BisB18). 4.839 [Q2IB82 Recombinase - Frankia sp. (strain CcI3).
6.811 | ASPSH2 | DNA binding domain, excisionase family - 4.798 [Q6NJZ3 [ Putative excisionase - Corynebacterium diphtheriae.
Mycobacterium sp. (strain JLS). 4.798 | Q124F4 | Response regulator receiver domain protein -
6.709 | A6DLD7 | DNA-binding response regulator, excisionase family Polaromonas sp. (strain JS666 / ATCC BAA-500).
protein - Lentisphaera araneosa HTCC2155. 4.188 [Q62P29 Sporulation inhibition like protein - Bacillus
6.689 | Q1401 Putative citrate synthase - Burkholderia xenovorans licheniformis (strain DSM 13 / ATCC 14580).
(strain LB400). 4.147 |BOK4R8 | DNA binding domain, excisionase family -
6.689 | A8VQ61 | Glucan endo-1,3-beta-D-glucosidase - Bacillus Thermoanaerobacter sp. (strain X514).
selenitireducens ML S10. 4.147 [A2SC00 | Transcriptional regulator, LysR family -
6.669 | Q856TO Gpl4 - Mycobacterium phage Corndog. Methylibium petroleiphilum (strain PM1).
6.669 | QIJYFO | Regulatory protein, MerR - Desulfuromonas 3.944 | Q96787 | Putative uncharacterized protein ST1944 -
acetoxidans DSM 684. Sulfolobus tokodaii.
6.669 | Q05246 Gene 36 protein - Mycobacteriophage L5. 3.944 | AGDNV8 | Putative uncharacterized protein - Lentisphaera
6.608 | A6GC2KS5 | Type II adenine specific methyltransferase - araneosa HTCC2155.
Planctomyces maris DSM 8797. 3.619 | Q96793 | Putative uncharacterized protein ST1939 -
6.526 | QINO36 | Response regulator - Oceanobacter sp. RED6S. Sulfolobus tokodaii.
6.506 | QOF233 | Bacterial regulatory proteins, MerR family - 3.619 [Q96XMS3 | Putative uncharacterized protein ST2495 -
Mariprofundus ferrooxydans PV-1. Sulfolobus tokodaii.
6.506 | QO7NE3 | Putative GAF sensor protein - Rhodopseudomonas 3.619 | Q72JH4 | Putative excisionase - Thermus thermophilus (strain
palustris (strain BisA53). HB27/ATCC BAA-163 / DSM 7039).
6.486 | AGMN77 [ Putative uncharacterized protein - Thermus sp. 4C. 3.619 | ABM3Q6 | Excision promoter, Xis - Salinispora arenicola (strain
6.465 | Q2RM21 | Excisionase/Xis, DNA-binding - Moorella CNS-205).
thermoacetica (strain ATCC 39073). 3.558 | A7VSL4 | Putative uncharacterized protein - Clostridium
6.445 | Q3SUF2 | Putative uncharacterized protein - Nitrobacter leptum DSM 753.
winogradskyi (strain Nb-255 / ATCC 25391). 3.537 | Q74F74 PTS system ITA component, fructose subfamily -
6.445 | QIDF95 | Citrate synthase - Myxococcus xanthus (strain DK Geobacter sulfurreducens.
1622). 3.253 | Q5YZS3 | Putative uncharacterized protein - Nocardia farcinica.
6.201 | A9SBMJ2 | Citrate synthase - Delftia acidovorans SPH-1. 3.232 | ABHT73 | Mobilizable transposon, tnpA protein - Algoriphagus
6.16 | AGM9AS | Putative regulatory protein - Geobacillus virus E2. sp. PR1.
6.16 | A6C2F2 | Putative uncharacterized protein - Planctomyces 3212 [Q2YZLY | Aspartate carbamoyltransferase, catalytic chain -
maris DSM 8797. uncultured epsilon proteobacterium.
6.14 | Q92XG0 [RepA2 replication protein - Rhizobium meliloti 3.131 | QOREM3 [ Excisionase - Frankia alni (strain ACN14a).
(Sinorhizobium meliloti). 3.131 [ASU977 | Putative excisionase - Mycobacterium tuberculosis
6.099 | A6L6L9 [ Putative transposase - Bacteroides vulgatus (strain (strain ATCC 25177 /H37Ra).
ATCC 8482 /DSM 1447 / NCTC 11154). 3.131 | A2VMC9 | Putative uncharacterized protein - Mycobacterium
6.059 | AGPLL8 [ Phage transcriptional regulator, AlpA - Victivallis tuberculosis C.
vadensis ATCC BAA-548. 311 A3J19D6 | MerR family regulatory protein - Marinobacter sp.
5.876 | Q11FP9 | Citrate synthase - Mesorhizobium sp. (strain BNC1). ELBI17.
5.855 | QIWLMS | RepA - Rhizobium meliloti (Sinorhizobium meliloti). 2.846 | Q57143 [ Putative uncharacterized protein - Nocardia farcinica.
5.855 | A3TQ77 | Putative uncharacterized protein - Janibacter sp. 2.744 | Q8XUEY | Putative excisionase protein - Ralstonia
HTCC2649. solanacearum (Pseudomonas solanacearum).
5.794 | ABV8El | TPR repeat protein - Anaeromyxobacter sp. K. 2.602 | QOK9Q4 | BH2591 protein - Bacillus halodurans.
5.774 | Q7UXDS | Similar to DNA-binding protein - Rhodopirellula 2.602 | A3YB66 | Putative uncharacterized protein - Marinomonas sp.
baltica. MED121.
5.774 | Q48567 Orf protein - Lactobacillus helveticus. 248 | Q604A7 | Putative uncharacterized protein - Methylococcus
5.774 | QIN8SF9 | Transcriptional regulator, MerR family protein - capsulatus.
Sphingomonas sp. SKASS. 2.317 | Q4AJK9 | Acetyl-CoA biotin carboxyl carrier - Chlorobium
5.591 | QILCUS5 | Putative excisionase - Arthrobacter sp. TM1. phaeobacteroides BS1.
5.591 | Q746H1 [ Soj protein - Thermus thermophilus (strain HB27 / 2277 | AALD75 | Excisionase domain protein - Burkholderia
ATCC BAA-163 / DSM 7039). pseudomallei 305.
5.53 Q4J7B3 ISC1913-like resolvase - Sulfolobus acidocaldarius. 2256 | 085865 PutatiV§ §xcisionase - Sphingomonas
5.53 | A6MNB84 [ Putative uncharacterized protein - Thermus sp. 4C. aromaticivorans. — _
553 | A4ALMS | Putative uncharacterized protein - marine 2216 | A6W2ES | DNA binding domain, excisionase family -
actinobacterium PHSC20C1. Marinomonas sp. (strain MWYL1).
5164 [AOK263 |DNA binding domain, excisionase family - 2.155 | Q4C9A6 | Excisionase/Xis, DNA-binding - Crocosphaera
Arthrobacter sp. (strain FB24). watsonil.
5.001 | Q8FRD4 | Putative uncharacterized protein - Corynebacterium 1.687 | Q20Y39 | Excisionase/Xis, DNA-binding - Rhodopseudomonas
efficiens. palustris (strain BisB18).
4.981 | Q6W4X5 [ Putative uncharacterized protein - Streptococcus 1545 | QTNIVO | Glrl722 protein - Gloeobacter violaceus.
thermophilus.
4.94 | Q9VIMO [Resolvase related protein - Pyrococcus abyssi.
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Table S3. MerR family members in different available full and partial genomes. The size of the full genome or part of it is
provided together with the number of MerR family members identified by Provalidator.

: Clostridium difficile 630 4.29 Dinoroseobacter shibae DFL 12 3.78
Size
Genome Bacillus thuringiensis str. Al Hakam 0.05 Arthrobacter sp. FB24 0.15
(M) B P
Marinobacter aquaeolei VT8 0.21 Salmonella enterica subsp. enterica 4.80
34 12 serovar Typhi str. CT18
Streptomyces coelicolor A3(2) 8.66 - - Pseudomonas aeruginosa PAO] 6.26
2
Bacillus anthracis str. Sterne 5.22 - -
31 - — Burkholderia pseudomallei 1106a 398
: Mycobacterium vanbaalenii PYR-1 6.49 —
Streptomyces avermitilis MA-4680 | 9.02 Bacillus sublilis subsp. subtilis str. 421 Pseudomonas putida GB-1 6.07
24 168 9
Bacillus licheniformis ATCC 14580 | 4.22 Pseudomonas putida KT2440 6.18 Burkholderia mallei ATCC 23344 3.51
Salinispora tropica CNB-440 518 Lactobacillus plantarum WCFS1 3.30 Pseudomonas fluorescens PfO-1 6.43
23 Bacillus anthracis str. Ames 5.22 Pseudomonas entomophila L48 588
- Pseudomonas stutzeri A1501 4.56 Maricaulis maris MCS10 3.36
Saccharopolyspora erythraza NRRL 8.21 —— - - - — - .
23318 Clostridium botulinum F str. 3.99 Salmonella enterica subsp. enterica 0.13
22 Langeland serovar Choleraesuis str. 3C-B67
Sorangium cellulosum "So ce 5¢' 13.03 MNovosphingobium aromaticivorans 3.56
Nocardia farcinica IFM 10152 6.02 Pseudomonas putida F1 5.96 DSM 12444
Synechocoocus sp. JA-3-3Ab 2.93 Pseudomonas aeruginosa UCBPP- 6.53 Vibrio parshaemolytious RIMD 328
20 PALS 2210633 _
Burkholderia xenovorans LB400 I 4,89 Ochrobactrum anthropi ATCC 49188 | 2 88 ;:’T::i?:fjis;zgmmda subsp. 4.70
19 11 Clavibacter michiganensis subsp. 3.29
Salinispora arenicola CNS-205 5.78 Mycobacterium smegmatis str. MC2 | 6,98 michiganensis NCPPB 382
Rhodococous sp. RHAT 780 155 _ : Burkholderia pseudomallei 1710b 4.12
Clostridium kluyveri DSM 555 3.96 Mycobacterium avium 104 5.47
Tl o EAT 18 Herpetosiphon aurantiacus ATCC 6.34 Sinorhizobium meliloti 1021 1.35
‘rankia s AT 2 0
fan 1.a .%p — pec — — 8.98 2377e - — Rhodobacter sphaeroides 2.4.1 0.11
Clostridium beijerinckii NCIMB 8052 | 6.00 Lactobacillus brevis ATCC 367 2.29 Clostridinm acetobatvlicom ATCC 0.19
Bacillus cereus E33L 5.30 Shewanella sp. W3-18-1 4,70 824 Y .
17 Rhizobium leguminosarum bv. viciae | 5.05 Silicibacter pomeroyi DSS-3 4.10
Bacillus weihenstephanensis KBAB4 | 0.07 ’s‘“ - Rhodoferax ferrireducens T118 4,71
Listeria monocytogenes EGD-¢ 2.94 — :
16 - Thermobifida fusea YX 3.64
Mycobacterium sp. JLS 6.04 Nivoobacte e PYRGOR
Bacillus cereus ATCC 10987 522 Pseudomonas Muorescens PIS 707 ycobacterium gilvum PYR-G 5.61
Ralstonia metallidurans CH34 0.23 Polaromonas sp. 15666 320 btre!)tococcus mutans I_,'AI 59 2.03
Kineococcus radiotolerans SRS30216 | 4.76 Sulfolobus solfataricus P2 2.99 Bacillus amyloliquetaciens FZB42 3.91
- - — M—— = - Enterobacter sakazakii ATCC BAA- :
Burkholderia sp. 383 1.39 Listeria monocytogenes str. 4b F2365 | 2,90 804 4.36
18 Mt ~ g 01n =
AJ SN 18P A ¥ AT NS 8
Frankia alni ACN14a 7.49 Alkaliphilus oremlandii OhILAs 3.12 My cabacterium avium subsp 1352
My actel av subsp. .
Burkholderia cenocepacia {12424 3.48 10 l,a'mmhercuhs,-s K-10
Bacillus cereus ATCC 14579 5.41 Rhizobium etli CFN 42 438 Sinorhizobium medicae WSM419 1.57
Bacillus clausii KSM-K16 4.30 Agrobacterium tumefaciens str. C58 2.84 Caulobacter sp. K31 547
Burkholderia multivorans ATCC 344 Corynebacterium glutamicum ATCC | 3.30 Salmonella typhimurium LT2 4.85
17616 13032 Aeromonas hydrophila subs
- - - - ELLEH ‘ as hydrophila subsp. 4.74
Desulfitobacterium hafniense Y51 5.72 Clostridium botulinum A str. ATCC | 3.86 hydrophila ATCC 7966
14 19397 Xanthobacter autotrophicus Py2 5.30
Delftia acidovorans SPH-1 6.76 Burkholderia thailandensis 264 2.91 Acidobacteria bacterium Ellin345 565
Burkholderia vietnamiensis G4 0.26 Listeria mnf)cua Clipl |36?.- 3.01 Lactococeus lactis subsp. cremoris 2.43
Sphingopyxis alaskensis RB2256 334 Burkholderia pseudomallei 668 3.91 zk 1k1h — —
! - oo ; o : a mallei NCTC 102
Clostridium phytofermentans [SDg 4.84 I “ud‘?“_"m"s m@docma ymp 5.07 urkholderia maller NCT . ( 235
Burkholderia cenocepacia AL 1054 3.29 {;:})Jimdlum botulinum A str. ATCC 3.88 Arthli‘olb.:?ter dwes?eﬁbh.ll(- ! 4.59
r - 3302 Methylibium petroleiphilum M1 4.04
Pscudomonas acruginosa FAT 6.58 Alkaliphilus metalliredigens QYMF 4.92 Lactococcus lactis subsp, cremoris 2.52
13 Hahella chejuensis KCTC 2396 721 MG1363
Bacillus thuringiensis serovar 523 Nocardioides sp. 15614 .30 Oceanobacillus theyensis HTES31 3.63
konl.{l?klan si:r. ‘)?—3? : . Bacillus pumilus SAFR-032 3.70 Photobacterium profundum 559 4.08
Eac;kyb-amcralt;la str. “Ames Ancestor 22: Mycobacterium sp. MCS 5.70 Ralstonia eutropha IMP134 (.63
Bra khwlzp. - £ P YD) - Burkholderia pseudomallei K96243 4.07 Bordetella parapertussis 12822 4.77
e 3.53 Mesorhizobium sp. BNCI 0.34 Ralstonia eutropha H16 4.05
S;: o\orlel\h sp. Ab\]A - gg: Shewanella putrefaciens CN-32 4.65 Lactobacillus sakei subsp. sakei 23K | 1.88
ewanella sp. ANA- — -
P : Clostridium botulinum A str. Hall 3.76
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Bacillus cereus subsp. eytotoxis NWVH | 4.08 Corynebacterium glutamicum R 3.31 Mannheimia iciproducens 2.31
391-98 Salmonella enterica subsp. enterica 4.79 MBELS3E —
Shewanella frigidimarina NCIME 400 | 4,84 serovar Typhi str. Ty2 Roseobacter denitrificans OCh 114 4.13
Methanosarcina acetivorans C2A 5.75 Idiomarina loihiensis L2TR 2.83 Rhodobacter sphaeroides ATCC 3.21
Chromobacterium violaceum ATCC 4.75 Lactobacillus casei ATCC 334 289 17025 _ _ —
12472 Geobacter uraniireducens Rid 5.13 Shcwancl.la ha]ll‘a.:‘\cn.:,l:, HAW-EB4 5.22
Silicibacter sp, TW1040 0,82 Fscherichia coli E243 774 0.07 Lactobacillus salivarius UCC118 1.82
Gc\obncillus thermadenitrificans 3.55 Hyphomonas neptunium ATCC 370 Shewanella baltica OS195 5.34
NG80-2 15444 Shewanella baltica OS155 5.12
Klebsiella pneut:nonla: SL“b‘*P- 5.31 Mycobacterium ulcerans Agy99 5.63 Roseiflexus sp. RS-1 5.80
pneumoniac MGH 78378 Acidovorax avenac subsp. citralli 535 Shigella sonnei 53046 4.82
Paracoccus denitrificans PD1222 2.85 . - —
= AACO0-1 Pediococcus pentosaceus ATCC 1.83
Azoarcus sp. BHT2 437 Sphingomonas wittichin RW1 0.22 25745
Burkholderia mallei SAVPI 1.73 Renibacterium salmoninarum ATCC 3.15 Escherichia coli CFTO73 5.23
7 33209 Enterococcus faecalis V583 3.21
Mesorhizobium loti MAFF303099 7.03 Brucella suis 1330. 2.10 Pseudomonas syringae pv. 592
Burkholderia mallei NCTC 10229 228 Brucella abortus biovar 1 str. 9-941 2.12 phaseolicola 14484
Herminiimonas arsenicoxydans 342 Listeria welshimeri serovar 6b str 2.81 Deinococeus geothermalis DSM 0.57
r— PP - T > 16 SLCCS334 11300
n?p ococcu.a agaac 1.3‘. — = Salmonella enterica subsp. enterica 4.58 Oe¢nogoccus oeni PSU-1 1.78
Solibacter us'mtm_ Ellin6076 9.96 serovar Paratyphi A str. ATCC 9150 Escherichia coli K12 4.63
Bordetella pertussis Tohama 1 4.08 Staphylococcus haemolyticus 2,68 Lactococcus lactis subsp. lactis 111403 | 2.36
Shewanella sp. MR-4 4.70 JCSC1435 .
Ralstonia solanacearum GMI1000 3.71 Erythrobacter litoralis HTCC2594 3.05 _ 4_ __
Nitrosomonas eutropha C91 0.06 Shewanella sp, MR-7 4,79 bia‘,p:h.\'lﬂcoccus epidermidis ATCC 2.49
- - F— 12228
I:;;mnanaembacter tengcongensis 2.68 Brucella melitensis 15;‘1 2.11 Shigella dysenteriac 5d197 136
. - - — Staphylococeus aureus subsp. aureus 2.90
) ¥
Alcanivorax hnr‘kume?mls :%I\.‘ i 3.12 Brucella suis ATCC 23445 140 THO
T?{;);J;)bactcr sphasroides ATCC 0.12 Rhodospirillum rubrum ATCC 11170 | 4.35 Yersinia pestis Angola 0.06
Pseudomonas syringae pv. tomato sir. | 6.39 Escherichia coli O157:H7 str. Sakai 0.09 Cytophaga hutchinsenii ATCC 33406 | 4.43
DC3000 Actinobacillus succinogenes 1307 2.31 Staphylococcus aureus subsp, aureus 2.81
Janthinobacterium sp. Marseille 4.11 Methylobacterium extorquens PA1 5.47 N315
Parvibaculum lavamentivorans 1S-1 3.91 Shewanella oneidensis MR-1 4.96 il:p\]h-\"l\"‘r?;?us aureus subsp. aureus 2.87
- str. New
Bacillus halodurans C-125 4.20 Dehalococcoides sp. CEDEI 1.39 Fscherichia coli IS .04
TR z —— —
Acidiphilium cry_ptum JF-5 . 0.20 Efchfznchla colt W3 i_] 0 4.64 Gloeobacter violacens POC 7421 21.65
Salmonella enterica subsp. enterica 4.85 Vibrio cholerae O1 biovar eltor str. 2.96 Nanthomonas campestrs pv. 317
serovar Paratyphi B str. SPB7 N16961 sicatoria str. 85-10
Deinococcus radlffdurn.ns Rl 2.64 Vibrio cho]er{le 0395 . . 1.10 Staphylococcus aureus subsp, aureus 287
Bordetella bronchiseptica RES0 5.33 Corynebacterium efficiens YS-314 3.14 Muso
Polaromonas naphthalenivorans CJ2 4.41 Rubrobacter xylanophilus DSM 9941 3.22 Mycobacterium bovis BCG str. 437
Salmonella enterica subsp. arizonae 4.60 Escherichia coli O157:H7 EDL933 5.52 Pasteur 1173F2
serovar 62:z4,723 -~ Shewanella baltica OS185 522 Mycobacterium tuberculosis F11 4.42
Colwellia psychrerythraea 34H 5.37 Roseiflexus castenholzii DSM 13941 | 5.72 Bdellovibrio bacteriovorus HD100 3.78
Enterobacter sp. 638 0.15 Vibrio vulnificus CMCP6 3.28 Dehalococcoides ethenogenes 195 1.46
O Saccharophagus degradans 2-40 5.05 Lactobacillus gasseri ATCC 33323 1.89
Desulfococcus oleovorans Hxd3 394 Legionella pneumophila subsp. 3.39 Azorhizobium caulinodans ORS 571 5.36
Legionella pneumophila str. Paris 0.13 neumophila str. Philadelphia 1 Mycobacterium tuberculosis H37Rv 4.41
Brucella melitensis biovar Abortus 2.12 Shewanella loihica PV-4 4.60 Vibrio fischert ES114 2.90
2308 Vibrio harveyi ATCC BAA-1116 3.76 Staphylococeus aureus subsp, aureus 2.87
Brucella ovis ATCC 25840 1.16 Dechloromonas aromatica RCB 4.50 1JSA300
Shewanella denitrificans 05217 4.54 Escherichia coli UTI&9 5.06 1\;1."‘:‘3"::“‘“““’ tuberculosis 4.40
Geobacillus kaustophilus HTA426 3.54 Escherichia coli 536 4.93 ;lDC;I ‘l‘ ! P —— 280
- - rlococcus s subsp. 2 5 .
Myxococeus xanthus DK 1622 9.13 Citrobacter koseri ATCC BAA-895 4.72 cgllj e o i
Shewanella amazonensis SB2B 4.30) Clostridium tetani E88 2.79 Thermus thermophilus HBS 1.84
Lactobacillus helveticus D2C 4571 2.08 Bifidobacterium adolescentis ATCC 2.08 Dehalococcoides sp. BAVI 1.34
Corynebacterium jeikeium K411 2.46 ;? ?03 e 370 Mycabacterium tuberculosis H37TRa 4.42
: Aarinomonas sp. MW 3
Jannaschia sp. CCS1 4.31 - p — — Staphvlococcus aureus subsp, aureus 2.87
Brucella canis ATCC 23365 2.10 Shewanella sediminis HAW —EIBJ 5.51 USA300 TCHI516
Pseudoalteromonas atlantica Tée 518 ]r_;?:ﬁusdomnnas SYTINZAE pV. SYTINgae 6.09 Lactobacillus johnsonii NCC 533 1.99
- - a - - -

“tella pel S 12804 — - Sy acte th hilum TAM .
B{_jrd_blbl] ! P‘:ml D?\{ 12804 5.28 Nitrobacter hamburgensis X14 0.29 ?‘)‘;";‘b;ob wcherium thermophiium L 3.36
Vibrio vulnificus YJ016 3.35 ——

T - : Streptococcus agalactiae NEM316 2.21 Haemophilus influenzae 86-028NP 1.91
Escherichia coli APEC O1 5.08 phatus ya -
Nostoc sp. PCC 7120 0.18
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Corynebacterium diphtheriae NCTC 2.4%8 Anaeromyxobacter sp. Fw109-5 527 Ehrlichia ruminantium str. 1.51
13129 Gluconacetobacter diazotrophicus PAL | 3,94 Welgevonden
Haemophilus influenzae PitGG 1.88 5 Xanthomonas campestris pv 5.14
Shewanella pealeana ATCC 700345 5.17 Synechococeus sp. JA-2-3B'a(2-13) 3.04 cam.pcsins. str. 8004 :
Staphylococcus aureus subsp. aureus | 2.82 Magnetospirillum magneticum AMB- | 4,96 Actinobacillus T’]fumpn"”m”m‘"" 224
MW2 1 serovar 3 str. JLO3
Yersinia pestis biovar Microtus str. 4.59 Streptococcus suis 98HAH33 2.09 ‘\:‘“arc”ﬁ 5p- Ele i 4.29
91001 Yersinia pseudotuberculosis IP 31758 | 4.72 Nitrobacter winogradskyi Nb-255 3.40
Streptococeus agalactiae A909 2.12 Leifsonia xyli subsp. xyli str 258 Thiomicrospira crunogena XCL-2 2.42
Yersinia enterocolitica subsp. 0.06 CTCBOT : Magnetococcus sp. MC-1 4.71
enterocolitica 8081 Thiobacillus denitrificans ATCC 2.90 Synechoeystis sp. PCC 6803 3.57
Sla}:h_vlucnccus aureus subsp. aureus 2.88 25259 Campylobacter jejuni subsp. jejuni 1.61
Mul i i Desulfovibrio desulfuricans G20 3.73 81-176
Acaryochloris marina MBIC11017 6.50 Nanthomonas oryzac pv. oryzae 4.94 Flavobacterium psychrophilum 2.86
Lactobacillus acidophilus NCFM 1.99 MAFF 311018 JIP0O2/86
Caulobacter crescentus CB15 4.01 Staphylococeus epidermidis RP62A 2.61 Thermoanaerobacter pseudethanolicus | 2.36
Mycobacterium bovis AF2122/97 4.34 Verminephrobacter eiseniae EF01-2 3.56 A-I_ICC 33223 _
Staphylococeus aureus subsp, aureus 2.90 Lactobacillus delbrueckii subsp. 1.85 Shigella flexneri 2a str. 24571 4.59
JH1 | bulgaricus ATCC BAA-365 Anaeromyxobacter dehalogenans 5.01
Pelobacter carbinolicus DSM 2380 3.66 Streptococcus pneumoniae TIGR4 2.16 2CP-C
Staphylococcus aureus RF122 2.74 Clostridium perfringens str. 13 3.03 E‘weplnmccu_s P)’ligenes MGAS9429 1.83
Yersinia pestis CO92 0.07 Psychromonas ingrahamn 37 4.55 I’_\'rucon:f:us I.u.rlosus Dbh'_l 3638 1.90
Staphylococeus aureus subsp. aureus | 2,82 Yersinia pestis K.IM 4.60 Bmd}"d“mk_'mm .8 1_’“] 8.26
NCTC 8325 Bradyrhizobium japonicum USDA 9.10 Hehiobacterium modesticaldum Ieel 3.07
Rhodopseudomonas palustris BisB3 4.89 110 Streptococcus pyogenes MGAS8232 1.89
Staphylococcus aureus subsp. aureus 2.79 Nitrosococcus oceani ATCC 19707 3.48 Erwinia carotovora subsp. atroseptica | 5.06
MESA4TE Shigella boydii 8b227 451 SCRITO43
Yersinia pseudotuberculosis IP 32953 | (.06 Streptococeus pneumoniae R6 203 Helicobacter hepaticus ATCC 51449 1.79
Psychrobacter eryohalolentis K5 0.04 Legionella pneumophila str. Corby 3.57 Bartonella henselae str. Houston-1 1.93
Yersinia pestis Antigua 0.07 “Acinetobacter sp. ADP1 3.50 Streptococcus pyogenes MGASI0750 | 193
Yersinia pestis Pestoides I 0.07 Legionella pneumophila str. Lens 334 Syntrophomonas wolfei subsp. wolfei | 2.93
] p—c F— EE . - str, G 1

Microeystis aeruginosa NIES-843 5.84 Xanthomonas oryzac pv. oryzae 494 :';t’ rlﬂettmsen s 5
Acinetobacter baumannii ATCC 3.97 KACC10331 SIreplococcus pneumoniae L. 2.
17978 Tropheryma whipplei str. Twist 0.92 btreplococcus Pyogenes M1 GAS 1.85

3 Photorhabdus luminescens subsp. 568 Wolinella succinogenes DSM 1740 2.11
Nitrosomonas europaea ATCC 19718 | 2 81 laumondii TTO1 Mesoplasma florum L1 0.79
Gluconobacter oxydans 621H 0.16 Campylobacter curvus 525.92 1.97 Carboxydothermus hydrogenoformans | 2.40

- — . : 2-290
Pseudoalteromonas haloplanktis 3.21 Rhodopseudomonas palustris 5.45 L 201
TACIZS CGAO09 Streptococcus pyogenes str. Manfredo | 1.84
Leuconostoc mesenteroides subsp. 2.03 Trichodesmium erythraeum IMS101 T35 .‘-(anthnmpnas campcstr'is pl‘ 5.07
mesenteroides ATCC §293 Haemophilus influenzae Rd KW20 1.83 campestris sir. ﬂTCC 3-‘9_1-‘
Streptococeus gordonii str. Challis 2.19 Hacmophilus influenzae PILEL 1.81 Shigella flexneri 2a str. 301 4.60
substr. CH1 Sulfurovum sp. NBC37-1 2.56 Actinobacillus pleuropneumoniae L20 | 227
Tropheryma whipplei TW08/27 0.92 Xanthomonas axonopodis pv. citristr. | 5,17 P‘ll.\'nucl'eobacter sp. QLW- 2.15
Rhodopirellula baltica SH | 7.14 306 P1DMWA-1
Pelobacter propionicus DSM 2379 | 4.00 ‘Anabacna variabilis ATCC 29413 | 6.36 Alkalilimnicola hrlichei MLHE-1 | 3.27
Streptococcus sanguinis SK36 2.38 Yersinia pestis Nepal516 453 Clostridium novyi NT 2.54
Flavobacterium johnsoniae UW 101 6.09 Acidothermus cellulolyticus 11B 2.44 Geobacter sulfurreducens PCA 3.81
Bifidobacterium longum NCC2703 2125 Bacteroides vulgatus ATCC 8482 316 :zr.:lbaclcm]dcs distasonis ATCC 4.81
— - - S503
P bactes es KPA171202
S:‘OPIZOT aclenum acn‘; 5 s ig? 2 Streptococcus pyogenes MGAS5005 1.83
Tococous saprophyiicus subsp. —
Staphylococcus ssprophyteus subsp. | 2. Streptococeus pyogenes MOASITS | 190 | [Sweptococous pyogenes MGAS2096 | 186
Clostridium perfringens ATCC 13124 | 3.25 Streptococcus pyogenes MGAS6180 | 1.89 Streptococeus thermophilus LMD-9 | 1.85
S 5 Py < MGAS10270 < N i ~
Staphylococeus aureus subsp. aurcus | 2.90 Streptococeus pyogees M \Asi 1.92 Bartonella tribocorum CIP 105476 2.61
MRSA252 Granulibacter bethesdensis CGDNIHI | 2,70 Rhodopseudomonas palustris HaA2 5.33
Serratia proteamaculans 568 5.44 Aguifex aeolicus VF3 1.55 Shigella flexneri 5 str, 8401 4.57
Desulfotalea psychrophila LSv54 3.52 Caldicellulosiruptor saccharolyticus 2.97 Clostridium thermoeellum ATCC 3.84
Chromohalobacter salexigens DSM 3.69 DSM 8903 - - 27405
3043 Methylobacillus flagellatus KT 297 Streptococcus suis 052 YH33 2.09
Arcobacter butzleri RM4018 2.34 Desulfotomaculum reducens MI-1 3.60 Methanosarcina mazel Gol 4.09
Bacteroides thetaiotaomicron VPI- 6.26 Streptococcus thermophilus LMG L.79 Streptococcus pyogenes MGAS10394 | 1.89
5482 18311 Ste T ——
- — ptococcus thermophilus 1.79
Thermus thermophilus HB27 1.89 Lactobacillus delbrueckii subsp. 1.86 CNRZ1066
- — bulgaricus ATCC 11842 ca ATCC 3¢
Mycobacterium leprae TN 3.26 Bradvriizoh ORSTT =75 Moorella thermoacetica ATCC 39073 | 2.62
radyrhizobium sp. 2 .
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Campylobacter jejuni subsp. jejuni 1.64 Sodalis glossinidius str. 'morsitans' 4.17 Pasteurella multocida subsp. 2.25
NCTC 11168 Methylococcus capsulatus str. Bath 3.30 multocida str. Pm70
Campylobacter jejuni subsp. jejuni 1.62 Bacteroides fragilis YCH46 527 Meisseria meningitidis 053442 2.15
(S,L]] 16 A - o 3535 Thermococeus kodakarensis KODI 2.08 Anaplasma marginale str. St. Maries 1.19
“hloroflexus aurantiacus J-10- . . 7
2 — Candidatus Pelagibacter ubique 130 Bartonella quintana str. Toulouse 1.58
slreptococcus P.\.'T’S‘-“‘-‘S Sol- 1.89 HTCC1062 Helicobacter pylori 199 1.64
Geobacter mclel.l.llrctluccns GS-15 3.99 Synechococecus elongatus PCC 7942 2.69 Fusobacterium nucleatum subsp. 217
Gramella forsetin KTO803 3.79 Archacoglobus fulgidus DSM 4304 217 nucleatum ATCC 25586
Zymomonas mobilis subsp. mobilis 2.05 Thermosynechococeus elongatus BP- | 2.59 Methanocorpusculum labreanum Z 1.80
ZM-_I : _ 1 ’ Xylella fastidiosa Temeculal 2.51
S”““"m"‘“af de““”""_“m DSM 1251 | 2.20 Ehrlichia ruminantium str. Gardel 1.49 Porphyromonas gingivalis W83 2.34
Halorhodospira halophila ST.1 2.67 Nitrosospira multiformis ATCC 3.18 Campylobacter jejuni subsp. doylei 1.84
1 25196 269.97
Rhodopseudomonas palustris BisB 18 55] Egmpy]nhacler fetus subsp, fetus 82- 1.77 Campylobacter concisus 13826 2.05
Helicobacter acinonychis str. Sheeba 1.55 Nei - y FA 1090 Ehrlichia canis str. Jake 1.31
Methanopyrus kandleri AVIO 169 Nc?mr_m gonorr _T_L:L I\;("‘?S ;;i Clostridium perfringens SM101 2.89
eisseria meningitidis MC3 - - e
Wolbachia endosymbiont strain TRS | 1,08 = el TS TAMIE - Rhodopseudomonas palustris BisAS3 | 5.50
of Brugia malayi clsseria mepmgm 13. e 2.19 Pelotomaculum thermopropionicum 3.02
Neisseria meningitidis 22491 218 Methanosarcina barkeri str. Fusaro 4.83 51
Desulfovibrio vulgaris subsp. vulgaris | 3.46 Pelodictyon luteolum DSM 273 2.36 Rickettsia felis URRWXCal2 1.4%
DP4 Methanospirillum hungatei JF-1 3.54 Salinibacter ruber DSM 13855 3.55
Syntrophobacter fumaroxidans MPOB | 4,99 Helicobacter pylori HPAG1 1.59 Neorickettsia sennetsu str. Miyayama | 0.85
Chlorobium phaeobacteroides DSM 3.13 Xylella fastidiosa 9a5¢ 2.67 Chlorobium tepidum TLS 2.15
266 — Treponema denticola ATCC 35405 284 Bacteroides fragilis NCTC 9343 5.20
Meth:mocu]]euf; m'fmt.{mgn 'rRI 2.47 Ehrlichia chaffeensis str. Arkansas 1.17 uncultured methanogenic archacon 3.17
I:ro:;thccochlons vibrioformis DSM 1.96 Methanocaldococeus jannaschii DSM | 1.66 RC-I
265 2661 Rickettsia akari str. Hartford 1.23
N 2 el ar1 F275 n 0
Lactobacillus r“ul“r'_ 1‘_"?3_ _ 1.99 Coxiella burnetii Dugway 51108-111 2.15 Desulfovibrio vulgaris subsp. vulgaris | 3.57
E_,;prlobactcr hominis ATCC BAA- | 1.71 Thermoanaerobacter sp. X514 245 str. Hildenborough
3 - - Wolbachia endosymbiont of 1.26
- — -2 :
Chlorobium chlorochromatii CalD3 2.57 My ct:la:;ma penet.rans Hr-2 135 Drosophila melanogaster
- - o 3 273
Anaplasma phagoeytophilum HZ 1.47 lfb}' ¢ oh Cl"r_adl_‘cucu;_ 273 _4 2.6 Synechococeus sp. RCC307 2.22
Coxiella burnetin RSA 493 1.99 5)’nlr0p. u.s Seiditrop l.cus 5B - 3.17 Coxiella burnetin RSA 331 2.01
Bartonells bacilliformis K.C383 Taa tI;{f]nwsmma intracellularis PHE/MNI- 1.45
Mirafimptor sp. SB135°2 1.87 Helicobacter pylori 26695 1.66
Campylobacter jejuni RM1221 1.77
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Appendix S1. Seed sequences for profile construction.

Name Genome NCBI Id SPTR Id Target substrate

ArpB Pseudomonas putida S12 8163736 QoKIC2 Antibiotics: carbenicillin,
chloramphenicol, erythromycin,
novobiocin, streptomycin and
tetracyline. It is not involved in
organic solvent efflux

SmeB Xanthomonas maltophilia 5764625 Q9RBY8 Multidrug

EefB Enterobacter aerogenes Q8G(83 Multidrug

IfeB Agrobacterium tumefaciens 068441 Isoflavonoid-inducible

MexD Pseudomonas aeruginosa 1399758 Q51396

AdeB Acinetobacter baumannii 16118478 Q93E19 Aminoglycoside

MtrD Neisseria gonorrhoeae 1408202 Q51073

MexY Pseudomonas aeruginosa 3868984 Q9ZNG8 Multidrug

MdtB Escherichia coli P76398 Novobiocin and deoxycholate

CnrA Ralstonia eutropha 584962 P37972 Nickel and cobalt

CzcA Ralstonia eutropha 2507003 P13511 Divalent cation

SilA Salmonella typhimurium 13633956 Q9ZHC9 Silver

NolG Sinorhizobium meliloti 16262933 P25197 Involved in the production of

Medicago-specific nodulation
signal molecule
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Department of Environmental Protection, Estacién Experimental del Zaidin, Consejo Superior de Investigaciones Cientificas, C/

Profesor Albareda, 1, 18008 Granada, Spain

We have developed a generalized profile that identi-
fies members of the root-nodulation-cell-division
(RND) family of efflux pumps and classifies them into
four functional subfamilies. According to Z-score
values, efflux pumps can be grouped by their metabol-
ic function, thus making it possible to distinguish
pumps involved in antibiotic-resistance (group 1) from
those involved in metalresistance (group 3). In silico
data regarding efflux pumps in group 1 were validated
after identification of RND efflux pumps in a number
of environmental microbes that were isolated as resis-
tant to ethidium bromide. Analysis of Pseudomonas
putida KT2440 identified efflux pumps in all groups. A
collection of mutants in efflux pumps and a screening
platform consisting of 50 drugs were created to as-
sign a function to the efflux pumps. We validated in
silico data regarding efflux pumps in groups 1 and 3
using 9 different mutants. Four mutants belonging to
group 2 were found to be more sensitive than the wild
type to oxidative stressinducing agents such as bipy-
ridyl and methyl viologen. The two remaining mutants
belonging to group 4 were found to be more sensitive
than the parental to tetracycline and one of them was
particularly sensitive to rubidium and chromate. By
effectively combining in vivo data with generalized
profiles and gene annotation data, this approach al-
lowed the assignment, according to metabolic func-
tion, of both known and uncharacterized RND efflux
pumps into subgroups, thereby providing important
new insight into the functions of proteins within this
family.

efflux pumps | RND family | antibiotics resistance | multidrugs

he analysis of protein sequences makes it possible to identi-

fy conserved domains in proteins, such as enzyme catalytic
sites, cofactor binding sites, small molecule ligand domains,
DNA binding domains, and many others (1,2). Proteins or pro-
tein domains belonging to a particular family often share func-
tional attributes, and therefore the grouping of proteins has been
used in turn to characterize them at the functional level (3,4).
Several approaches are available to define domains and protein
families, and the availability of semi-automatic methods for
profile construction, as well as their high sensitivity have im-
proved the efficiency and eased the process involved in the
definition of protein families (5-10). Profiles are not necessarily
confined to small regions with high sequence similarity, but
rather they attempt to characterize a protein family (or domain)
based on full length sequences (6,11,12).

Microorganisms in the environment are exposed to a large
number of drugs of natural and xenobiotic origin, and, as such,
have developed strategies to cope with toxic compounds. The
extensive use of some drugs in medicine, such as biocides and
antibiotics, have lead to a major therapeutic problem as bacteria
have developed resistance to multiple antibiotics (13-18). Resis-
tance-Nodulation-cell Division (RND) efflux pumps are com-
mon clements in multidrug resistance, and their wide substrate
specificity explains cross-resistance between antibiotics, bio-
cides, dyes, and solvents in laboratory strains (13,19-23). A

number of RND efflux pumps have also been described that
extrude heavy metals, and represent a major determinant in the
proliferation of microorganisms at sites polluted with zinc, lead,
mercury, cobalt and other metals (24). Although the entire suite
of physiological functions of RND pumps has not yet been well
established, a number of recent studies have shown that these
pumps may be involved in the extrusion of intracellularly gener-
ated toxic compounds. These RND pumpexcluded compounds
may include, for example, formaldehyde produced from the
metabolism of histidine and methoxylated chemicals (25); ami-
no acids to maintain amino acid homeostasis (26); and quorum
sensing molecules (27,28). As well, RND pumps may also be
important for protecting cells against toxic compounds in the
cells environment (23,29).

A typical RND efflux pump consists of three components,
with one of these components being the inner membrane pro-
tein, which acts as the extrusion element, and which is often
more than 1000 amino acids long, consisting of 12 transmem-
brane helices (23,30-32). A second component of RND efflux
pumps is the outer membrane protein that penetrates into the
periplasmic space to form a channel (22,33,34). The third com-
ponent is a lipoprotein that is linked to the inner membrane, and
which plays a role in stabilizing the interactions between the two
other elements (35-37). The best studied antibiotic-extruding
RND pump in structural and functional terms is the AcrAB-
TolC system in Escherichia coli (23). This pump was initially
described as a transporter for the topical antiseptic acriflavin
(hence the name Acr), but it was later shown to transport a large
variety of other substrates (14,21). Another well characterised
RND pump is the CzcABC metal-extruding pump, which is
involved in the extrusion of heavy metals such as zinc, cadmium
and cobalt (38,39).

In this study we have constructed a stringent profile for
RND efflux pumps and have used it to search for and identify
members of this family within annotated genomes. With the
protein sequences that we found we were able to group them,
using Z-score values, into four groups, which represents a novel
method regarding the application of profiles. Based on gene
annotation data, those within groups 1 and 3 appeared to be
involved in extrusion of antibiotic and metals, respectively.
Using a series of P. putida KT24440 mutants, we were able to
validate that the efflux pumps found in group 1 do in fact ex-
trude a wide range of antibiotic compounds, and that those in
group 3 extrude heavy metals. The paucity of information avail-
able for proteins in groups 2 and 4 made it necessary to carry out
screens, using mutants, in order to assign functional activities to
these groups. Our results show that the efflux pumps found in
group 2 are involved in the extrusion of oxidative stress-causing
agents, while the pumps in group 4 appear to be involved in the
extrusion of organic and inorganic chemicals.

Results and Discussion

Construction of the RND profile. We have constructed a strin-
gent profile for RND efflux pumps using Provalidator, a tool
that combines nearlyfull automation of profile construction and
validation (12), and have used it to identify RND efflux pumps
in annotated genomes. The first step in the construction of a
profile was to select sequences to produce the seed profile (12).
We chose a set of 16 sequences of well characterized RND
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efflux pumps that extrude antibiotics, solvents and heavy metals
(Suppl. Table 1). We generated a multialignment of these pro-
teins using CLUSTALW (http://align.genome.jp) (Suppl. Figure
1), which revealed conserved sequence identity throughout the
full length of the proteins. We therefore opted to use the full
length of the proteins to construct the profile using Provalidator
(www .bactregulators.org). This is the first report of a profile
being generated based on the whole protein sequence rather than
on a fragment of conserved sequences. The generalized profile
for RND efflux pumps was run against all entries in the Swis-
sProt and TrEMBL databases (40). Around 2000 proteins rang-
ing in length from 950 to 1200 amino acids were identified as
members of the RND efflux pump family (Suppl. Table 2). The
profile yielded a Z-score of >50 for all of these proteins. Z-
scores were used to classify the proteins into 4 well-defined
groups based on intervals of about 50 arbitrary units on the Z-
score scale (Figure 1).
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Fig. 1. Grouping of efflux pumps based on Z-score. All proteins
identified by the RND efflux pump profile were at least 950 resi-
dues long. Based on Z-scores we established four groups of
proteins. Each group corresponds to a set of 50-unit intervals.

A phylogenetic tree was also constructed, and the sequences of
each Z-score group tended to cluster together (Figure 2). When
proteins in these clusters were analysed with regard to their
function, we found that those in group 1 were antibiotic/drug
efflux pumps such as the Mex/Ttg pumps of Pseudomonas (41-
48), the Acr pumps of enteric bacteria (35,49,50), and the Cme
pump of Acinetobacter spp (51,52). Group 3 included metal
resistance efflux pumps such as Cze/Car from Ralstonia (39,53),
and Sil from Salmonella (54-56), among others. No known
function was found to be previously assigned to members of the
proteins in groups 2 and 4.

Wet testing of the efflux pump profile groups. We then hy-
pothesized that it would be possible to validate the Z-score
groups of the RND pumps by identifying efflux pumps in envi-
ronmental microorganisms that exhibited tolerance to drugs. To
test this hypothesis we isolated environmental microorganisms
tolerant to ethidium bromide (EtBr). We choose EtBr because it
has been reported that a number of pathogenic and nonpathogen-
ic microorganisms, such as Acinetobacter braumannii, Chromo-
halobacter sp., Lactococcus lactis, and several species of the
genus Pseudomonas (41,44,46,51,52,57-59) are tolerant to the
compound thanks to efflux pumps. Subsequently we planned to
identify (by PCR amplification and DNA sequencing) genes that
encoded efflux pumps in these microorganisms related to the
phenomenon under scrutiny.
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Fig. 2. Phylogenetic tree of efflux pumps and assigned function.
The phylogenetic tree was constructed using the TREE program.
The function of the characterized pumps in each of the four
groups is indicated to the right of the cluster.

To isolate environmental microorganisms tolerant to EtBr,
20 ml of waste water samples from the city of Granada’s waste-
water treatment plant were mixed with 80 ml M9 minimal me-
dium (60) containing glucose (0.5% w/v) as a carbon source and
EtBr at a final concentration of 10 mg/ml and the samples were
used for enrichment, as described in Materials and Methods.
Based on differences in colony morphology, size and color we
retained 11 clones from these enrichments (Suppl. Table 3). The
clones were taxonomically identified based on Gram staining,
the API growth test, metabolic profiles, and sequencing of the
16S rRNA gene. Three clones belonged to the genus Klebsiella,
two to the genus Kluyvera, and one of cach belonged to the
genera Shewanella, Empedobacter and Pseudomonas. Two
others exhibited high similarity to uncultured microorganisms
and one clone exhibited significant homology to Bacterium G3
Greenlake (Suppl. Table 3). The predominance of enteric bacte-
ria among the isolates and their ability to use a wide variety of
sugars (Suppl. Table 4) was not surprising, considering that the
microorganisms were isolated from wastewater. We characte-
rized all these strains with regard to EtBr and antibiotic resis-
tance using Minimal Inhibitory Concentration (MIC) assays
(61). The results showed that all EtBr-resistant clones exhibited
high resistance to certain antibiotics, but we did not find a regu-
lar pattern of antibiotic resistance, except that clones resistant to
EtBr were often highly resistant to penicillin-derived antibiotics
(Suppl. Table 5).

We next tested whether these environmental isolates exhi-
bited genes that encoded efflux pumps. To this end, and based
on the alignment in Supplementary Figure 1 and previous stu-
dies by Meguro et al. (62), we used two oligoprimers to amplify
by PCR a region of about 500 nucleotides of the RND efflux
pumps within the isolates. As a control for amplification we
included P. putida DOT-T1E, a strain that is known to be resis-
tant to EtBr due to its extrusion through #tgABC-encoded gene
products (63-64). As expected, the t7gB gene was amplified from
the DOT-T1E strain using the above primers. We also found that
a related gene was also present in eight of the eleven strains
(including two Kluivera strains, the three Klebsiella strains, one
of the Pseudomonas strains, Bacterium G3, and one of the
strains exhibiting 16S rRNA similar to the EV821 uncultured
bacterium). These amplified fragments were cloned, sequenced,
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and clustered within the sequences used to construct the phylo-
genetic tree in Figure 2. Six of the sequences clustered with the
RND efflux pumps assigned to group 1, which includes extru-
sion pumps for acriflavine, acridine and other drugs. One of the

new sequences, which belongs to fragments amplified from
Pseudomonas sp., clustered with pumps in Group 4, suggesting
that this phylogenetically separate group of RND pumps may
also include antibiotic/dyes efflux pumps (Suppl. Figure 2).
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Fig. 3. Growth characteristics of a set of knock-out mutants in efflux pumps in Pseudomonas putida. Wild-type Pseudomonas
putida and mutants strains were grown overnight in M9 minimal medium with glucose as a carbon source. Cultures were diluted
100-fold in the same medium and 180 L of resulting culture was placed in 100-well polystyrene plates and incubated at 30 °C in
a Bio-screen-C incubator that agitated the plates while measuring growth every 30 min, in the presence of either 20 pg/ml of
tetracycline (panel A), 0.25 mM Cd” (panel B), 0.25 M Rb”™" (panel C), 0.5 mM Zn** (panel D), 1 mM Cr,O; (panel E) or 30 pg/mi
chloramphenicol (panel F). Symbols: o, wild-type; e, mutant PP0043; A, mutant PP0906; A, mutant PP1385; o, mutant PP1517;
m, mutant PP2065; ¢, mutant PP3583; €, mutant PP3584; X, mutant PP5173; +, mutant PP5397.

Identification of extrusion pumps in the genome of P. putida
KT2440. Using the RND family profile that we constructed, we
screened the genome of P. putida KT2440 (65) and identified 14
RND efflux pumps corresponding to genes PP0043, PP0906,
PP1385, PP1517, PP2065, PP2411, PP2818, PP3302, PP3426,
PP3456, PP3583, PP3584, PP5173, and PP5387 (Suppl. Table
6). Three of these efflux pumps were grouped as being potential-
ly involved in metal extrusion in group 3 (PP0043, PP2411 and
PP5387); four of these efflux pumps were placed within group 1
(PP1385, PP3456, PP2818 and PP3426), while another four
pumps fell within group 2 (PP2065, PP0906, PP3584, PP3583).
The three remaining pumps were clustered within group 4
(PP1517, PP5173, PP3302) (See Suppl. Figure 3). Mutants for
two of the pumps in group 1 (TtgABC [44] and MexEF/OprN
[25]) have been isolated before and partially characterized. As
such, it is known that the TtgABC pump (PP1384-PP1386) is an
antibiotic extrusion pump, and that it is able to extrude ampicil-
lin, chloramphenicol, tetracycline, and flavonoids (25,63,66).
The MexEF/OprN (PP3425-PP3427) has been shown to be
involved in formaldehyde detoxification and in phenylalanine
homeostasis (25,26). No information was available for the
pumps annotated as potential Metal Resistance pumps, nor was
information available for the other pumps. In order to characte-
rise the function of these putative efflux pumps, we used a num-
ber of mini-TnJ3, including mutants for four pumps within group
2 (PP2065, PP0906, PP3583 and PP3584), two mutants in
pumps within group 3 (PP0043 and PP5387) and two pumps
within group 4 (PP1517 and PP5173). This set of mutants was
subjected to a systematic phenomic screen that allowed us to test
for growth under 190 different conditions (see Material and
Methods). The platform allows for growth under different car-
bon, nitrogen, sulphur, and phosphate sources to be tested, as
well as growth in the presence of 47 different stressors. The
results showed that none of the mutants exhibited significant
differences with respect to growth under different carbon, nitro-
gen, sulphur, or phosphate sources, as expected. However,
significant differences in growth curves were observed for some
of the mutants when compared to the parental strain in the pres-
ence of certain stressors (Figure 3). The mutants were found to

exhibit two different growth patterns. One of these growth pat-
terns corresponded to a deep inhibition of growth so that turbidi-
ty of the cultures did not increase with time. This indicated to us
that the knocked-out efflux pump was an essential element for
tolerance to the stressor. This is clearly exemplified in Figure
3A, which shows that novobiocin strongly inhibits growth of the
ttgB mutant. The second observed growth pattern was different
in that growth was not fully inhibited, but rather that it was
significantly decreased. This indicated to us that more than one
efflux pump was required in order to extrude the chemical.
Table 1 summarises the results organised according to place-
ment of the pumps within the four groups identified by the RND
profile. As expected efflux pumps in group 1 were found to be
involved in the extrusion of antibiotics. TtgB was the most
critical efflux pump for antibiotic resistance as its deficiency
lead to growth inhibition in the presence of tetracycline, novobi-
ocin, gentamycin, ampicillin, chloramphenicol, cefotaxime,
erythromicin, and the detergent deoxycholate. These results
raise the profile of the TtgB efflux pump, which has previously
only been shown to be able to extrude EtBr, ampicillin, chlo-
ramphenicol and a number of flavonoids. We also found that
MexEF/OprN plays a role in extrusion of tetracycline and chlo-
ramphenicol, as shown by delayed growth of the corresponding
mutant in the presence of these compounds (Figure 3F). Since
deficiency in TtgABC fully prevents growth (Figure 3A), we
propose that the MexEFOprN efflux pump is of less relevance to
the removal of these antibiotics. In group 3 the tested mutants
were found to exhibit inhibited growth in the presence of certain
metals. As such, mutants deficient in PP0043 showed in in-
creased sensitivity to Cd*" and Zn*, while the mutant deficient
in PP5387 was more sensitive to Cd*, NiZ* and chromate. These
results show that metal efflux pumps within P. putida K12440
have overlapping specificity regarding removal of Cd*", but that
they also show specificity regarding other metals, such as Ni**
and Zn* (Figure 3D and 3E). The presence of multiple efflux
pumps with similar specificity is advantageous to cells in that,
although some redundancy exists, they are provided with a
wider total spread of chemicals that can be extruded.
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Table 1. Potential 1 substrates for efflux pumps of Pseudomonas putida KT2440 as deduced from growth inhibition of

mutants in the presence of the indicated drugs.

Number | Group | Proposed name Substrates
Te, Nov, Gm, Sm, Ap,
PP1385 1 TTeB Cm, Ctx, Ery, Bip, DOC
PP3426 1 MexF Tc, Cm
PP0906 2 OapB Bip, Mv
PP2065 2 QapE Bip, Mv
PP3584 2 OapH Bip, Mv
PP0043 3 CzpB Cd, Zn
PP5387 3 CncB Cd, Ni, Cr,07, MV
PP1517 4 TepB Tc
PP5173 4 TrcB Tc, Rb, Cr,04

Abbreviations: Tc, Nov,

Gm, Sm, Ap, Cm, Ctx, Ery, Bip, DOC, MV stand for resistance to 5 tetracycline, novobioxin,

gentamycin, streptomycin, ampicillin, chloramphenicol, ceto, 6 bipyridyl, deoxycholate and methyl viologen, respectively.

The four mutants within group 2 have a common phenotypic
background, and appear to be involved in the extrusion of organ-
ic compounds that generate oxidative stress. In fact, all four
mutants exhibited retarded growth in the presence of bipyridyl
and methyl viologen. Additionally, the mutant lacking PP3583
may also be involved in the extrusion of Ni*" and chromate
(Table 1). Mutants in the pumps within group 4 exhibited certain
sensitivity to tetraycycline, and the mutant deficient in PP5173
showed striking inhibition of growth in the presence of rubidium
(0.25 mM) and chromate (Table 1). This group, then, may in-
clude a number of efflux pumps able to remove heavy metals
and antibiotics.

Our results support that, based on a limited number of se-
quences derived from a literature search, it is possible to con-
struct a semiautomated profile for RND efflux pumps, which not
only serves to identify members of the family in databases but
that can also be used to group them into functional subfamilies
based on Z-score values. Most importantly, the subfamilies
exhibit differential specificity with regards to substrate specifici-
ty. As a proof of concept we isolated environmental microbes
tolerant to EtBr and found that, in many of these microorgan-
isms, it was possible to amplify genes that encode pumps that
are specifically assigned to the expected Z-score groups, as
confirmed with in vivo and in vitro assays against EtBr. The
profile also allowed us to identify new efflux pumps within P.
putida KT2440. These results were combined with in vivo expe-
riments using mutants in these genes, which consisted of strin-
gent phenomics screens that allowed us to assign functions and
reveal the metabolic context within which these previously
uncharacterised efflux pumps operate. These results provide
new foundations for further studies in the area of substrate spe-
cificity of RND efflux pumps in environmental isolates and
metagenomes.

Materials and Methods

Seed Sequences for Profile Construction. The 16 sequences
that were used to create the seed profile (Supplementary Table
1) were chosen based on literature searches of well characterized
RND efflux pumps. The sequences were aligned using CLUS-
TALW (http://align.genome.jp) revealing that there exists a high
degree of sequence conservation along the whole sequence of
the proteins (Suppl. Fig. 1). The final alignment was then used
as seed for the construction of a conventional profile using the
pfmake program, which is part of the PFTOOLS package of
programs, available from the Swiss Institute of Bioinformatics.
The RND profile was subsequently calibrated by running it
against shuffled sequences in the database
(http://www isrec.isbsib.ch/pub/databases/shuffled). PFTOOLS
proposes a tentative threshold score of 8.5 for a protein to be
considered a member of the family of interest. The constructed
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RND profile then was used to search for members of this family
in the Swiss-Prot and TrEMBL databases, and also to screen the
set of complete and incomplete microbial genomes available at
NCBI and GOLD. A set of almost 2000 members of the RND
family was identified (Suppl. Table 2).

Bacterial Strains and growth conditions. P. putida KT2440
(65) and its derived Tn5-Km mutant strains were obtained from
the Pseudomonas Reference Culture Collection established at
Estacién Experimental del Zaidin in Granada (Spain). Strains
were grown at 30 °C with shaking at 200 rpm in an orbital plat-
form in LB medium supplemented with rifampicin (30 ng/ml) or
kanamycin (50 pg/ml), respectively. When required, M9 minim-
al medium (60) was used and supplemented with the appropriate
carbon source.

Isolation of Ethidium Bromide Resistant Microorganisms. 20
ml of waste water samples from the wastewater treatment plant
of city of Granada was mixed with 80 ml M9 minimal medium
(60), with glucose (0.5% w/v) as a carbon source, and Ethidium
bromide (EtBr) was added at a final concentration of 10 mg/ml.
Flasks were shaken (200 rpm) at 30 °C for 24 h, at which point
the samples were diluted 50-fold in the same medium. After
incubating 24 h more, serial dilutions were spread on solid M9
minimal medium with glucose (0.5% w/v) as the C-source and
10 mg/ml EtBr as a counter selective agent. The clones were
retained based on colony morphology, size and color.

Ethidium bromide-resistant strains were grown according to
routine procedures in LB medium. When required, M9 minimal
medium (60) was used and supplemented with different carbon
sources at 10 mM.

DNA Techniques. Preparation of chromosomal DNA was car-
ried out using standard methods (67). To amplify HAE-1 RND
efflux pumps, we used the A24£2 (5-CCSRTITTYGCITGGGT-
3") and A577r2 (5'-SAICCARAIRCGCATSGC-3") primers, as
described in Meguro et al. (62) to PCR amplify a 500-bp frag-
ment. The PCR reaction procedure was as follows: an initial step
at 94 °C for 10°, was followed by 30 cycles at 94 °C for 17, then
50 °C for 1, and a final step at 72 °C for 1’ was run. Amplifica-
tion products were visualized on a 1.5% (w/v) agarose gel
stained with ethidium bromide, and the corresponding band was
extracted with the QUIAEX IT Gel Extraction kit (Quiagen). The
PCR products were sequenced using an ABI-PRISM Dye Ter-
minator Cycle Sequencing Ready Reaction kit with Amplitag
DNA polymerase in an automatic DNA sequencer (model ABI-
PRISM 3100; Applied Biosystems, USA).

Phenotypic Characterization. P. putida strains were grown on
solid M9 minimal medium (60) supplemented with 0.1% (w/v)
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glucose. The following day cells were recovered with a loop and
resuspended in M8 minimal medium (67). The wild-type and the
mutant strains were inoculated in microwell plates in M9 mi-
nimal medium with different carbon (5 mM), nitrogen (5 mM)
and sulphur (5 mM) sources, and grown at 30 °C with conti-
nuous shaking while at 60 minute intervals the turbidity was
measured by a Bioscreen C (ThermoFisher Scientific) at 420-
580 nm for 24 hours. Minimal M9 medium was prepared as in
Abril et al. (60) but when appropriate MgSO, or NH,Cl was
replaced with other sulphur or nitrogen sources. All data record-
ings were performed using a Bioscreen C MBR analyzer type
system FP-1100-C (OY Growth Curves Ab Ltd., Raisio, Fin-
land). At least three independent experiments were performed
for each condition. Growth curves were drawn using the average
values of the three experiments (standard deviations were al-
ways less than 0.1 units of the O.D. value).

Carbon sources: D-glucose, D-fructose, D-glucuronic acid,
glycerol, sodium acetate, trisodium citrate, fumaric acid, sodium
succinate, sodium lactate, malic acid, sodium pyruvate, methyl
pyruvate, propionic acid, sodium benzoate, sodium 4-
hydroxybenzoate, quinic acid, aminobutyric acid, 5-amino-n-
valeric acid, 2,4-dihydroxyphenylacetic acid, sodium decanoate,
Tween 20, 2-phenyl ethanolamine, L-Leu, LLys, L-His, L-Gln,
L-Glu, L-Phe, L-Arg, L-Asn, L-Ala, L-Pro, L-Tyr, L-Ile, L-Cys,
L-Met, L-Val, glutaric acid, and xylose. Nitrogen sources: D-
and L-Arg, D- and L-Lys, D- and L-Pro, D- and L-Val, D- and
L-Ala, D- and L-Asn, D-Met, D-Leu, L-Asp, L-Cys, L-Phe, L-
Glu, L-Gln, L-Gly, L-His, L-homoserine, L-Ile, L-trans hydrox-
yproline, L-Ser, L-Tyr, Ala-Glu, Ala- Gly, Ala-His, Ala-Leu,
Ala-Phe, Gly-Gln, Gly-Gly, Gly-Leu, Gly-Ser, Gly- Val, Tyr-
Ala, adenine, agmatine sulphate, hypoxanthine, phenylethano-
lamine, ethanolamine, putrescine, DL-ornithine, NH4Cl and
NH4NO3 and urea. Sulphur sources: L-Cys, D- and L-Met,
Leystine, cysteamine, D,L-cthionine, D,L-homocysteine, tau-

rine, thiourea, 2-thiouracil, = N-acetyl-cysteamine,  2-
thiohidanthoin, sodium taurocholate, agmatine sulphate,
Na2S04, Na2S03.
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Suppl. Table 1. RND efflux pumps chosen for seed construction. All these pumps had been characterized through in
Vivo or in vitro assays.

RND protein Protein description Organism Length (aa) Accesion number
IfeB Transmembrane efflux pump protein Agrobacterium tumefaciens 1046 068441
CzcA Cobalt-zinc-cadmium resistance protein Ralstonia metallidurans CH34 1063 P13511
NolG Nodulation protein Sinorhizobium meliloti 1065 P25197
CnrA Nickel and cobalt resistance protein Ralstonia metallidurans CH34 1076 P37972
MdtB Multidrug resistance protein Escherichia coli K-12 1040 P76398
MdtC Multidrug resistance protein Escherichia coli K-12 1025 P76399
MtrD RND protein Neisseria gonorrhoeae 1067 Q51073
MexD RND family exporter Pseudomonas aeruginosa PAO1 1043 Q513%
CmeB RND efflux system, inner membrane transporter Campylobacter jejuni RM1221 1040 Q5HWAIL
EefB Inner membrane protein Enterobacter aerogenes 1035 Q8GC83
AdeB RND protein Acinetobacter baumannii 1035 Q93E19
MexF RND multidrug efflux transporter Pseudomonas aeruginosa PAO1 1062 Q9I0Y8
ArpB Antibiotic efflux pump membrane transporter Pseudomonas putida S12 1050 Q9KIC2
SmeB Multidrug efflux pump Stenotrophomonas maltophilia 1049 QI9RBY8
SilA Putative cation efflux system protein Salmonella typhimurium 1048 Q9ZHC9
MexY Multidrug efflux pump Pseudomonas aeruginosa PAO1 1046 Q9ZNG8
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Suppl. Table 2. RND efflux pumps identified in databanks with the corresponding identification number, score and
length. Data obtained on July 14th, 2009. (Extract. Complete table has 32 pages)

164

Q9F7MO0 PRBO1 Predicted cation efflux system (AcrB/AcrD/ActF family) 53.704 1020
Q5LB43 BACFN Putative ABC transport system, membrane protein 54.885 1074
Q64R17 BACFR Drug efflux protein 54.885 1067
Q6IVS4 9GAMM Predicted cation efflux system 58.071 1020
Q60918 9GAMM Predicted cation efflux system 59.217 1020
Q3NYY4 9GAMM | Similar to Cation/multidrug efflux pump precursor 61.934 1018
Q3P6H4 9GAMM Similar to Cation/multidrug efflux pump precursor 62.472 1009
Q82WW7 NITEU Acriflavin resistance protein 65.899 1040
Q30TY0 THIDN Acriflavin resistance protein 66.862 1039
Q442D7 SOLUS Acriflavin resistance protein precursor 67.871 1033
Q7UGN1 RHOBA Cation/multidrug efflux pump 68.238 1109
Q3CRH6 ALTAT Acriflavin resistance protein 68.879 1068
Q3H8V6 TRIER Acriflavin resistance protein precursor 69.636 1037
Q5LUY1 SILPO Transporter, AcrB/AcrD/ActF family 70.358 1010
Q8RG07 FUSNN Acriflavin resistance protein D 70.496 1022
Q3QS85 9RHOB Acriflavin resistance protein precursor 70.507 1137
Q64R25 BACFR AcrB/D/F family transporter 71.321 1011
Q5LAM7 BACFN Putative AcrB/AcrD/ActF family membrane protein 71413 1011
Q3NSZ3 SHEFR Acriflavin resistance protein 71.894 1053
Q35Z2X0 9GAMM AcrB/ActD/AcrF family protein precursor 72.1 1026
Q36NZ0 MARHY AcrB/ActD/AcrF family protein precursor 72.112 1008
Q36U61 MARHY Cation efflux system protein XF2083 precursor 72.169 1011
Q87J90 VIBPA Putative efflux protein 72.226 1020
Q8EC65 SHEON AcrB/ActD/AcrF family protein 72.467 1026
Q30SF3 THIDN Acriflavin resistance protein 72.616 1044
Q2ZCB0 9GAMM AcrB/ActD/AcrF family protein precursor 72.673 1026
Q5LX87 SILPO Transporter, AcrB/AcrD/ActF family 72.742 1133
Q33W13 9GAMM Acriflavin resistance protein precursor 72.742 1023
Q92Y52 RHIME Probable cation efflux protein 72.765 1005
Q3FNRO 9BURK Acriflavin resistance protein precursor 72.937 1151
Q40HQ2 9RHOB Acriflavin resistance protein 73.281 1131
Q36B16 9GAMM AcrB/ActD/AcrF family protein precursor 73.338 1026
Q35W96 9GAMM Putative efflux protein 73.407 1035
Q36AT2 9GAMM Putative efflux protein 73.51 1035
Q6WI1F3 RHISN Acriflavin resistance plasma membrane protein 73.522 1038
Q276D8 9GAMM Putative efflux protein 73.602 1035
Q3QVF2 9RHOB Acriflavin resistance protein 73.9 1267
Q36J71 MARHY Cation efflux system protein XF2083 precursor 73.98 1012
Q47VP1 COLP3 AcrB/ActD/AcrF family protein 74.255 1074
Q2WZQ1 9GAMM | AcrB/AcrD/AcrF family protein precursor 74.404 1025
Q30QF5 THIDN Acriflavin resistance protein 74.461 1005
Q8A731 BACTN Transporter, AcrB/D/F family 74.633 1012
Q3Q996 9GAMM Acriflavin resistance protein precursor 74.645 1022
QS5LR00_SILPO Transporter, AcrB/AcrD/ActF family 74.828 1259
Q8A899 BACTN Transporter, AcrB/D/F family 75.057 1010
Q33NZ0 9GAMM Acriflavin resistance protein 75.195 1060
Q3NUC7 SHEFR Acriflavin resistance protein precursor 75.436 1021
Q31EX8 THICR Acriflavin resistance protein 75.86 1021
Q3QWF5 9RHOB Acriflavin resistance protein 75.883 1016
Q484D7 COLP3 AcrB/ActD/AcrF family protein 75.997 1054
Q40D90 9RHOB Acriflavin resistance protein 75.997 1335
Q315C5 DESDG Transporter, AcrB/D/F family 76.043 1010
Q7UJY1 RHOBA Probable RND efflux transporter 76.077 1115
Q2Y7Y4 NITMU Acriflavin resistance protein 76.192 1098
Q8U880 AGRTS Cation efflux system protein (AGR L 1281p) 76.444 1036
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Suppl. Table 3. Isolated 1 ethidium bromide resistant bacteria strains.
The names of the bacteria most closely related to isolates based on 16S rDNA nucleotide sequence identity are listed in
column 2. Column 3 shows the percentage of identity between the two strains and column 4 lists the number of nucleo-
tides different from those of the corresponding sequence deposited in Genebank.

Strain | Closest strain Nucleotide | Number of
identity nucleotides
(%) different
EB(1) Shewanella putrefaciens 99 4 out of 1501
EBQ2) Kluyvera cryocrescens WAB1904 99 3 out of 1476
EBQ) Klebsiella oxytoca GR6 99 4 out of 1498
EB®#) Uncultured bacterium clone 99 4 out of 1497
EV821FW101601SAC11
EB(S) Uncultured g-proteobacterium 99 8 outof 1511
Bioluz K33
EB(7) Klebsiella oxytoca GR6 99 4 out of 1498
EB(8) Bacterium G3 GreenLake 100 0 out of 1495
EB9 Kluyvera cryocrescens 99 3 out of 1476
EB(10) | Empedobacter brevis LMG4011T 99 5 out of 1487
EB(11) | Klebsiella sp. LB-2 99 2 out of 1528
EB(12) | Pseudomonas sp. BWDY-9 99 6 out of 1498
Pseudomonas mendocina PC10 99 7 out of 1481

Suppl. Table 4. Growth of the 1 isolated EtBr resistant strains in the presence of different carbon sources.

Cells were grown overnight in LB medium. The following day, cells were washed with 50 mM phosphate buffer, and
resuspended in M9 medium at a cell density corresponding to an ODgg Of 0.1. Aliquots were supplemented with 10 mM
of each of the different C sources, and cells were incubated at 30° C at 200 rpm, and growth was measured as turbidity
after 24 h incubation. (+++) ODeggo > 1; (++) 1 < ODggo < 0.5; (+) 0.5 < ODggr < 0.2; (+/') 0.2 < ODggo < 0.1; (-) ODggo < 0.1

EB-1 EB-2 EB-3 EB-4 EB-5 EB-7 EB-8 EB-9 EB-10 EB-11 EB-12
LB +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
Glucose - +++ +++ - +++ +++ +++ +++ - +++ +++
Sucrose - +++ +++ - +++ +++ +++ +++ - +++ +++
Maltose - +++ +++ - +++ +++ +++ +++ - +++ +++
Xylose - +++ +++ - - +++ +++ +++ - +++ +++
Fructose - +++ +++ - ++ +++ +++ +++ - +++ +++
Glycerol - +++ +++ - ++ +++ +++ +++ + ++ +++
Benzoate - - - +4++ - - - - - ++ +/-
Succinate + ++ ++ +++ ++ ++ + ++ - ++ ++
Citrate - +++ +++ - + +++ +++ +++ - +++ +++
Salicilate
p-Hydroxybenzoate - ++ ++ - - ++ ++ ++ - +++ +++
Quinate - +++ +++ +/- - +++ +++ +++ - +++ +++
Vanillate
Glutamate +- +/- + it e + 4+ +/- +/- ++ ot
Glutamine - - - ++ - - +- - - +/- ++
Lysine
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Suppl. Table 5. Susceptibility of EtBr resistant 1 clones and P. putida DOT-TLE strains to different antimicrobial agents.

MICyo (ug/ml)

Strain Ap Cb Cm Ctx Gm Km Nal Neo Nor Nov Sm Tc Tcl EtBr
DOT-T1E 1000 1500 1000 3.125 25 3.125 125 2.5 3.125 2000 18.75 15 >1000 >1000
EB(1) 62.5 23.43 1.563 0.078 50 15.63 0.3125 25 0.78 250 375 0.937 125 500

EB(2) 250 187.5 6.25 03125 50 15.63 500 25 1.562 62.5 750 1.875 0.078 >1000
EB(3) 500 187.5 3.125 0.039 100 12.5 39 10 0.313 62.5 1875 0.937 0.078 >1000
EB(4) 15.62 30 31.25 12.5 25 6.25 1.25 10 3.125 6.125 9.375 1.875 0.00976 >1000
EB(5) >2000 3000 39 7.81 1000 >2000 125 >100 1.562 25 1500 0.3125 6.25 500

EB(7) 500 375 3.125 0.039 50 31.25 1.562 25 0.097 31.25 23.43 1.875 0.039 >1000
EB(8) 250 93.75 31.25 0313 50 500 125 50 0.78 62.5 187.5 3.75 12.5 >1000
EB(9) 500 375 7.81 0.78 50 15.63 39 25 0.1563 125 23.43 1.875 0.039 >1000
EB(10) 125 187.5 3125 50 >1000 2000 39 >100 12.5 15.63 750 15 1.563 >1000
EB(11) 1000 750 12.5 0.0195 50 15.63 1.95 125 0.097 62.5 11.72 0.937 0.078 >1000
EB(12) 500 93.75 125 6.25 12.5 3.125 7.81 25 0.156 31.25 9.375 1.875 0.313 >1000

Abbreviations: Ap, ampicillin; Cb, carbenicillin; Cm, chloramphenicol; Ctx, cefotaxime; Gm, gentamycin; Km, kanamycin;
Nal, nalidixic acid; Neo, neomycin; Nor, norfloxacin; Nov, novobiocin; Sm, streptomycin; Tc, tetracycline; Tcl, triclosan;

EtBr, ethidium bromide.

Suppl. Table 6. Pseudomonas putida KT2440 RND efflux pumps identified in the genome.

Locus name

PP0043

PP0906
PP1385
PP1517
PP2065
PP2411
PP2818
PP3302
PP3426
PP3456
PP3583
PP3584
PP5173
PP5387

RND efflux pump

CzcA

TtgB

MexD

MexF

MdtC
MdtB

CzcA

Annotation

Putative cobalt/zinc/cadmium efflux RND transporter, permease protein, CzcA

family

Multidrug efflux RND transporter, putative

Multidrug/solvent RND transporter TtgB

RND efflux transporter, hydrophobe/amphiphile efflux-1 (HAE1) family
Multidrug efflux RND transporter

Putative cobalt/zinc/cadmium resistance protein CzcA

Multidrug efflux RND transporter MexD

RND efflux transporter, hydrophobe/amphiphile efflux-1 (HAE1) family
Multidrug efflux RND transporter MexF

Multidrug efflux RND transporter

Multidrug RND efflux transporter, permease protein MdtC

RND efflux transporter, transmembrane protein MdtB, authentic frameshift
RND efflux transporter, hy drophobe/amphiphile efflux-1 (HAE1) family
Heavy metal RND efflux transporter, Czc A family

Length (aa)

1053

1014
1050
1021
1027
1048
1042
1030
1059
1042
1035

1017
1052

UniProt AC

Q88RT6

Q88PE4
Q88N31
Q88MQ3
Q88L70
Q88I31
Q88K81
Q88HQI1
Q88HD4
Q88HA4
Q88GY2
Q88CK7
Q88BZ6
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Suppl. Figure 1. Multialignment of the 16 RND efflux pumps initially chosen for the construction of an RND efflux pump
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EB-12(3)
EB-12(2)

Suppl. Figure 2. Location of RND efflux pumps ampli-
fied from EtBr resistant clones within the general
phylogenetic tree of efflux pumps. The pumps identi-
fied were included in the phylogenetic tree according
to their sequence identity. They are named on the
basis of the microorganism from which they were
amplified. TtgB and TtgH are RND efflux pumps of the
P. putida DOT-T1E.
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Suppl. Figure 3. Location of RND efflux pumps
present in the genome of P. putida KT2440 within
the general tree of efflux pumps. Pumps are named
based on the PP number.
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ABSTRACT

Motivation: The BacTregulators database is intended to col-
lect and to integrate information on proteins belonging to
defined families of transcriptional regulators in prokaryotes.
Results: The BacTregulators database currently contains
data on two families of transcriptional regulators: AraC-XylS
and TetR. The proteins included in the BacTregulators data-
base have been identified by screening 123 genomes from
archaea and bacteria and the SWISS-PROT and TrEMBL
databases with profiles defining each family. As the result
of an integration process, we have included 1326 different
protein sequences from the AraC-XylIS family and 1487 dif-
ferent protein sequences from the TetR family. The definition
of an entry in BacTregulators is based on protein sequence,
source organism, genome element and position in this gen-
ome element. The BacTregulators site allows the user to
retrieve protein sequences, functional features and exper-
imental evidence supporting the functions, references and
the three-dimensional structure of the regulator when avail-
able. BacTregulators supplies an innovative tool that allows
the researcher to obtain an integrated report that shows the
data corresponding to other entries which are related by
sequence similarity to the query entry. BacTregulators detects
and classifies the regulators belonging to AraC-XylS and TetR
families present in prokaryotic genomes, and thus contributes
to a more accurate annotation of regulators in genomes. The
information collected on each protein in the family can be use-
ful to characterize a new regulator or compile information on
the biological properties of a known regulator.

Availability: The BacTregulators is available at www.
bactregulators.org

Contact: rtobes@bioinformatica.org

*To whom correspondence should be addressed.

TThe authors wish it to be known that, in their opinion, the first two authors
should be regarded as joint First Authors.

Supplementary information: www.bactregulators.org/
supplementary
INTRODUCTION

The most important mechanisms that bacteria use to adapt
their physiology to changing environmental conditions are
based on regulation at the transcriptional level (Ramos et al.,
1997, 2001; Ishihama, 2000). Transcriptional regulators can
fine-tune gene expression to face the specific environmental
changes and stress conditions. This control of gene expres-
sion is achieved through the delicate interplay of sigma factors
that confer promoter selectivity, and transcriptional regulat-
ors that modulate RNA polymerase activity (Ramos ef al.,
1997, Gallegos et al., 1997). Since 1990, we have been updat-
ing information on the AraC-XylS family of transcriptional
regulators (Gallegos ef al., 1997), and we have compiled
information on proteins of this family in the AraC-XylS data-
base (Tobes and Ramos, 2002). In an effort to understand the
regulatory networks of complex processes that involve regu-
lators of different families, we decided to extend the database
to incorporate new families of regulators. This new approach
can be useful to define the regulatory networks that control
microbial responses to different environmental challenges. In
addition, the rapid appearance of newly sequenced proka-
ryotic genomes generates exponential growth in the number
of protein sequences, but in contrast, the experimental acquis-
ition of information about these proteins is relatively limited.

Another issue is that data from sequenced genomes
and protein databases are often not integrated, so fur-
ther efforts are needed in that direction. BacTregulators
(www.bactregulators.org) has been created with the aim
of integrating information about regulators from the NCBI
microbial genome resource and from the SWISS-PROT and
TrEMBL protein databases.

The BacTregulators database currently compiles data on
two families of regulators: AraC-XylS and TetR. Information

Bioinformatics vol. 20 issue 16 © Oxford University Press 2004; all rights reserved.
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on AraC-XylS family members has been updated and at
present covers 1326 sequences. These sequences have been
obtained after screening the bacterial and archaeal genomes
included in the NCBI Refseq database (June 11, 2003) and
the SWISS-PROT and TrEMBL (SPTR) protein databases
(June 16, 2003). The sequences have been integrated in a
non-redundant set.

The new family we have analyzed and incorporated into this
new database is the TetR family. We have developed a TetR
profile, which has been validated (Tobes et al., 2004) and
used to detect TetR proteins both in genomes and in the SPTR
database. In addition, we have compiled a non-redundant set
of 1487 protein sequences belonging to the TetR family.

SYSTEMS AND METHODS

Selection of a non-redundant set of protein
sequences of each family by analyzing the SPTR
database and NCBI proteomes

The first step in the development of the BacTregulators data-
base was to select the sets of transcriptional regulators with
profiles defining each family (Gallegos ef al., 1997, Tobes
et al., 2004). The screening included searches in SPTR
and in all the proteins from whole genome sequencing pro-
jects (available at the NCBI microbial genomes resource).
The HAMAP project (High-quality Automated and Manual
Annotation of microbial Proteomes) (Gattiker ef al., 2003) is
oriented to automatically annotate in SWISS-PROT a signi-
ficant percentage of proteins originating from bacterial and
archaeal genome sequencing projects. This project has initi-
ated a process of incorporation of transcriptional regulators
from genome sequencing projects to SPTR. At present, the
overlap between the sets of regulatory protein sequences
detected in SPTR and in genome sequencing projects is only
partial. We have developed a tool that integrates protein
sequences from SPTR with protein sequences from genomes
available at NCBI in a non-redundant set for each family
(Supplementary Figure 1). This information is available at
the BacTregulators website (www.bactregulators.org).

BacTregulators entry

The extraction of information about regulators is a complex
and time-consuming task. When we extract data about a
regulator it is always possible to assign these data to a pro-
tein sequence and to a microorganism. Furthermore, if the
microorganism has been sequenced we can assign the inform-
ation to a protein encoded by a specific gene located in a pre-
cise position of a genome element. The expanding availability
of sequenced genomes emphasizes the importance of gen-
omic data in the definition of a protein. On the other hand, to
ensure flexibility and precision in a database it is necessary to
maintain the information at the maximum level of granularity,
considering that itis easy to combine information by common
features but it is impossible to separate merged information.

$8% Definition of BacT entry:
(AT IR e a[e]c]

* Protein sequence

« Source organism

®e
e Genome element @ @

Fig. 1. Each BTR entry is defined considering its protein sequence,
the taxonomic classification of the source organism, the genome
element and the position in which is located its corresponding gene.

+ Position

Thus, the definition of an entry in BacTregulators is based on
the protein sequence, the source microorganism, the genome
element (chromosome, plasmid, phage, etc.) and the specific
location of the gene in the corresponding genome element
(Fig. 1). The source microorganism is registered according
to the taxonomic criteria of the NCBI taxonomy database
(Wheeler et al., 2000) (ftp://ftp.ncbi.nih.gov/pub/taxonomyy/).
In addition, the BacTregulators database stores the taxo-
nomic tree structure,thus making it possible to access the
lineage of each source microorganism. Proteins with dif-
ferences at any of the four levels are recorded as different
entries (Fig. 2). Thus, the number of entries in the BacT-
regulators database (5119) is higher than the number of
sequences (2813) because several entries can share the same
sequence. However, all entries with identical sequences are
interconnected.

Most of the entries included in BacTregulators have been
automatically generated after screening the SWISS-PROT,
TrEMBL and TrEMBL-new databases (Boeckmann ef al.,
2003) and the complete proteomes available at the Refseq
NCBI microbial genomes resource (Pruitt and Maglott, 2001)
for the TetR and XylS/AraC family profiles. The automatic
generation of entries is different depending on the source
database. When the protein comes from the NCBI Micro-
bial Genome database the process is simple: each regulator
detected in a proteome corresponding to a complete genome
generates an entry with information for all four levels of defin-
ition (sequence, source microorganism, genome element and
position). However, if the source database is SPTR the pro-
cess is more complex. The first difference is that the definition
of an entry in the SPTR database is based solely on the pro-
tein sequence (Boeckmann ef al., 2003), consequently the
same SPTR entry can correspond to more than one organism
and to more than one genome element. Another difference to
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Different entries with identical sequence

ENTRY 1:

[a ] [RTn]v]a [ETL]
* Escherichia coli K12
+ Cromosoma

* Posiciéon 10200

ENTRY 2:

(oo MR n ] [a [E] L]

+Escherichia colf

Enterobacteriaceae
SOURCE
ORGANISM . . Escherichia coli *

\ :
\ \
: q Escherichia coli K12
.
GENOME
ELEMENT \ o, @

=0 GO0

Fig. 2. Two identical sequences can have different entries depending
on differences atany of the four levels that define aBTR entry: protein
sequence, source organism, genome clement and position. In this
figure, for example, entry 1 and entry 2 share the same sequence
but differ in the source organism, in the genome element and in the
position in which the gene encoding the protein is located.

_.

/
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consider is the possibility of redundancy, especially between
TrEMBL and TrEMBL-new entries (Gattiker et al., 2003).
Thus, for the automatic generation of BacTregulators entries
from SPTR database we have used the following strategy:
(1) If the SPTR entry corresponds to only one organism
and to only one genome element, only one BacTregulat-
ors entry is generated. (2) If the SPTR entry corresponds
to more than one organism or to more than one genome
element, several BacTregulators entries are generated. To
avoid entry redundancy, the presence of each entry gener-
ated in the database is checked before its inclusion as a new
BacTregulators entry.

During the phase of data extraction from published papers,
the curators assign information to the appropriate entry,
assisted by tools specifically designed for this task. If occa-
sionally the appropriate entry is not included in the set of
the automatically generated entries, the curators can generate
additional entries to assign the information in the most spe-
cific way. Curators are continuously updating BacTregulators
database but new data about knowledge and sequences will
be available by releases to ensure high quality and integrity of
the data.

RESULTS
Information content and structure of the
BacTregulators database

The data structure of BacTregulators database is especially
designed to include data from genomes. The information is

stored in a highly structured way, organized in 158 fields
grouped into 33 tables in a relational database managed by the
MySQL database management system and the PHP scripting
language.

BacTregulators contains data of three types: sequences,
knowledge and references.

(1) Information about sequences has been specially treated
by integrating, filtering and checking each protein
sequence. We supply three sets of non-redundant com-
plete protein sequences for each family of regulators:

(1) The whole set of protein sequences obtained as the
result of the integration of sequences from SPTR
and NCBI prokaryotic genomes.

(i1) The set of protein sequences that result from the
integration of sequences from the SWISS-PROT,
TrEMBL and TrEMBL-new databases.

(iii) The set of protein sequences from NCBI proka-
ryotic genomes.

As in the AraC-XylS database described previously
(Tobes and Ramos, 2002), we also supply these three
sets of sequences by domains (DNA-binding domain,
N-terminal domain and C-terminal domain) in 9 addi-
tional sets of sequences for each family of regulators.

@

~

In BacTregulators, the knowledge extraction process
combines automatic data extraction with manual extrac-
tion. Some data assigned to each entry have been
obtained automatically from NCBI Microbial resources
and from the SPTR knowledgebase (see below). The
rest of the knowledge associated with each entry has
been extracted manually from bibliographic references.
We have adopted a special structure for this type of data,
using the text paragraph as the information unit. All
manually obtained data are organized in text paragraphs
that are always individually referenced. This structure
identifies the source of each piece of data. During
the manual extraction of knowledge, we have dissec-
ted experimental data that support biological features.
These data are termed ‘experimental evidence’ and
receive a special treatment in BacTregulators. When
there is experimental evidence to support the knowledge
expressed in a paragraph, a link to the experimental
data is displayed. These data are useful to evaluate the
reliability of the knowledge data.

Each text paragraph is referenced and linked to the Med-
line abstract. Currently the reference database contains
457 references corresponding to AraC-XylS and TetR
families.

3

~

Graphical information about the three-dimensional (3D)-
structures of crystallized proteins and tutorials are also
available at the BacTregulators website.
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Access to BacTregulators information

The information contained in the BacTregulators database can
be accessed in various ways. Data can be searched by BacT-
regulators identifier or by SWISS-PROT-TrEMBL or NCBI
identifiers. A search by family, microorganism, name and
COG allows the user to retrieve specific sets of proteins.
Finally, a text search in all the fields of the database allows
more flexible browsing. The reference database can also be
independently browsed by text searching.

Information about a specific entry is displayed in four sec-
tions (Supplementary Figure 2). The first section (blue vertical
bar) shows the data that define the BacTregulators entry:
sequence identifier, source organism, genome element and
position in the genome element. The second section (blue-
green vertical bar) contains data automatically obtained from
databases: SPTR or NCBI accession number, source data-
base, the protein’s full name and short name, gene name,
gene orientation, COG code, NCBI functional code and last
update of this set of data. The third section (green vertical
bar) displays knowledge manually extracted from published
research articles. This knowledge is structured in the follow-
ing fields: function, genes regulated, regulatory networks,
effectors, genomic allocation, promoters of regulated genes,
promoters of the regulator, sigma dependence, pathogenicity,
applications, mutational data, 3D-structure, oligomerization,
similarities, comments and last update of this group of manu-
ally extracted data (Tobes and Ramos, 2002). For each of these
knowledge fields, we also provide downloadable text files con-
taining all the information corresponding to each field. The
last section (orange vertical bar) provides access to informa-
tion related to protein sequences. The subsection on protein
sequences provides access to the complete protein sequence
and to the sequence of the different domains. Finally, the sub-
section of BLAST similarities allows the user to access the file
with the BLAST results as compared to the rest of the mem-
bers of the family, and a list of entries with a similar sequence
ranked by significance (BLAST E-value).

DISCUSSION

Integration of knowledge customizable at the
retrieval step

When a user is accessing a specific entry, the knowledge asso-
ciated with related entries can be useful to infer functional
features. This was our rationale for designing an innovative
tool to display an integrated report of a set of entries related toa
single initial entry. Although the information is maintained at
the maximum level of granularity associated with each entry,
the information corresponding to a given set of related entries
can be combined at the retrieval step. We have considered
similarity between sequences as the key criterion to define a
group of related entries. This first selection of related entries
can be restricted by taxonomic requirements. In this way the

level of integration of knowledge can be tuned by the user,
who sets similarity parameters and taxonomic level.

To select the set of related entries, a list is displayed with all
BacTregulators entries that have significant BLAST similarity
with the initial sequence. All entries that share a sequence
identical to the initial entry are displayed against a yellow
background. In a first step, the user selects an E-value as the
threshold to define the set of related sequences. In a second
step, this set can be limited by taxonomic criteria: the user
chooses the taxonomic level for including an entry in the set
of related entries. The lineage corresponding to the source
microorganism of the initial entry is displayed to allow the
user to fix taxonomic limits (Supplementary Figure 3). Once
the similarity threshold and taxonomic limits are set, an integr-
ated report of the selected set of entries is displayed. The
data are displayed by field in different sections. Each section
includes all the data for a field from all entries in the set. The
corresponding BacTregulators entry identifier is indicated at
the beginning of each paragraph. A list of integrated entries is
also accessible at the integrated report page. (Supplementary
Figure 4).

It is unquestionable that orthologous proteins frequently
share many functional features. Hence, inference of function
from sequence similarity (Gattiker ef al., 2003) makes partic-
ular sense for orthologous proteins. However, in practise, it
is extremely difficult to define orthologous proteins. We have
avoided this problem by allowing the user to choose the set
of entries from which function may be inferred. This tool can
help orient the user to the possible function of regulators with
no defined function. Thus, a selected group of entries with a
similar sequence can include entries with functional features
and entries with no known function. If the function is sim-
ilar in all the characterized proteins in the group, it is likely
that the uncharacterized proteins of the group have a similar
function. The tool described here thus facilitates the selection
of functional clusters of entries for which knowledge can be
propagated to entries with no published function.

New families of transcriptional regulators will be added to
BacTregulators database to extend the understanding of the
complex circuitry of gene regulatory networks in bacteria and
archaea.

BacTregulators is especially intended to detect the regulat-
ors in prokaryotic genomes and classify then into families. As
designed, BacTregulators facilitates the accurate annotation
of regulators in genomes. In addition, the information collec-
ted on each protein of the family can be useful for researchers
who wish to characterize a new regulator or investigate the
biological properties of a known regulator.
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BacTregulators

Es incuestionable que proteinas ortélogas comparten frecuentemente caracteristicas funcionales. Por
tanto, la inferencia de funcion por similitud de secuencia tiene especial sentido en el caso de proteinas
ortologas. Sin embargo, en la préctica es extremadamente dificil definir proteinas ortdlogas.

En BacTregulators se ha resuelto este problema permitiendo al usuario elegir el conjunto de registros
del que se puede inferir la funcion. Esta herramienta puede orientar al usuario sobre la posible funcion de
reguladores cuya funcion se desconoce. Asi, el grupo de registros seleccionado con una secuencia similar
puede incluir registros con caracteristicas funcionales definidas y registros con funcién no conocida. Si la
funcién es similar en todas las proteinas caracterizadas del grupo, es probable que las proteinas no carac-
terizadas tengan una funcion similar. Por tanto, se facilita la seleccion de clusteres funcionales de regis-
tros para los que la funcion se puede extrapolar a registros cuya funcion no esta publicada.

Se planea afiadir a BacTregulators nuevas familias de reguladores transcripcionales para comprender
mejor los complejos circuitos de redes de regulacion génica en bacterias y arqueas. Un caso es el de la
familia MerR, que se ha definido en esta Tesis Doctoral.

BacTregulators esta especialmente disefiada para detectar y anotar con precision reguladores en ge-
nomas de procariotas y clasificarlos en familias. Ademas, la informacion reunida sobre cada proteina de
la familia puede ser de utilidad a quien desee caracterizar un nuevo regulador o investigar las propiedades
bioldgicas de uno conocido.
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Provalidator

(Por qué investigar en disefio de profiles? La visualizacion, comprension y manipulacion de profiles es
posible gracias a que la informacion que contiene se almacena de manera legible, mientras que un HMM,
como su misma palabra indica, oculta la informacion almacenada, por lo que es imposible un ajuste a
mano de los parametros. Asi, si por razones estructurales o basando nuestra decision en cualquier dato
bibliografico, queremos dar mas o menos peso a un determinado residuo de una posicion (o incluso hacer-
lo obligatorio), con un profile podremos hacerlo facilmente.

La verdadera novedad de Provalidator radica en que ofrece la posibilidad de enfrentar a la base de da-
tos UniProt (o cualquier conjunto de secuencias en formato FASTA) un profile construido por el usuario.
Hasta ahora, ninglin sitio web ofrecia esa alternativa. Lo que PROSITE brinda a través de su aplicacion
ScanProsite o InterPro a través de InterProScan es la posibilidad de detectar para qué profiles almacena-
dos en su base de datos las secuencias pasadas por el usuario dan positivo, o bien el score obtenido para
un determinado profile. Pero no permite pasar también el profile que puntuara las secuencias.

El problema al que nos enfrentamos a la hora de construir un profile a partir de un conjunto de se-
cuencias semilla es que tenemos 2 variables: las secuencias que forman parte del conjunto y la region del
alineamiento elegida. Kay Hofmann y Philipp Bucher resolvieron esta dualidad fijando una de las varia-
bles y moviendo la otra. En su caso, fijaron la region y movieron las secuencias pertenecientes a la semi-
lla. Esto nos da un diagrama de flujo del proceso tal y como se representa en la siguiente figura:

Conjunto inicial de
secuencias

Crear alineamiento < Afiadir nuevas
multiple secuencias al conjunto

|

Determinar pesos
de secuencias si

|

Crear profile a partir del
alineamiento y pesos

v

¢Hay nuevas secuencias
con score significativo?

no
—> Un nuevo profile

Correr profile contra base de datos Correr profile calibrado
barajada y determinar % contra base de datos de
parametros de calibrado proteinas completa

Figura 15: Diagrama de flujo del método de construccién de un profile descrito por Bucher.
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Nuestra experiencia nos dice que este método iterativo no converge, esto es, cada vez que afiadimos
nuevas secuencias al conjunto inicial que antes no estaban a pesar de obtener un score significativamente
alto (y por tanto definir bien al grupo en cuestion), del conjunto de secuencias que captura el nuevo profi-
le salen otras que antes pertenecian de pleno derecho, con un score alto. A esto nos referimos con que este
método es no convergente. El proceso se puede repetir constantemente, que no llegaremos a un conjunto
inicial que genere un profile que capture todas las secuencias que en iteraciones anteriores han obtenido
un score por encima del umbral de pertenencia. Por eso, nosotros hemos decidido fijar el conjunto de
secuencias que forman la semilla (basando esta eleccion en motivos bibliograficos, estructurales o en una
anotacion inequivoca) y jugar con la region elegida del alineamiento. Con esto, podemos sacar conclusio-
nes mas interesantes, como averiguar qué region es discriminante para definir a una familia de proteinas.
Esto se representa en el siguiente diagrama de flujo:

Conjunto inicial de
secuencias semilla

Clusterizar secuencias (usando
BLASTCLUST) y elegir
representante de cada cluster

v

Crear alineamiento multiple
de los representantes
(usando CLUSTALW)

|

Elegir region del alineamiento no
con alta conservacién <

¢ Nuestro profile
inimiza el numero de falso
positivos y negativos?

si
‘lf Tsi

Crear profile de la region
seleccionada del alineamiento
(usando PFMAKE)

¢ Existe una entrada en
InterPro de la familia a
describir?

Correr profile contra la base de Correr profile calibrado
datos barajada y calibrarlo e contra Uniprot
(usando PFSEARCH y PFSCALE) o (usando PFSEARCH) }l

Correr profile calibrado
Profile en formato =] contra una base de datos
PROSITE —_—> del usuario

Figura 16: Diagrama de flujo de nuestro método de construccion de un profile.
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A la hora de variar la region del alineamiento para comparar qué profile define mejor a la familia ob-
jeto de estudio, hay que tener en cuenta dos conceptos de las técnicas heuristicas que se pueden usar en
este contexto: diversidad y exhaustividad. La diversidad consiste en abarcar diferentes zonas del alinea-
miento en las que haya una alta conservacion. Exhaustividad consiste en hacer ligeros ajustes en los limi-
tes de la region que mejor resultado nos esté dando. O sea, hacer un ajuste fino una vez que se ha barrido
todo el espacio de soluciones.

Ejemplo de uso:

Paso 1: Lo primero que se debe hacer para comenzar a trabajar con Provalidator es crear una nueva se-
sion.

Haciendo click en “New session” se generard un nuevo nimero de sesion aleatorio que la identificard
univocamente y que servira para poder entrar en la sesion en cualquier momento y seguir trabajando en
ella o ver resultados anteriores. Este nlimero se debera recordar. La sesion (y todos los datos que en ella
se generen) durara en el servidor una semana desde el momento de la Gltima operacion realizada. Cuando
se haya terminado de trabajar, se puede borrar (junto con los datos) pulsando “Close”.

e cach step Session: 187154558
age your sessiom Login

jos2 )

Figura 17: Crear sesion en Provalidator.

Paso 2: Se selecciona el conjunto inicial de secuencias que forman parte del grupo que se quiere definir.
Ejemplo: supongamos que queremos crear un profile para la familia de reguladores transcripcionales
IcIR. Buscaremos en Swiss-Prot/ TTEMBL (www.expasy.org) secuencias pertenecientes a este grupo.

| Site Map | Search ExPASy | Contact us
£3

Search SwissProy TEEMBL v | for [iclr
‘\

gf@ ExPASy Proteomics Server

ASy (Expert Protein Analysis System) proteomics server of the Swiss Institute of

Figura 18: Recuperacién de secuencias en Expasy.

Este conjunto puede proceder de cualquier fuente, no necesariamente UniProt. Se podra usar cualquier
conjunto de secuencias en formato FASTA. La ventaja de usar UniProt como fuente para las secuencias
es que Provalidator puede dar prioridad a las secuencias de Swiss-Prot (las cuales estan anotadas a mano
por expertos) frente a TTEMBL a la hora de elegir representante del cluster, lo cual da una mayor solven-
cia al conjunto inicial elegido.

Una vez tengamos ese conjunto, se pega en la ventana “Sequences”. Se selecciona un umbral de simi-
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litud, una “lista negra” (esto es, palabras que no deben aparecer en la cabecera de la secuencia para que

ésta sea elegida) y una palabra clave (esto es, una palabra que debe aparecer en la cabecera de la secuen-

cia para ser elegida. Es opcional), y se pulsa “Clusterize”.

Step 2: Preparing profile seed

Sequences: -
>5p|P1652ﬁCLR_ECOT_I Acetate operon repressor - Escherichia &
coli. =

MVAPIPAKRGREFAVATAPATGOVOSLIRGLELLENIAE SNGSVALTELAQDAGLENSTT
HRLLTTHMROOGFVROVGELGHWATGAHAFMVGS SFLOSRNLLATVHPTLRNLMEESGETV
NMAVLDQSDHEATITIDGVQCTHLMEMSAP I GGHLEMHASGAGKAFLAQLSEEQVIKLLAR v

an'h threshold (3-100):[60 [% | Keyword for fitering’| |

Black list: [“]hypothetical [¥]probable [¥]putative [¥]fragment

Figura 19: Clusterizar secuencias para formar el conjunto semilla.

Después de unos minutos, se obtiene el resultado tal y como se presenta en la siguiente tabla:

Click forast  Analisis estadistico,
marcando secuencias con

Result of the longitud muy diferente.  jet: 88 sequences. Similarity=60%):

Original output from blastclust:

: sp|P37671|¥YIAJ _ECOLI ©=|QE83PQ7 ©r|QEFCDT tx|OB7190 tr|Q9SKAO t©r|Q93Q65 tr|QICLHE sp|F4
: TZ|QEFBE0 tTr|QeX5Z9 sp|Pl6528|ICLR_ECOLI sp|P17430|ICLR_SALTY tr|QBZ1V7 tr|Qe3MIS t

: sp|Q52154|PCAR_PSEPU ©=|QE8N41 ©r|QORITO tz|QE7X78 t©r|QoIeX7

8ZR86 sp|P77734|ALLR_ECOLI Q83SD3 tr|Qas/ .

77732 | YFAX_ECOLI tx|QSFFM7 tx|QSXE0E tx|gszs47 wrigsg Cada linea representa un
TAB Tr|QBEW26 tr|QEYC90 ©r|Q92TL3 cluster, con todos sus

2T0 Tr|QeYFi0 t©r|Q986Y2 tx|Q9avie 1
©z|Q8G976 tr|Q93PUS tr|QIRSUD elementos listados.
crigs | QoX9U3 Cuando la linea sélo tiene
______ un id, éste es el Unico
miembro del cluster.
Header of the 18 filtered sequences:
t >ap|P37728 |KDGR_ERWCH Pec degradation repressor protein kdgR - Erwinia chrysanthemi.

>Tr|087190 Pir protein - n
: >ap|PlE528| n repressor - _Eacherichia coli,
t >ap|Q52154] [
: >ap|PTT734|A
: >Tr|QEUTAS

¢ >tr|QE8G2T0

Cabeceras de |a secuencia byon operons
iptional regulater, IclR famil representanteencada s (scrain Cs
a8% Cegulater, LoIR famil cluster, dando prioridad a

las anotadas en Swiss-Prot.|

cont.
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Header of =equences that are in lines with no choosen sequence:
~for including some of the selected words in the black liac.
-for not including the keyword (if exiscs).

-for having a length very dissimilar.

$6: | Clisteres con ninguna
>sp|P77732 |YFAX ECCLI Putative HIH-type transcripticnal zegul. secluencia elegida por
>tr|QBFFM7 Hypothetical transcriptional regulator yfaX - Esch 4

QEXECE Putative regulator - Escherichia coli OL157:HT7. una de estas razones:

Tr|QBZS47 tive transcriptional regulater - Salmonella typhi.| lista negra, palabra
>tr|QE8ZNFE Putative transcripticnal regulator - Salmonella typhim clave o longitud.

#10: \
>tr|Q9LE€8E Sporulation protein SsfR (Putative transcriptional regulator) - Streptomyces griseus.
>tr|Q82FI4 Putative IclR-family transcripticnal regulator - Streptomyces avermitilis,
>tr|QOXOU3 Putative transcripricmal regulateor - Strepromyces coelicoler.

#13:
>Tr|QORDBS Putacive IclR-family transcriptional regulator - Streptomyces coelicolor.

>triQe2cw: Putative IClR-family transcriptional regulator - Streptomyces avermitilis.

>tr|Q54411 66 lysT-alpha tranafer RNA-Lys(RAAG) (Fragment) - Streptomyces lividans.
§20:

»cr|087788 AcoR protein - Fseudomonas putida. LE

>tr| Q88007 Acetoin catabolism regulatory protein

Choosen sequences: :

Secuencias
>2p|P37728 | EDGR_ERWCH Pectin degredation repressor protel finalmente elegidas jsanthent.
HMITNRSVTYSNARLEYSKRSLYTKIRVLEFLKQRILSRVITIMATIADLOKQEDSVSS  por of programa.
VFGILQALGEEREIGITELSQRVMM TYRFLQTMKSLEYVAQEGESEKYSLTLH, J
LEAKALQNVDLIRSADIQMAELSALTRETTHLGALDEDSIVY THEIDSMYNLAMYSRIGR
RNPLHSTAIGKVLLAWRDREEVHEILSQVEFKRTTVHTIGSTEELLPQLDLVROQGYGED

WEEQEEGLRCIAVEVEDREGVVIAGLSISFFTIRF SEDNKHEYVAMLHTARRNISDOMGY
HDYPF
>tr|087190 Pir tein - E nia chrysanthemi.

Figura 20: Resultado de la clusterizacién.
Ahora tenemos que alinear el conjunto de secuencias final que formara la semilla del profile. Para es-

to, recomendamos el sitio web: align.genome.jp, basado en el algoritmo CLUSTALW.

Paso 3: Una vez el conjunto de secuencias clusterizado se ha alineado, se selecciona una regién conser-
vada a fin de construir un profile con esta region. Para esto, se establecen los limites del alineamiento.

Step 3: Constructing profile

Alignment (in MSF format):
PilelUp =
M5F: 220 Type: P Check: 6571

Name: QSTHNZ3|QSTNZ3 5TRPN Transcript Len: 220 Check: 5510 b

Limits:
Mode: O Global 0 Domain global O Semiglobal & Local
Calibrate profile (calibrating can take 10-15 min )

Figura 21: Construccion del profile.
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Hay 4 modos de construccion:

e  Global: El alineamiento debe empezar al principio del profile y al principio de la secuencia, y
debe terminar al final del profile y al final de la secuencia.

e Domain global: El alineamiento debe incluir el profile entero; éste puede empezar y terminar
en cualquier posicion dentro de la secuencia.

e Semi-global: El alineamiento debe empezar o al principio del profile o al principio de la se-
cuencia, y debe terminar o al final del profile o al final de la secuencia.

e Local: El alineamiento es posible en cualquier parte.

@ GLOBAI S
LOBAL p
@ DOMAIN B
P

S

P

@ SEMIGLOBAL 0 o

= w

S
@ LOCAL P

Figura 22: Modos de construccion de un profile.

Como ya hemos explicado, calibrar el profile consiste en enfrentarlo contra una base de datos barajada
y calcular los pardmetros de normalizacion que fijan el umbral de pertenencia en 8.5. Este proceso puede
durar varios minutos, dependiendo de la longitud del profile.

Paso 4: Enfrentar las secuencias a un profile con objeto de calcular el score obtenido por cada secuencia.

Se puede elegir entre el ultimo profile creado o uno pasado en la ventana “Profile”, y la base de datos
puede ser la version de UniProt almacenada en el servidor o un conjunto de secuencias en formato FAS-
TA pasado en la ventana “Database”. Si se elige UniProt como base de datos, ésta es la parte mas costosa
en tiempo de todo el proceso, y puede durar de 5 a 10 horas, dependiendo de la longitud del profile. Este
precisamente es el principal problema que nos encontramos a la hora de automatizar este paso: no pudi-
mos usar alguna de las técnicas heuristicas existentes para toma de decisiones a la hora de hacer evolu-
cionar el sistema hasta la solucion optima debido al gran tiempo empleado para generar una solucion en
cada iteracion. En nuestro caso, una solucion es el nimero de potenciales falsos positivos y negativos, y
la meta consiste en minimizarlos.
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Paso 5: Validacion de resultados obtenidos.

Siempre que hayamos elegido UniProt como conjunto de secuencias al que enfrentar el profile y que
exista una entrada en InterPro de la familia o grupo de proteinas que se pretende definir, podremos validar
el resultado obtenido usando la informacion recogida en InterPro. Esto nos da una idea de los diferentes
conjuntos de secuencias que capturan los demas métodos usados en InterPro y el profile que acabamos de
definir.

Ordenes ejecutadas por el codigo:

A continuacion, se enumeran las ordenes que el codigo ejecuta en cada paso, explicando los argumentos
de cada programa y los valores que toman.

Clusterizacion:
blastclust -i archivo_entrada -o archivo_salida -S umbral -b F -e F

-1 Archivo de secuencias en formato FASTA.

-0: Archivo de resultados.

-S: Umbral de similitud expresado en % (valores posibles: 3-100).

-b: requiere cumplir la condicion del parametro S en ambas (T) o s6lo en una (F) secuencia del par.
-e: Debe valer F si multiples secuencias pueden tener el mismo nombre (para evitar errores).

Construccion del profile:
pfmake -0123 alineamiento weight_matrix >salida

-0123: Selecciona el modo de construccion.
-alineamiento: alineamiento de las secuencias semilla.
-weight-matrix: Matriz de pesos usada.

-salida: Archivo de salida.

Calibracion del profile:

pfsearch -fr -C 150 profile_no_calibrado window20.seq | sort -r | pfscale -
profile_no_calibrado -N 21000000 -P 0.00005 -Q 0.0000005 >profile_calibrado

Esta orden encadena tres programas:

- pfsearch: calcula los scores del profile contra el archivo de secuencias barajadas.

- sort: ordena descendentemente los scores obtenidos en el paso anterior.

- pfscale: usa estos scores para calcular los parametros de la funcion de normalizacion y devuelve un
profile idéntico pero con estos parametros almacenados.

-N, -P y -Q son los parametros que definen el conjunto de secuencias barajadas window20.seq.
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Mejoras previstas en Provalidator:

Esta previsto incluir alguna funcionalidad mas en Provalidator que afiada automatizacion al proceso. Aqui
se enumeran algunas de esas mejoras:

e Reconocimiento automatico de la regiéon de HTH (si existe).

e Calculo automatico de los limites de las distintas regiones conservadas que se detecten en el ali-
neamiento.
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Conclusiones

Se ha desarrollado un programa semiautomatico para disefiar y validar profiles que definen familias de
proteinas. El programa Provalidator esta libremente accesible en Internet.

La validacion de Provalidator se consiguio definiendo el profile de la familia de MerR. En esta fami-
lia, el profile ha permitido diferenciar dos grupos de secuencias atendiendo a su longitud.

En el disefio del profile de la familia IcIR, se encontré que la region de HTH no era representativa
para determinar la pertenencia de una proteina a esta familia. En cambio, la region de multimerizacion
y union a efectores permite asignar proteinas a la familia.

. Asimismo, y como via de validacion de la herramienta Provalidator, se construy6 un profile para defi-
nir la familia de bombas de extrusion RND. Provalidator no s6lo permiti6 asignar proteinas a la fami-
lia, sino que permiti6 clasificarlas en grupos basandose en los valores normalizados de score. Se ha
determinado que cada grupo de Z-score coincide con una subfamilia. Estas subfamilias se diferencian
en el sustrato que expulsan, habiéndose encontrado bombas que expulsan antibioticos, metales pesa-
dos y otras dos de sustratos desconocidos. Entre éstas, una podria eliminar agentes oxidantes, y la
cuarta podria representar un grupo de bombas de amplio perfil de sustratos que expulsa metales y
compuestos organicos.

El profile de la familia TetR reveld que la region que comprende el HTH y la hélice adyacente a, es la
region mas representativa de los miembros de la familia. Analizados los modelos tridimensionales de
las proteinas de la familia TetR que estan cristalizadas, la region usada para definir el profile corres-
ponde a una estructura altamente conservada en los miembros de la familia.

Se ha construido BacTregulators, una base de datos y una interfaz web para presentar los resultados

obtenidos a partir de los profiles definidos con Provalidator. Esta herramienta permite extrapolar in-
formacion de proteinas de funcion conocida a otras con secuencias similares.
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Direcciones web

Programas:

e BLAST: ftp:/ftp.ncbi.nih.gov/blast
e PFTOOLS: http://www.isrec.isb-sib.ch/ftp-server/pftools

Bases de datos:

e BacTregulators: http://www.bacTregulators.org
e Secuencias de UniProt de procariotas:
ftp://ftp.expasy.org/databases/uniprot/current _release/knowledgebase/taxonomic_divisions
e Base de datos barajada: ftp:/ftp.isrec.isb-sib.ch/pub/databases/shuffled
e Base de datos taxondmica de NCBI: ftp://ftp.ncbi.nih.gov/pub/taxonomy
e Base de datos InterPro: ftp:/ftp.ebi.ac.uk/pub/databases/interpro
e Secuencias de genomas bacterianos de NCBI: ftp://ftp.ncbi.nih.gov/genomes/Bacteria
e  (Cddigo de ortologos de NCBI: ftp://ftp.ncbi.nih.gov/pub/COG/COG
e PubMed: http://www.ncbi.nlm.nih.gov/entrez

Sitios web:

e  UniProt, Swiss-Prot y TrEMBL.: http://www.expasy.org

e PROSITE: http://www.expasy.org/prosite

e InterPro: http://www.ebi.ac.uk/interpro

e InterProScan: http://www.ebi.ac.uk/InterProScan

e NCBI: http://www.ncbi.nlm.nih.gov

e TIGR: http://www.tigr.org

e CLUSTALW: http://align.genome.jp

e NPS@ (Network Protein Sequence Analysis): aqui encontramos el software de prediccion de es-
tructura “PHD” y “HTH”. http://npsa-pbil.ibcp.fr
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