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RESUMEN 

Un total de 314 reguladores transcripcionales fueron detectados en el genoma completo de E. coli 

K12. De ellos, 151 estan descritos experimentalmente, mientras que 163 proteinas se predicen por 

métodos computacionales. La informacién posicional del motivo de unién al DNA o HTH fue 

utilizada para asignar la funcién a las proteinas reguladoras predichas. En el total de reguladores hay 

una proporcién similar de activadores, represores y duales. Todos los reguladores se agrupan en 

alrededor de 20 familias evolutivas. Pensamos que una sobrerepresentacion de los reguladores de 

algunas familias nos mostraria procesos de duplicacién-divergencia dentro de las familias de E. coli. 

Asimismo, la cantidad de reguladores se explicaria con base en la capacidad de E. coli de habitar y 

explotar diferentes ambientes. Adicionalmente, proponemos la presencia de un supergrupo funcional 

y evolutivo en términos de comparacién de secuencias. Este supergrupo relacionarfa aquellas 

proteinas que tienen e] HTH en el N-terminal y que son represores de la transcripcién. En 

conclusién, este es el primer trabajo donde se presenta la compilacién de los factores 

transcripcionales de E. coli K12 y representa una importante aportacién al area de la regulacién 

transcripcional y del andlisis de genomas completos. 

t
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ABSTRACT 

314 transcriptional factors characterized and predicted were detected in the genome of E. coli K12. 

Protein predictions were performed by several computational approaches. The positional information 

of the helix-turn-helix DNA-binding motif was used to assign regulatory roles in putative protein 

factors. In our set, activator, repressor and dual proteins are distributed in similar proportion. All 

regulatory proteins are grouped in around 20 families. The overrepresentation of members in some 

families might be explained in terms of duplication-divergent processes inside the families and 

within of £. coli, and it explains the capacity of E. coli to live and exploit several environments. 

Additionally, we proposed one supergroup in terms of sequence analysis. This supergroup relates 

proteins with the classic HTH in the N-terminal position, and with repression roles. In conclusion, 

this work presents the first compilation and analysis of all regulatory proteins in E. coli K12 and 

represents one important contribution to the transcription regulation and genome analysis.
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INTRODUCCION 

E!] genoma completo de Escherichia coli cepa K12 consta de 4.6 Mb y se le han identificado 

alrededor de 4280 regiones codificantes (Blattner et al. 1997). Muchos de los genes actuales del, | 

genoma son derivados de duplicacién génica y divergencia (Labedan et al.1995), aunque también se. 

han descrito eventos de transferencia horizontal (Lawrence et al.1998). De hecho, se ha sugerido que 

aproximadamente el 25% de todas las proteinas de £. coli pertenecen a cuatro grandes supergrupos: 

Permeasas; proteinas reguladoras con el motivo hélice-vuelta-hélice (HTH); ATPasas y GTPasas con . 

el motivo Walker-type conservado; y proteinas que pegan NAD (FAD) (Koonin et al.1995). to 

E. coli representa sin lugar a dudas el organismo mejor conocido en biologia y en donde muchos de 

los procesos celulares se han dilucidado. Uno de los procesos mejor descritos en esta bacteria, es el 

del mecanismo de la transcripcién y su regulacién a nivel inicio (Collado-Vides et al.1991; Gralla, 

1991). 

Mecanismo de la transcripcién en procariotes 

EI evento central en la transcripcién es el copiado de la secuencia templado de DNA en una cadena 

complementaria de RNA. La RNA polimerasa (RNApol) cataliza una cadena de RNA que puede 

funcionar como un adaptador en la traduccién a una proteina o bien puede formar un RNA 

estructural (RNA de transferencia o ribosomal). En otras palabras, el mecanismo de la transcripcién 

es uno de los procesos centrales en el desarrollo y crecimiento celular, en el cual los genes 

codificados en el DNA son selectivamente localizados, reconocidos y transcritos en RNA 

mensajeros y RNA estructurales (von Hippel et al.1984. von Hippel, 1998). En £. coli la frecuencia 

del inicio de la transcripcién es determinada por la fuerza inherente de los promotores y como 

resultado de los mecanismos regulatorios (Neidhardt et al.1990). 

El inicio de la transcripcién involucra varios elementos proteicos que forman complejos funcionales. 

Uno de dichos complejos es la RNA polimerasa (RNApol) que en E£. coli y en procariotes es la 

enzima encargada de sintetizar los diferentes tipos de RNA (McClure, 1985). La enzima basica o
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core mide aproximadamente 90x95x160 A, pesa 480 kD y consiste en un complejo multimérico con 

cuatro subunidades: dos subunidades a de 35kD cada una (codificadas por los genes rpoA); una 

subunidad B de 155kD (codificada por rpoB) y una subunidad 8° de 165kD (rpoC) (Record et 

al.1996). La subunidad a, interactia con algunos activadores, tales como Crp y OxyR (Ishihama, 

1993), y es parte importante en el ensamblaje de la enzima. La subunidad B, se encarga del pegado 

de los nuclestidos, mientras que la subunidad 8” se encuentra unida a la cadena templado del DNA. 

En condiciones normales de crecimiento, el factor 070 se une a la enzima bdsica formando la 

holoenzima (RNApol-factor sigma). El factor 670 sélo se une al DNA cuando estd en contacto con 

la enzima basica, requiriéndose para el reconocimiento especffico del promotor en el inicio de la 

transcripcién (Gralla, 1990). La afinidad de la RNApol aumenta por el DNA (promotor) en un orden 

de 10’ veces cuando el factor o esta asociado al core de la polimerasa. La holoenzima cataliza la 

transferencia de un ribonucleédsido monofosfato al-3°-OH terminal de la cadena del RNA en 

crecimiento, usando ribonucledésidos trifosfatos como sustrato (von Hippel et al.1984), Figura 1. 

Proteccién del DNA + ~35 bp —— 

Burbuja de transcripcién ©. H}-————-18 nt’ 4 
+18 bp DNA doble 

cadet 

  

adena 

Cadena sin Proteinas que se unen 

Cadena templado. ntide | “ poll sa 

    

    

      

Proteinas de 
‘union al on™ 

Hibrido DNA-RNA 

ONA dupiex 
RNA “downstream 

sintetizado ‘ ; " 

Estructuras de 
RNA a Bases en el 

a sitio activo 
aa 

Proteinas pegadas 
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Figura 1 . Mecanismo de la transcripcién. Se sefialan los sitios activos de la RNApol y fa 

regién de! DNA que es protegido por la enzima. (Mooney et al.1998).
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E. coli expresa varios tipos de factores sigma adicionales al del tipo 670 (Gross et al.1992) los cuales 

se han clasificado en dos familias con base en la comparacién de secuencias. La primer familia esta 

relacionada al factor 6 70 primario de E. coli (Lonetto et al.1992), mientras que el segundo grupo es 

similar al factor o 54 alternativo (Gross et al.1992). Los promotores son reconocidos por las- 

holoenzimas conteniendo algtin factor 6 y presentan secuencias conservadas para cada factor - 

asociado. Tabla 1.En general, las holoenzimas con factores 670 forman complejos abiertos en 

ausencia de factores auxiliares, mientras que las que contienen al factor 654 requieren proteinas 

activadoras para la formacién del complejo abierto (Gross et al.1992). 

  

  

Sigma _ Organismo Regiédn -35 Regién -10 Funcién 

070 E. coli TTGACA TATAAT Sigma primario. Housekeeping 

032 E. coli TCTC-CCCTTGAA CCCCAT-TA Respuesta a heat-shock 

038 E. coli G-T-AGC -C-TCC Fase estacionaria y resistencia a 

perdxido 

024 E. coli AACT AAAAA---TCTGA Respuesta a heat-shock 

028 E. coli CTAAA GCCGATAA Sintesis de flagelos 

oA B. subtilis TTGACA TATAAT Sigma primario. Housekeeping 

oB B. subtilis AGGTITAA GGGTAT Desconocido 

oD B. subtilis CTAAA CCGATAT Biosintesis de flagelos. 

Fragmentacion celular 

oE B. subtilis ATATT ATACA Esporulacién. 

Expresién en la célula madre 

oG B. subtilis TGAATA CATACTA Esporulacién. Forespora. 

oK B. subtilis AC CATA-T Esporulacién. 
Expresi6n en la célula madre 

oH B. subtilis CAGGA GAATI--T Esporulacién. Septacién. 
Competencia 

Ggp28 Fago SPO! AGGAGA TTT-TTITa Expresién media 

ogp55 FagoT4 Ninguna TATAAATA Expresién tardia 

Sigma Organismo Regién -24 Regién -12 

o54 E. coli, CTGGA-A TIGCA Asimilacién de Nitrégeno 

S.typhimurium, 

K. pneumoniae, 
Rhizobium sp. 

Tabla 1. Promotores reconocidos por la RNA polimerasa conteniendo varios factores sigma. Ta 

de SPO1 representa hidroximetiluracil que reemplaza a la Timina (Modificado de Gross et 

al.1992).
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Localizacién del promotor 

Un elemento importante para la interaccisn DNA-RNApol es la arquitectura del promotor. El 

promotor es un segmento de DNA que contiene las sefiales que dirigen el pegado especifico de la 

holoenzima y su subsecuente activacién a una forma capaz de iniciar la transcripcién. La 

comparacién de secuencias en regiones reconocidas por el factor 670 muestran la presencia de dos 

hexanucledtidos conservados (Lisser et al.1993). La caja de Pribnow (TATAAT), se localiza 

aproximadamente 10 pares de bases upstream o corriente arriba con respecto al inicio de la 

transcripcién (+1). El segundo hexanucleétido (TTGACA) se localiza 35 pb upstream respecto al 

+1. Ambas cajas tienen una regién espaciadora que varia de los 15 a los 21 pb de longitud; mientras 

que una segunda secuencia espaciadora se presenta entre el -10 y el +1 con una longitud de entre 5 a 

9 pb (Lewin, 1994). Tabla 1. En algunos promotores se ha descrito el elemento UP-like rico en AT y 

que se localiza aproximadamente 20 pb upstream del -35 (Ross et al.1993). Esta regién est4 

implicada en la formacién de contactos adicionales con la regién del C-terminal de la subunidad a 

(aCTD) de ia RNApol y en aumentar la tasa del inicio de la transcripcién. 

En el caso de los promotores reconocidos por la RNApol-o54 se han descrito dos dinucledtidos 

invariables en la posiciones -24 (GG) y —12 (GC) (Tabla 1). Aunque la RNApol-o54 se une al 

promotor y forma el complejo cerrado, la transicién hacia el complejo abierto requiere la presencia 

de un activador que se une a sitios localizados de 100 a 150 pb upstream con respecto al +1 

(Collado-Vides et al.1991; Gralla, 1996). Los activadores transcripcionales en este tipo de 

promotores ayudan a la isomerizacién del complejo cerrado al abierto involucrando la hidrélisis de 

ATP. 

La formacidn del complejo de iniciacién 

La formacién de un complejo estable promotor-RNApol, depende de la fuerza del promotor. La 

fuerza del promotor est4 definida por dos componentes, el de equilibrio que relaciona el grado de 

ocupacién del promotor (complejo cerrado) con una concentracién dada de la holoenzima y el
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componente cinético que relaciona la velocidad a la cual se isomeriza el complejo cerrrado a 

complejo abierto (McClure, 1980). 

El] complejo cerrado se forma por la interaccién especifica de la holoenzima y su promotor. Dicho 

complejo se isomeriza esponténeamente a una burbuja de transcripcién en el cual alrededor e) DNA 

se abre en una longitud de 12 pares de bases -incluido el +1- (Gralla, 1990). La formacién del 

complejo abierto puede ir acompajiado de cambios conformacionales en la RNApol (Mooney et 

al.1998). Ademas de los cambios conformacionales, se han descrito miltiples complejos abiertos y 

cerrados que se forman como intermediarios durante el proceso de reconocimiento del promotor. 

En el complejo abierto, la doble cadena del DNA se desnaturaliza a través de una reaccion 

irreversible en la zona de contacto entre el DNA y la RNApol (alrededor del -10 y el +1). La burbuja 

de transcripcién se produce por la desestabilizacién de los puentes de hidré6geno que mantienen 

unida la doble hélice de 1 DNA. Adicionalmente se produce un desenrollamiento local que inicia en 

el sitio de unién de la holoenzima y expone la cadena templado para su complementacién con los 

ribonucleétidos a una tasa de 40nt/seg (von Hippel et al.1984). La RNApol-o70 protege alrededor de 

75 pb al formar el complejo abierto y 60 pb cuando se libera el factor sigma, sintetizando y 

elongando el RNAm a lo partir de la cadena templado (Mooney et al.1998, von Hippel et al.1984). 

Figura 2. 

Regulacién del inicio de la transcripcién 

Los genes se organizan en operones y/o regulones que responden a estimulos ambientales externos € 

internos, por ejemplo, el operon lactosa que agrupa tres genes (lacZYA) para la asimilacién de la 

lactosa (Beckwith 1987. Lewin, 1994) 0 el regulon para la biosintesis de arginina que incluye 

alrededor de 11 operones y/o genes conocidos (Charlier et al.1992). Una de las ventajas que ofrece la 

organizacién de los genes en sistemas coordinados es que pueden ser regulados para una respuesta 0 

funcién conjunta o sincronizada (Neidhardt et al. 1996). La regulacidn, es por lo tanto, comtin a ese 

conjunto de genes y se da principalmente en el inicio de la transcripcién, aunque también se le ha 

descrito en niveles posteriores.
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mt 

    ELONGACION ” ‘. 
Complejo de 
Elongacién 
del Transertto 
(TEC) 

Figura 2. El ciclo de la transcripcién. Se presentan las etapas de la transcripcidén: 

Reconocimiento del promotor, inicio del transcrito, elongacién del RNA mensajero y la 

terminacién. (Tomado de Mooney et al.1998) 

En la fase del inicio de la transcripcidn, las regiones intergénicas compiten por la cantidad limitada 

de la RNApol. Cada gene para ser competitivo, es activado por multiples factores que incrementan la 

afinidad de su promotor por la polimerasa y facilitan la apertura del DNA, la sintesis inicial del 

transcrito, su elongacién o el inicio de otro ciclo (von Hippel, 1998). 

E! inicio de la transcripcidén esta algunas veces acoplado a eventos de represién y que involucran el 

pegado de proteinas al promotor o bien a sitios mds distantes que actian por medio de loops 

(Matthews, 1992). En resumen, la regulacién transcripcional implica la modulacién de la 

especificidad y afinidad de la holoenzima por el promotor, y esté mediada por proteinas que 

interacttian en sitios cercanos o sobrelapados al promotor activando o reprimiendo la transcripcién 

del gene (Collado-Vides et al.1991).
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En el mecanismo de la represién, las proteinas reguladoras bloquean al promotor (eliminandolo del 

grupo de promotores que compiten por la Eo70), ya sea bloqueando el pegado de la RNApol al 

promotor, impidiendo la formacién del complejo cerrado o evitando la isomerizacién del complejo 

cerrado a complejo abierto (von Hippel, 1998). La region preferencial de contacto de estas proteinas 

al DNA va del -50 al +20 con respecto al +1 (Collado-Vides et al.1991). 

Para los genes bajo control positivo, la expresién tinicamente es posible cuando la proteina 

reguladora esta presente (Gralla, 1996). Las proteinas activadoras incrementan la afinidad de la 

holoenzima por el promotor, la tasa de formacién del complejo abierto o bien aumentan la velocidad 

con que la holoenzima abandona el promotor (von Hippel, 1998). Los activadores se unen al DNA 

en regiones upstream del promotor y que van del -80 al -30 (Collado-Vides et al. 1991). Figura 3. 

  

  

  

80 
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Pares de bases contactadas por las proteinas reguladoras 

Figura 3. Sitios de pegado al DNA de las proteinas reguladoras asociadas al factor sigma70 de 

E. coli. (Tomado de Collado- Vides et al.1991) 

Proteinas Reguladoras 

La regulacién de la expresién genética es uno de los temas centrales para entender los mecanismos 

de diferenciacién y/o expresién celular. Para que una célula se diferencie o responda a una funcién 

10
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definida es necesario que se presenten diferentes condiciones ambientales. La presencia de estos 

componentes en el medio extra e intracelular esta ligado a la presencia de protefnas que regulan la 

expresién de los genes para la utilizacién de los compuestos disponibles. Los factores proteicos van 

desde los represores del inicio de la transcripcién hasta las proteinas. 

Los reguladores transcripcionales presentan una organizaci6n con dominios para diversas funciones: 

multimerizacién, pegado al DNA y unidén a inductores, entre otros (Kaptein, R, 1993). Estos 

dominios pueden conservarse entre las diferentes familias y ha revelado —en el caso particular del 

dominio de pegado al DNA- una amplia variedad de disefios: pueden plegarse y presentarse como 

protuberancias en la superficie molecular o bien como estructuras flexibles que se extienden a través 

de la protefna para contactar con las bases del DNA. Estos contactos ocurren generalmente en el 

surco mayor del DNA e incluyen puentes de hidrégeno, contactor mediados por moléculas de agua 

(represor del oper6n tript6fano) o interacciones de Van der Waals (Harrison, S.C. et al.1990). 

Una caracteristica en este tipo de proteinas reguladoras en procariotes es la estructura de pegado al 

DNA del tipo hélice-vuelta-hélice (HTH). Est4 estructura es importante para clasificar las protefnas 

en grupos. El HTH se describié originalmente en la el regulador CRO y el represor del fago lambda 

siendo una de las estructuras més diversificadas en los reguladores transcripcionales tanto de 

procariotes como de eucariotes. También se le ha descrito en algunas enzimas que no se unen al 

DNA (Suzuki, M. et al.1995), asf como en proteinas que estabilizan el RNA ribosomal y el RNA de 

transferencia (Yonath, A. et al. 1997. Xing, Y. et al.1997). El HTH consiste de alrededor de 20 

aminoacidos de longitud dividido en dos a-hélices que adoptan un 4ngulo de 120°. La primer o- 

hélice, esta constituida de aminodcidos bdsicos que interaccionan con los grupos fosfato del DNA. 

La segunda o-hélice reconoce especificamente los nucleétidos expuestos en el surco 

mayor(Wharton, R.P, et al, 1984). Ambas hélices estén separadas por una vuelta que contiene 

predominantemente Glicina. Muchas proteinas tienen tres a-hélices que pueden formar una 

estructura globular mas pequeiia y ayudan a estabilizar la hélice de reconocimiento. Tabla 2 y Figura 

4. 

Recientemente se ha descrito un HTH diferente del tipo cldsico. A este tipo de HTH se le denominé 

winged o alado. En OmpR se le ha descrito como una estructura con tres a-hélices flanqueadas por 

11
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hojas-B antiparalelas y un anillo C-terminal que interactia con una cadena corta de hojas-B y que 

conecta las a-hélices 1 y 2 formando una hoja-B de tres cadenas (Brennan, R.G. 1993). Tabla 2. 

    
" Interaccién 

especffica 

  
Figura 4. Estructuras de pegado al DNA descritas en reguladores de E. coli: a) Hélice-vuelta- 

hélice, b) B-plegada antiparalela, c) Dedos de zinc y d) Hélice-loop-hélice. (Tomado de 

Branden et af.1991) 

La estructura B-plegada antiparalela también ha sido descrita en los procariotes. El motivo esté 

constituido por 3 a-hélices y una B-plegada que ocupan aproximadamente el 50% de la secuencia en 

los reguladores MetJ y ArcA. Al asociarse las proteinas en dimeros, las hojas B-plegadas forman la 

estructura funcional f-plegada antiparalela que se expone en la superficie de la protefna’a manera de 

12
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una protuberancia (Branden, C. et al.1991), reconociendo los nucledtidos del surco menor del DNA 

(Stragier, P. et al. 1996). Ver tabla 2. 

  

Motivo Sitio de Interaccién Ejemplos 
  

Hélice-vuelta-Hélice Surco Mayor. La orientacién dentro del surco CRP, Lacl, Fur, BirA, PurR* 

mayor es variable 

Hélice-Loop-Hélice Ei reconocimiento se realiza por la o-hélice DnaA 

Dedos de Zinc Contactan bases en el surco Mayor HypF 

Hojas B Contactan bases en el surco Menor MetJ, ArcA, 
  

Tabla 2. Estructuras de unién al DNA reportadas en E. coli. *PurR contacta el surco mayor y 

el surco menor. 

Familias de protefnas reguladoras 

Las proteinas reguladoras se han clasificado con base en la comparacién de secuencias de 

aminodcidos. Dicha comparacién ha mostrado la existencia de alrededor 20 familias en procariotes. 

En SwissProt y Prosite (Bairoch.1992) se describen muchas de las familias de reguladores 

transcripcionales de procariotes, tales como ArsR (Bairoch 1993), AraC/XylS (Gallegos et al.1997), 

LysR (Henikoff et al.1988, Schell.1993), Crp/Fnr (Spiro.1993), GalR/Lacl (Vartak et al. 1991, 

Nguyen et al. 1995, Weickert et al.1992), LuxR (Pao et al. 1995), EBP (Morett et al.1993) y de 

OmpR (Pao et al. 1995). Muchos de los miembros de las familias LuxR, EBP y OmpR forman parte 

del sistema de los dos componentes (Stock et al.1989). 

Las funciones reguladas por las proteinas que forman parte de una misma familia tienden a ser 

homogéneas, por ejemplo, la mayoria de los reguladores de la familia GalR/Lacl regulan la 

expresién de los genes para el catabolismo de fuentes de carbono (Weickert et al.1992), mientras que 

las proteinas de la familia LysR regulan preferentemente a genes para la biosintesis de aminodcidos 

(Henikoff et al.1988). Las protefnas de la familia EBP regulan los genes para Ja asimilacién de 

nitrégeno o algunos procesos que no son totalmente requeridos para que la sobrevivencia de 1a célula 

13



Reconocimiento de Motivos Estructurales... 

(Morett et al.1993). Finalmente, en la familia AraC/XylS se agrupan reguladores involucrados en el 

metabolismo de fuentes de carbono y en mecanismos de patogénesis (Gallegos et al.1997). 

ANTECEDENTES 

EI genoma completo de E. coli cepa K12 (Blattner et al.1997) ofrece la oportunidad de dilucidar el 

panorama completo de la regulacién transcripcional en esta bacteria. Hasta el momento existe una 

base de datos en donde se describen los elementos de la regulaci6n en este organismo: RegulonDB 

(Huerta et al.1998. Salgado et al.1999). En dicha base de datos, se ha almacenado informacién 

respecto a la organizacién en operones, sitios de pegado al DNA para protefnas reguiadoras, 

mecanismos de regulacién (activacién, represién y actividad dual), y promotores, entre otros. Sin 

embargo, solo una pequefia fracci6n de los reguladores transcripcionales de E. coli se han 

almacenado en RegulonDB debido a la falta de evidencias experimentales (Thieffry et al.1998), por 

lo que la deteccién de todos los reguladores en E. coli nos ayudaré a completar el panorama general 

de la regulacién transcripcional en dicha bacteria. 

Un anélisis de la posicién del HTH en la secuencia de 227 reguladores transcripcionales de 

procariotes, mostré una distribucién uniforme de grupos funcionales asociados a la posicién del 

motivo de unién al DNA. Esta distribucién muestra que la mayorfa de los represores presentan el 

HTH en posicién N-terminal, mientras que los activadores lo presentan en el C-terminal. Las 

proteinas duales estén constituidas principalmente por miembros de la familia LysR y presentan el 

HTH en el N-terminal (Pérez-Rueda et al.1998). 

Los grupos obtenidos a partir de 1a distibucién del HTH y la asociacién a la actividad regulatoria 

nos mostré que hay regiones preferenciales de localizacién del motivo de unién al DNA. Asimismo, 

hay grupos en donde el HTH se localiza en un intervalo m4s estrecho y grupos donde la distribucién 

del HTH es mds amplia. Dichos grupos corresponden a familias evolutivas. La relacién nos hace 

pensar en la hipétesis de un HTH ancestral al que se le fueron adicionando fragmentos proteicos que 

determinaron posteriormente su funcién. Ver a Pérez-Rueda and Collado-Vides,1998 (Articulo 

anexo). 
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Articulo “Pérez-Rueda, E., Gralla, J.D. and Collado-Vides, J. 1998. Genomic Position Analyses and 

the Transcription Machinery. J. Mol. Biol. 275:165-170” 
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Position analyses have been devised to extract additional transcriptional 
information from rapidly expanding genomic data bases. The locations of 
promoter regulatory sites and also the locations of transcription factor 
DNA-binding domains are analyzed. Strongly preferred positions of acti- 
vator binding sites occur in both Escherichia coli and eukaryotes, 
suggesting specific common features of transcription in the two systems. 
In both systems, regulatory proteins are found to have their DNA-bind- 
ing domains near termini and the data suggest an evolutionary analysis 
that complements a phylogenetic analysis based on sequence alignments. 
The results indicate that positional information can be an important 
adjunct to sequence comparisons in analyzing genomic information. 

© 1998 Academic Press Limited 
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As genome sequences are analyzed what new 
are we learning about transcriptional control? For 
the most part the mass of accumulating data has 
been used to identify genes for transcription fac- 
tors. Recently, analysis of bacterial systems raised 

the possibility that there might be an important 
additional level of information. The location of 
transcription elements along the genome has a 
clear influence on how regulation through those 
elements occurs (Gralla & Collado-Vides, 1996). 
The influence of such preferred positions is known 
for selected aspects of the Escherichia coli transcrip- 
tion machinery. In this paper we extend the 

location analysis to extract information regarding 
both extragenic promoter elements and intragenic 
transcription factor domains. The results lead to 
interesting conclusions concerning the organization 
and evolution of the transcription apparatus. Initial 
extension of the analysis to mammalian genome 
sequences suggests that it has the potential to add 

  

Abbreviations used: CRP, catabolite receptor protein; 
Sp1, transcription factor Sp1; TRANSFAC, the 
transcription factor data base; TAF, transcriptional 

activator factor; HTH, helix-turn-helix DNA-binding 
motif; LuxR, LuxR regulatory protein family; AraC, 
arabinose regulatory protein; DeoR, DeoR regulatory 
protein family; GalR, GalR regulatory protein family; 
Asn, AsnC regulatory protein family; GntR, GntR 
regulatory protein family. 
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a new level of information useful in understanding 
mammalian transcriptional control. 

We begin by extending the analysis to analyze 
locations of proximal activator sites in E. coli and 
mammalian promoters. We chose to use two com- 
mon and well characterized activators, CRP in 
E. coli and Sp1 in mammalian cells. 

Figure 1(a) shows that CRP protein has strongly 
preferred locations for binding as an activator. The 
source of these preferences is clearly functional. 
CRP functions via contacts to the polymerase using 
two primary activating regions (Busby & Ebright, 
1994; Niu et al., 1996). Such contacts can be made 
optimally only from certain locations (Gaston et al., 
1990; Niu et al., 1996), which show up as preferred 
binding sites in Figure 1(a). The optimal contacts 
are in fact intimately related to function because 
moving the CRP sites just a few base-pairs away 
from these few preferred positions leads to strong 
reductions in transcription (Gaston et al., 1990; Niu 
et al., 1996). 

In an attempt to learn if such principles might 
apply to mammalian activation we analyzed the 
locations of the binding sites for the Sp1 activator 
that are collected in the TRANSFAC data base 
(Wingender et al., 1996). Sp1 sites were analyzed 
seven years ago and at that time it was found that 
they occurred preferentially near position —50 
(Bucher, 1990). Figure 1(b) shows the distribution 
of sites that now exist in the TRANSFAC data 

© 1998 Academic Press Limited
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Figure 1. Distribution of CRP and Sp1 binding sites in 
promoters. (a) The 43 binding sites for CRP protein in 
E. coli-activated promoters (Gralla & Collado-Vides, 
1996) are plotted in 5 bp intervals, upstream from the 
position indicated, with +1 being the start of transcrip- 
tion. (b) Spl sites were obtained from TRANSFAC 
(Wingender et al., 1996). Redundant entries were elimi- 
nated, as well as sites longer than 45 bp, or sites beyond 
position —100, leaving 113 sites. When multiple sites 
were present each was counted separately. The center of 
the consensus DNA sequence was identified and 
assigned to a 5bp window between —100 and +20, 
with +1 being the major start of transcription. Multiple 
transcriptional starts can occur at these promoters and 
the positions of Sp1 sites with respect to these minor 
sites were not analyzed. 

  

base, over the same region displayed for CRP, 
from —100 to +20. 

The results show that Sp1, like CRP, has several 
closely spaced preferred locations for binding in 
this region. Binding just upstream from —50 is by 
far the preferred situation for Spl; CRP has a 
strongly preferred site just upstream from —40. 

7 

Secondary preferred binding sites, with somewhat 
lower statistical significance, occur slightly further 
upstream for both activators, near —80 for Sp1 and 

near —60 for CRP. In both cases tertiary preferred 
sites appear to occur slightly further upstream. 

The common property of preferred site locations 
within the promoter proximal region raises possibi- 
lities for analogous mechanisms of transcriptional 
activation in prokaryotes and eukaryotes. CRP 
activates differently from different locations. For 
example, when it binds at —62 it recruits polymer- 
ase primarily via a single contact region whereas at 
—42 CRP can use a different activating surface 
(Busby & Ebright, 1994; Gaston et al., 1990; Niu 
et al., 1996). If prokaryotic activators are bound 
simultaneously to two different closely spaced 
locations activation can be synergistic, presumably 
because two different polymerase contacts are 
made (see Busby et al., 1994; Joung et al., 1994). 
A large set of bacterial promoters with multiple 
sites for the same protein were analyzed, showing 
that the most common arrangement involves phas- 
ing at 11-base-pair intervals (data not shown; the 
method was that of Haykinson & Johnson, 1993). 
This organization supports the importance of con- 
servation of position, although the interval 
suggests that in prokaryotes the site synergy may 
be primarily via cooperative interactions along a 
helix face. 

These issues, synergy and recruitment, are cen- 
tral to mammalian activation but have not been 
discussed in the context of site location (Chi et al., 
1995; Roberts et al., 1995; Sauer et al., 1995; Ptashne 
& Gann, 1997). The locations of closely spaced pre- 
ferred Sp1 sites suggest the new possibility that 
Spl, and perhaps other mammalian activators, 

might work differently from different locations. As 
one example, Sp1 bound near —50 could contact a 
TAF (Hoey et al., 1993) and work synergistically 
with another Sp1 or other activator that binds ina 
different location and thus is poised to make a 
different contact. The new idea that is raised is not 
synergy from multiple contacts but rather the 
possibility that a single activator may have mul- 
tiple activation mechanisms by virtue of making 
different contacts to the general transcription fac- 
tors from different locations. This has not yet been 
tested by moving Spl sites and probing for 
the consequences, but the results of this location 
analysis suggest that such experiments would be 
informative. 

Another strong similarity in the two systems 
(Figure 1) is the remarkably smal! number of acti- 
vation sites downstream of —35. In the prokaryotic 
case this phenomenon applies to all activators. 
Indeed, in the rare cases when activator sites 
appear in this location the proteins are converted 
to repressor function (Gralla & Collado-Vides, 
1996). The small number of Sp1 sites in this region 
raises similar possibilities in this eukaryotic case, 
that is, that mammalian activators may be con- 
verted to repressor function by placing their bind- 
ing sites downstream of —35. This idea, raised by
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Figure 2 Location of HTH domains in bacterial tran- 

scription factors. 232 bacterial transcriptional regulators 
containing a HTH motif were obtained from Swiss-Prot 
release 31.0 (Bairoch & Apweiler, 1996; Dodd & Egan, 
1987). The center of the each motif was found and 
attributed to a window with respect to the normalized 
length of each protein. The number of proteins that 
have the domain centered within each 10% window 
were counted and plotted as shown. 0% refers to the N 
terminus and 100% refers to the C terminus. The num- 
ber of proteins is normalized separately for 86 activators 
(filled circles) and 76 repressors (open triangles). The 
distribution shown was not changed when orthologous 
proteins (analogous proteins from different organisms) 
were considered as one entry, leaving a minimum of 70 
proteins. 

  

comparative location analysis of prokaryotic and 
eukaryotic genomes, has not yet been tested. 

The above analysis applies to the locations of 
elements within promoters. Genome analysis also 
gives information about the proteins that bind 
these sequences (Crowley ef al., 1997). We 
attempted to extract additional information about 
the transcription apparatus by analyzing intragenic 
positions of domains. The most common regulator 
domain in prokaryotes is the DNA-binding helix- 
turn-helix (HTH) motif. A total of 232 bacterial 
regulatory protein sequences in the Swiss-Prot data 
base were analyzed with regard to the location of 
their HTH (Bairoch & Apweiler, 1996; Dodd & 
Egan, 1987). These include activators, repressors 
and dual function regulators. 

The results show that functional groups of pro- 
teins largely segregate on the basis of the location 
of their DNA-binding domains. Figure 2 shows 
that most repressors (open triangles) have such 
domains located near their N terminus, whereas 
most activators (filled circles) have their domains 
located near their C terminus. The large LysR 
family of dual regulators forms a distinct group 
with a repressor-like location (not shown). There is 
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Figure 3. Absolute position of HTH domains in bacterial 
transcription factors. (a) For the repressor proteins, the 
number of amino acids from the center of the HTH 
motif to the terminus was calculated. Open circles show 
the distribution of distances between the HTH and the 
N terminus for HTH domains within the first 100 amino 
acids. Filled circles show the distribution of distances 
between the HTH and the C terminus. The major pro- 
tein families present in each peak are indicated: DeoR, 
GalR, AsnC, and GntR. (b) As in (a), activator proteins 
are analyzed. Filled circles refer to distances from the C 
terminus and open circles refer to distances from the N 
terminus. The major protein families present in each 
peak are indicated: CRP, LuxR, and AraC. AraC is the 
only family with the HTH proteins defining more than 
one peak; a minority of AraC members have an 
approximately 15 amino acid C-terminal insertion. 

  

no apparent functional reason why repressor pro- 
teins should have N-terminal DNA-binding 
domains, whereas activators should bind C-termin- 
ally, suggesting that the groupings are related to 
evolutionary issues. 

The idea that each functional type of protein 
forms an evolutionary grouping in which the 
location of the DNA binding domain has been 
strongly preserved is supported by the analyses 
shown in Figure 3. This Figure plots the absolute
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Figure 4. Location of DNA-binding domains in homeo- 
domain and zinc finger eukaryotic transcription factors. 
223 homeodomain proteins (filled circles) and 140 pro- 
teins with two zinc fingers (open circles) were analyzed 
for the distribution of the centers of their DNA-binding 
domains as described for Figure 2. 0% refers to an 
N-terminal location and 100% to a C-terminal location. 
These proteins were obtained from Swiss-Prot release 
31.0. 

  

number of amino acids between the termini and 
the HTH domain. Sharp sub-peaks are observed 
where large groups of proteins have retained a pre- 
cise position of the DNA-binding domain. This 
occurs within a heterogeneous group of proteins, 
including large proteins like the 360 amino acid 
Lac repressor and proteins less than a quarter of 
this size such as the phage Cro dimer. The large 
majority of repressors have their HTH domain 
located between 15 and 50 amino acids from the N 
terminus (Figure 3(a), open circles). It is interesting 
to note that the largest group of activators have 
their HTH at a similar distance from the C termi- 
nus, 30 to 45 amino acids distant (Fig. 3(b), filled 
circles). For the minority of activators with an 
HTH in an N-terminal location this same distance 
applies; Figure 3(b) (open circles) shows that the 
HTH domains are typically 30 to 45 amino acids 
distant from the terminus, in this case the N termi- 
nus. All families analyzed showed groupings, indi- 

cating conservation of both absolute and relative 
positions (data not shown). 

The overall conservation of HTH location within 
50 amino acids of a protein terminus is clearly 
non-random and requires explanation. The 232 
regulatory proteins represent more than 70 non- 
orthologous proteins. The conservation of location 
suggests that there were a very small number of 
ancestors for this large group of diverse proteins. 
The data even raise the possibility that there was a 
single small ancestral HTH protein of less than 50 

‘9 

amino acids. This ancestor could have been joined 
on one terminus, ultimately yielding most activa- 
tors, and independently joined on its other termi- 
nus, ultimately yielding most repressors and dual 
function proteins. This would lead to the existence 
of the two superfamilies observed today. 

Further analysis suggests that positional sub- 
groups exist that share more detailed function. The 
HTH activators (Figure 3(b)) display two major 
peaks, the greater one at position 35 and the lesser 
one at position 75. The greater peak includes the 
known sequence-related proteins of the CRP and 
LuxR types and the lesser peak includes the AraC 
family of proteins. Each sub-peak also contains 
proteins that were not identified previously as 
being related. Thus, the position analysis suggests 
additional possibilities for close relatedness among 
the proteins in the genomic data base. In this man- 
ner this position analysis complements the known 
phylogenetic family analysis based on simple 
sequence comparisons (Schleif, 1996; Nguyen & 
Saier, 1995; Pao & Saier, 1995; Ninfa, 1996). 

The results suggest that it may be possible to 
begin to apply the analysis to the vast number of 
eukaryotic regulatory protein sequences that are 
piling up in eukaryotic genomic data bases. As an 
initial test we analyzed three common types of 
eukaryotic DNA-binding regulators, homeobox, 
zinc finger proteins, and helix-loop-helix proteins. 
Figure 4 (filled circles) shows the location of the 
homeobox domains in 223 proteins obtained from 
the Swiss-Prot data base (Bairoch & Apweiler, 
1996). The result shows that a C-terminal location 
is strongly preserved in this large group of pro- 
teins. A more detailed analysis shows that approxi- 
mately one-third of proteins in this very diverse 
group have their HTH domain located in a narrow 
range within ten amino acids of position 50 from 
the C terminus (data not shown). The C-terminal 
position is similar to the HTH position of bacterial 
activators, but there is not yet enough functional 
information available to decide if the correlation is 
meaningful. 

This intragenic position analysis was also 
applied to the 140 double zinc finger proteins in 
the data base (Bairoch & Apweiler, 1996). These 
form a very diverse group with regard to function. 
Nonetheless the result (Figure 4, open circles) 
shows that the location of the double zinc fingers 
is N-terminal and decidedly non-random. More- 
over the location is quite different from the DNA- 
binding homeodomains, those typically being in 
the C-terminal region. There is no apparent func- 
tional reason that homeoproteins should have 
C-terminal domains, whereas zinc finger proteins 
should have N-terminal domains. Thus, as argued 
for the analogous prokaryotic results, it appears 
that DNA-binding domains appeared very early in 
the evolution of these many regulatory proteins 
and diversity was built onto this early base. 

The analysis of a third family of eukaryotic pro- 
teins, the helix-loop-helix regulators, shows two 
prominent preferred positions for the HLH domain
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Figure 5. Absolute position of HLH domains in eukary- 
otic transcription factors. 95 proteins were obtained 
from Swiss-Prot. The number of amino acids from the 
center of the helix-loop-helix motif to the terminus was 
calculated and plotted as described for the other regulat- 
ory proteins. Filled circles refer to distances from the C 
terminus and open circles refer to distances from the N 
terminus. The same distribution was observed when 
orthologous proteins were considered as one entry. 

  

(Figure 5). The terminal position includes mostly 
Myc and ID proteins, whereas the more distal peak 
includes mostly MyoD proteins. Therefore, a term- 
inal location for DNA-binding domains is probably 
very common but not necessarily unique. It is also 
interesting to note that the separate peaks ident- 
ified by this HLH position analysis correspond to 
evolutionary groups defined in terms of a tree 
analysis (Atchley & Fitch, 1997). 

The above application of several new types of 
position analyses leads to results that bear on the 
evolution and function of the current transcription 
apparatus. One type of position analysis showed 
that activators bind at strongly preferred proximal 
promoter positions in both prokaryotes and eukar- 
yotes. As discussed above, application of concepts 
derived in the former case suggest possibilities for 
synergistic activation in the latter, even using a 
single activator. 

A different type of position analysis showed a 
strikingly non-random distribution of DNA-bind- 
ing domains in transcription regulators, again in 
both prokaryotes and eukaryotes. The domain was 
almost always near a protein terminus, but which 
terminus depended on the class of protein ana- 
lyzed. This classification of proteins based on 
domain position has the potential to complement 
simple sequence alignments and greatly expand 
the information output from sequencing programs. 
As further information and programs become 
available one should be able to apply a position 

" analysis to identify sub-groups of eukaryotic regu- 
lators with regard to function, as occurred in the 
bacterial analysis where repressors and activators 
could be distinguished. : 

In addition, the position analysis contains poten- 
tial evolutionary information that again comp-, 
lements that obtained from phylogenetic analysis, 
of genomic sequences. In the prokaryotic case the. 
repressors and activators have their HTH domains. 
located near different termini. Each group 
responds to a great variety of ligands. Even small 
DNA-binding proteins without ligand response 
domains, like lambda cro, can act as repressors 
when they bind promoter sites downstream from 
—35 (see Gralla & Collado-Vides, 1996). It is poss- 
ible that such a simple regulator evolved first, as | 
an ancestor to both repressors and activators.’ 
Ligand response domains, which are generally lar-* 
ger and uninterruptible as they involve complex 
protein folds, would be added later. After the join- 
ing of the large and small domains during evol- 
ution the center of the smaller DNA-binding 
domain would inevitably be near to an end. The 
above data suggest that such ancestral protein 
with a DNA domain C-terminal to the ligand 
domain could have been adapted to serve as an 
activator by evolving sequences that could contact 
polymerase from nearby upstream sites. A differ- 
ent ancestral protein with a DNA domain N-term- 
inal to the ligand domain could have given rise to 
repressors. The ultimate result of this process 
could be the modem-day prokaryotic transcription 
apparatus that is described by the above position 
analysis. The provocative conservation of DNA- 
binding domain location in classes of eukaryotic 
regulators suggests that similar analyses of 
sequences from eukaryotic genome projects would 
be a useful adjunct to standard phlyogenetic 
analysis. 
Human genomic sequences are being collected at 

a rapid rate and the current methods of analysis 
typically do not include comparisons of the pos- 
itions of protein domains and DNA elements. As 
more transcription factors are sequenced from 
mammalian genomes the grouping of locations of 
their DNA-binding domains (or indeed any 
domains) may be analyzed. The development of 
such position analyses should maximize the infor- 
mation output and hasten our understanding of 
the circuitry of mammalian transcriptional regu- 
lation (Thanos & Maniatis, 1995). 
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Reconocimiento de Motivos Estructurales... 

HIPOTESIS 

A) Esperamos encontrar alrededor de 400 reguladores transcripcionales en el genoma completo de E. 

coli K12. Este nimero de genes estaria cercano al maximo de reguladores que E. coli necesitaria 

para regular a todos sus genes. 

B) Podemos pensar que los reguladores se agrupan en al menos tres supergrupos de acuerdo a la 

posicién del HTH: El primer grupo conformado por protefnas con el HTH en el N-terminal, el 

segundo grupo con proteinas con el HTH en el C-terminal. La familia LysR podria formar un tercer 

supergrupo, tanto por la posicién del HTH como por la conservacién de sus funciones regulatorias. 

De acuerdo a esta distribucién, cada uno de estos grupos podria presentar una historia evolutiva 

diferente. 

OBJETIVOS 

De acuerdo a los datos descritos anteriormente, hemos decidido: 

A) Detectar y/o predecir todos los reguladores transcripcionales de E. coli., mediante la utilizacién 

de diferentes enfoques: an4lisis de secuencias, biisqueda de patrones conservados y busqueda de 

homologia distante. 

B) Describir en términos funcionales a todos los reguladores de E. coli. 

C) Utilizar la informacién posicional para asignar la funcidn a los reguladores predichos. 

D) Tratar de explicar la relacién de la posicién del HTH y la actividad regulatoria, con base en los 

reguladores de E. coli. 
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RESULTADOS 

Los resultados obtenidos los hemos dividido en dos partes para mayor facilidad del lector y las 

presentamos a continuacién. 

PRIMERA PARTE 

Presentamos una descripcién funcional de todos los reguladores transcripcionales de E.coli. Este 

conjunto agrupa tanto a proteinas reguladoras conocidas como predichas. Para las predicciones se 

utilizaron diversos métodos computacionales: Comparacién de secuencias, busqueda de patrones 

comunes tanto en el genoma completo de E. coli versién m53, como en la base de datos SwissProt, y 

finalmente, una revisién bibliografica. 

Articulo: “Pérez-Rueda, E. and Collado-Vides, J. The Repertoire of DNA-Binding Transcriptional 

Regulators in Escherichia coli. 
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Abstract 

Most of the transcriptional regulatory proteins have a modular architecture with distinct 

domains for various functions such as DNA-binding, dimerization, and ligand binding. 

The most thoroughly studied DNA-binding motif contains a helix-turn-helix (HTH) 

structure formed by two a-helices linked by a turn. Using a combination of several 

approaches we estimated and characterized the total set of regulatory DNA-binding 

proteins in E. coli. This could be the minimal set of transcriptional regulators in E. coli. 

Activation, repression, and dual regulation are widely diversified in this bacterium. Protein 

families are homogeneous in terms of regulatory roles, regulated physiological function, 

length size, and genome position, showing that these families have evolved 

homogeneously both in prokaryotes and in E. coli. This is a first step towards a full 

characterization of the repertoire of regulatory interactions in a free living cell, and it shall 

play a central role in the interpretation of global expression profiles of E. coli in different 

experimental conditions. 

Introduction 

As more bacterial genomes continue to be 

sequenced, the central role of Escherichia coli as a 

privileged bacterium that synthesizes a large 

amount of the experimental legacy of previous 

decades in molecular biology will become more 

evident (Neidhardt, et al. 1987, 1996). Our 

laboratory has been engaged in gathering 

information from the literature on transcriptional 

regulation and operon organization, and 

organizing it into a database, RegulonDB 

(Salgado, H. et al. 1999). This database has 

enabled us to initiate global studies of 

transcriptional regulation, such as a 

comprehensive prediction of promoters, regulatory 

sites, and operon organization in the complete 

genome of E. coli (Blattner, F. et al., 1997). It also 

enabled us to identify preliminary observations on 

the architecture and connectivity of this 

characterized fraction of the regulatory network in 

E. coli (Thieffry, D. et al. 1998). We have shown 

that in addition to sequence analysis, other sources 

of information are relevant to understand the 

regulation of gene expression, such as the relative 

position of motifs both in the upstream DNA 

regions of transcriptional regulation (Collado-Vides, J. 

1991. Gralla J. and J. Collado-Vides, 1996), as well as 

_ the relative position of the HTH motif within the 

protein sequence (Pérez-Rueda, E. et al.1998). 

Methods of sequence and positional analysis of motifs 

can now be applied to the full genome sequence of E. 

coli, in order to characterize and extensively define the 

set of regulatory DNA-binding proteins in the cell. 

Combining two informative sources we provide here 

an estimate of the complete set of transcriptional 

regulators in this bacterium. First, we have 

exhaustively collected information from the literature. 

Second, we used methods to search for similar motifs 

in the complete set of F. coli proteins, and completed 

the putative set. Finally, we present a set of regulatory 

proteins, and analyze them in terms of their structural 

and functional properties. 

The collection we present here will contribute to the 

organized knowledge available in E. coli, and shall 

represent a relevant reference collection to the analysis 

of the global expression profiles in E. coli. 

Methods 
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Detection and prediction of transcriptional 

factors in E. coli 

Prediction of protein function using computational 

tools are becoming more and more important as 

the gap between the increasing amount of 

sequences and the experimental characterization of 

the respective proteins widens (Bork, P., and E. 

Koonin, 1998). One problem in current predictive 

methods is that they fail to detect all the members 

with one particular function. For this reason, in 

this work, different methods were used to search 

for transcriptional factors, as discussed in the 

following. The general strategy to detect all 

transcriptional factors, schematized in Figure 1, 

implied several methods, from regular expressions 

to profile algorithms. SwissProt database version 

34.0 plus weekly updates (Bairoch, A. and R. 

Apweiler. 1996), and references were consulted. 

We used the keywords "Escherichia and coli’, 

“transcription”, and "regulation". Subsequently, 

we added the keywords "DNA-binding and helix- 

turn-helix” to exclude proteins that do not bind to 

DNA. At this stage, we removed proteins involved 

in DNA-binding like transposons, and sensor 

proteins that belong to the two component systems 

(i. e. BarA sensory protein). In this first search, 

232 proteins were considered as potential 

transcriptional factors. 

It is known that most of the prokaryotic regulatory 

proteins often recognize DNA-operator sequences 

using the helix-turn-helix (HTH) motif (Harrison, 

S. C. 1991). The program called HTH 1.05 that 

predicts whether a protein contains a helix-turn- 

helix was implemented to scan all proteins of the 

E. coli genome (Dodd, I. B. and J. B. Egan. 1987). 

This method, in its original version, is based in a 

master set of 37 aligned sequences from where a 

frequency matrix is built. This matrix is used as a 

weighting factor to determine in a candidate 

sequence whether the amino acid that actually 

occurs favours an HTH structure. It evaluates how 

well the amino acids correspond to those typically 

found at similar positions in the canonical HTH 

sequences. Favored amino acids have a positive 

weight, disfavored amino acids a negative weight 

(Yudkin, M. D, 1987). At certain positions in the 
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DNA-binding region, the variability of residues is 

crucial to the function of the protein. Amino acids in 

specific positions in the structure are severely 

penalized by the method. For instance, at position 9 

there is always a glycine implied in the turn 

conformation, and the positions 5 and 15 usually 

contain small hydrophobic residues, because they form 

van der Waals contacts and maintain the correct inter- 

helix angle. One disadvantage in this search for is that 

the method is unable to find an HTH motif in the TrpR 

repressor, because the protein has an isoleucine at 

position 12 (heavily penalized by the method). 

Moreover, the algorithm detects one putative HTH in 

the B-galactosidase enzyme (Yudkin, M. D. 1987). A 

total of 4283 Open Reading Frames (ORFs) were 

scanned detecting 283 motifs in 276 proteins, 7 of 

them with two potential HTH regions. See Table 1. All 

the predicted HTH motifs are located either in the N- 

terminal or in the C-terminal, in similar positions as 

previously shown in the distribution of known similar 

DNA-binding motifs in eukaryotic and prokaryotic 

transcriptional factors (Pérez-Rueda, E., et al. 1998). 

Detection of the HTH motifs has been reported using 

pattern searches in unaligned protein sequences. The 

Gibbs sampler method (Lawrence, C., et al. 1993) can 

detect shared motifs in either protein or nucleic 

unaligned sequences, with or without gaps. The 

program is a heuristic method, and not exhaustive, 

however it converges towards an optimal matrix. Most 

sub-optimum alignments found by the Gibbs sampler 

are often closely related to the optimum alignment. In 

order to calibrate the Gibbs sampler we first made 

several essays with a set of fifteen known 3D 

structures from £. coli and phage DNA-binding 

proteins. (See table 9). The best pattern found in the 

training set was running 1000 independent searches 

100 times, with no gaps allowed. The best pattern 

detected corresponds to the HTH and reflects the array 

of it secondary structure obtained from the Dictionary 

of Secondary Structure Protein database or DSSP 

(Kabsch, W, and C. Sander. 1983). Under these 

conditions, we searched in the complete protein set of 

E. coli (derived from the search in SwissProt) and 

detected a helix-turn-helix DNA-binding motif in 146 

proteins. Matrices derived from Gibbs were used to 

search for more proteins in the E. coli genome. A 

cross-reference between SwissProt annotations, the 
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Dodd and Egan method, and the Gibbs sampler 

method, shows that around 90% DNA-binding 

motifs are described by at least three of these 

methods. Figure 2. 

Many of the known protein families have been 

collected in the PROSITE database (Bairoch, 

A.1997), where diagnostic patterns are described. 

PROSITE can be used to get an idea of the 

function of uncharacterized proteins translated 

from genomic or cDNA sequences. For some 

families, the pattern given is not the best to make a 

functional diagnostic; in fact, we observed that it 

may fail to match some of the sequences within 

the family, and may also match some sequences 

outside of the family (Brazma, A. et al 1998). For 

example, in the IcIR family the most conserved 

region is the C-terminal, and not the DNA-binding 

domain (located in the N-terminus). For this 

reason, we have to be careful in determinate 

whether a new candidate is a transcriptional factor. 

Prosite patterns for 17 families were used to detect 

putative transcriptional factors in the E. coli 

genome, as summarized in Table 2. In this way we 

described around 171 proteins as putative 

transcriptional factors. 

Finally, a sequence comparison was performed in 

order to detect more regulatory proteins. Identity 

values below 25% in fragments of at least 100 

amino acid residues were not considered 

significant. This empirical calibration is widely 

used, suggesting that sequences with scores higher 

than this threshold share structural and functional 

similarity (Holm, L. 1998). In the case of the 

AraC/XylS family, a significant homology was 

found extending over a 100-residue stretch 

constituting the DNA binding domain (Gallegos, 

M-T. et al, 1997), whereas the GalR/LacI family 

(Weickert, M. J. and S. Adhya, 1992) shows the 

longest conservation involving almost all the 

protein sequence in the definition of the family 

In addition, during all this work, we were 

monitoring the literature and adding new 

experimentally described regulatory proteins to the 

dataset. Furthermore, we compared our dataset 

with the annotations of open reading frames 

(ORFs) generated by Fred Blattner’s group 
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(Blattner, F. et al 1997), and in this way the set of 

transcriptional factors was finally defined. 

A Blast search (using the default parameters, and 

Blosum 62 matrix) was found not to be sensitive 

enough to detect all the known regulatory proteins 

(Altschul, S. F. et al. 1997). The sequential order of 

the complete search is the following: 

1. Regulatory proteins were initially searched in 

SwissProt. A set of 232 were detected, out of which 

we excluded 55 since they did not show an HTH 

motif. Some excluded members were part of the two- 

component class of regulators that do not bind to the 

DNA, and some were transposons, among others. This 

cleaning left a set of 177 out of which only 7 were 

predictions. This search gave us also literature 

information that we used later to find additional 

members, and also to complete different properties we 

gathered about all the regulators. 

2. The weight matrix designed for HTH recognition by 

Dodd and Egan (1987) was then used. We obtained 

276 proteins after searching in the genome, out of 

which, we manually excluded 85 for several reasons 

(transposons, insertion sequences, and the B- 

galactosidase), keeping finally 191 proteins. Of these, 

162 are detected by another method, and are 29 new 

predicted regulatory proteins. In parallel, we ran the 

Gibbs search using a weight matrix built with the 

known HTH proteins. A total of 133 proteins were 

detected, of which 124 are known, generating only 9 

new candidates. 

3. From the set of 171 described in PROSITE, we 

eliminated 13 proteins that are architecturally similar 

to regulators but lack a DNA-binding domain (DBD). 

This leaves 158 proteins, out of which 156 are either 

part of the known set, or are recognized by a previous 

method, leaving only 2 new candidates. 

4. We took the 252 regulators annotated in the genome 

by Blattner (Blattner, F. et al. 1997), and excluded 57 

proteins that either lack a DBD, or are enzymes, or the 

literature indicates that they are not DNA-binding 

regulatory proteins, such as for instance, the D-xylose- 

binding periplasmic protein XylF that is known not to 

be a transcriptional regulator. 

5. We re-analyzed the initial blast searches and added 

few more proteins with sequence identity higher than 

25%. This enabled us to add some few proteins with a 

different type of DNA-binding domain to the HTH, 

' 
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such as the Cold shock domain (CSD), 6-strand, 

Helix-loop-helix (HLH), or Zinc-finger domains. 

It also helped to eliminate proteins with a similar 

architecture as regulators (ic. MgbL, XylF, and 

RbsB that are sugar transporters). 

6. During all this process we kept searching the 

literature and completed a total of 163 

transcriptional regulators -supported by cither 3D 

structure, mutation in the regulatory gene or in the 

DNA-binding site. A Venn diagram in Figure 2 

summarizes all these results. 

In brief, the criteria to accept a regulatory protein 

were: 

1. Presence of a known DNA-binding domain, 

HTH preferably. 

2. Proteins that are part of the known dataset and 

that are recognized by any of the methods used. 

3. Proteins detected by any two methods out of: i) 

PROSITE, ii) Blattner annotations, iii) Dodd and 

Egan weight matrix, or iv) Gibbs-sampler. 

4. Proteins detected by only one method, and that 

by sequence comparison are similar to known 

regulatory proteins. 

5. Proteins with a 25% or higher homology to a 

known regulator, preferably around the HTH 

region. 

The final set after searching, filtering and selecting 

by these automated methods and by manual 

inspection, groups 314 proteins, of which 163 have 

an experimental support and 151 are predicted 

regulatory proteins. See Table 3. Table 4 shows a 

more detailed comparison of the predicted 151 

proteins and indicate the methods associated to 

each prediction. 

In order to get an estimate of the sensitivity and 

accuracy of the predictions, we evaluated the 

output of the predictive method with the known 

dataset of 163 experimentally supported proteins. 

Based on that dataset we estimated the fraction of 

true and false positives of the different methods 

used. See Table 5. From this table we can see that 

overall the dataset of predictions is based on 65 to 

67% true positives, whereas we must be adding 

between 9 to 15% false positives to the set. 

A fold prediction was performed for all 

transcriptional DNA-binding proteins, and around 

of 83% of all characterized proteins and 77% of 
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the predicted regulators have a DBD fold. This 

analysis based on structural comparisons (Jones, D.T. 

1999) provides additional support to the dataset of 

predicted regulators and therefore to the complete 

repertoire here presented. 

All DNA-binding transcriptional factors were grouped 

in families based on information available in the 

literature, as well as based on sequence comparisons 

(Clustalw, using parameters the default. Thompson, J. 

D. et al. 1994). Several families have already been 

proposed previously, such as the Enhancer Binding 

Protein (EBP) family, the LuxR/UhpA family, and the 

OmpR family (Pao, G. M. and M. H. Saier, 1995) 

(many of them are involved in two component 

systems); as well as the GalR/LacI (Weickert, M. J. 

and S. Adhya, 1992), the LysR (Henikoff, S. et al. 

1988. Schell, M. A. 1993), AraC/XylS (Gallegos, M- 

T. et al, 1997, the ArsR (Bairoch, A. 1993); and the 

CRP (Spiro, S. 1994) families. The criterion to define 

a family is based on sequence comparison. If a protein 

shares at least 30% of identity in its complete 

sequence, or within the DNA-binding domain (DBD) 

with any family member of a family, then it is 

considered part of that family. Sometimes, several 

domains are detected in a protein. For this reason, the 

DBD and its similarity to the family plays a defining 

role to discriminate among different families of 

transcriptional factors. 

Results 

We will first present an overview of the dataset, 

emphasizing the structural and functional properties of 

all transcriptional factors, such as the DNA-binding 

motif and regulatory roles. Then we describe the 

distribution of the regulators into their evolutionary 

families. Furthermore, we analyze the position of the 

regulators in the genome, as well as some correlations 

with functional properties of these families. 

The Repertoire of DNA-Binding Transcriptional 

Regulators 

To fully understand the genetic regulatory mechanisms 

it is necessary to study their properties in the context 

of the cellular processes they regulate: cellular 

division, differentiation, responses to several 
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environmental changes, etc. The purpose of this 

work is to analyze the organization of 314 

transcriptional factors of the E. coli genome that 

influences the gene expression in terms of both 

structural and physiological properties. It should 

be clear that our predictions are preliminary in the 

sense that they await further experimental testing. 

An important question to answer is if our dataset is 

the total of regulatory proteins in F. coli. Based on 

the estimated percentage of false positives of the 

methods used, the minimum regulatory predicted 

proteins would be on the order of 100 proteins 

(65% of 151), adding to the 163 already 

characterized. This eliminates around 20% of the 

estimated 314 proteins. On the other hand, we 

know that several methods fail to detect true 

positives. In the case of the matrix-based methods, 

30% can be missed (based on comparing with 

pattern search or sequence comparisons). This 

gives the upper limit of around 350 regulatory 

proteins, adding 8% to the set. See Table 5. 

Previous rough estimates pointed to around 400 

regulatory genes in the all E. coli genome 

(Thieffry, D. et al., 1998). They assume a 1:10 

ratio of regulatory to regulated genes, and a 10% 

of constitutive genes, there would be around 400 

regulators, since E. coli contains around 4400 

genes. Another source of information is the 

collection of operons and regulatory interactions 

described in RegulonDB (Salgado et al., 1999). 

Based on previous versions of such dataset, the 

same estimate of around 400 regulators was made. 

Note that it is hard to know or guess what 

percentage of genes in E. coli are constitutive. In 

an updated analysis of this approximation, we can 

te-calculate an estimated minimal number of 

transcriptional regulators in E. coli as follows. We 

know that 933 genes are grouped in 361 operons, 

and that 78 regulatory proteins are associated to 

this dataset. This gives a 1:12 ratio of regulatory to 

regulated genes. If we assume that this set 

corresponds 25% of all regulatory genes, since 

they regulate a fourth of the total set of genes in E. 

coli, then we get surprisingly the number of 78 

times 4, or 312 total transcriptional DNA-binding 

regulators in E. coli, which corresponds very much 

to our estimate here of 314. Of course the 
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precision of these numbers may be mere coincidence. 

Overall, based on this information and the analysis 

performed, we consider that the universe of DNA- 

binding regulatory proteins in E.coli contains on the 

order of 300 to 350 proteins. 

Table 6 describes the collection of individual | 

regulatory proteins in the chromosome of E. coli. 163. 

transcriptional factors have experimental evidence © 

(mutation, footprints, structure analysis, etc,), while 

151 are putative factor proteins. The table presents all 

regulators organized in families, their protein name, 

the HTH relative position in the protein sequence, their 

regulatory function known or predicted based on 

family membership, the physiological function, and 

the genes regulated by each regulator. See legend of 

Table 4 for additional explanations. 

The set of characterized regulatory proteins has a 

diversity of functions. Some proteins regulate the 

bacterial housekeeping 070 promoters, the 054 

promoters (some EBP proteins), or both promoters 

(Nu, a dual protein), Some regulators are affecting a 

particular pathway, like the L-cysteine biosynthesis 

(CysB regulator). Many of the regulatory proteins 

control operons with one or more promoters (Gralla, J. 

and J. Collado-Vides, 1997); others are involved in 

catabolic regulons (Crp regulator), or have structural 

and regulatory roles (i.e., ArgR and Fis). In few cases 

regulatory proteins affect the expression of other 

regulators, but there is no single closed loop of 

interactions involving several regulatory proteins, at 

least within the known dataset of regulatory 

interactions (Thieffry, D. et al 1998). 

This diversity of regulatory role and physiology of the 

regulated genes is better summarized when described 

at the level of each family. We have observed that 

families of regulatory proteins tend to participate in 

certain physiological processes. Table 10 shows the 

most frequent physiological participation per family. 

As mentioned before, regulatory proteins are grouped 

into evolutionary families based on their sequence 

similarity. The total set of E. coli K-12 chromosomal 

regulators fall within 25 protein families, with 17 

families containing 50% of all members of the 

collection. The helix-turn-helix DNA-binding motif is 

detected in 234 known and predicted transcriptional 

regulators. The rest of the predictions are based on 

homology to known transcriptional regulators. Also, 
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motifs such as zinc-fingers, 8-sheet antiparallel, 

RNA-binding like, and helix-loop-helix, have been 

described in transcriptional factor proteins in E. 

coli, although the fraction of regulators described 

with these motifs is much smaller than the HTH 

proteins. 

Regulatory Activity and HTH Relative Position 

We have previously observed an interesting 

correlation between the relative position of the 

HTH motif in the protein sequence, and its role as 

a negative or positive activator, Repressor proteins 

have their HTH usually in the N-terminal of the 

protein, whereas activator proteins tend to have 

their HTH close to the C-terminal end of the 

protein. Furthermore, this position is conserved 

within the different evolutionary families of 

regulatory proteins. A preferred position was also 

observed within the HLH family of eukaryotic 

transcription factors (Pérez-Rueda, E. et al.1998). 

We wanted to re-estimate whether this behavior is 

also followed by the predicted set of 151 

regulators. Figure 3.a shows that a similar 

distribution of the HTH motif is observed with the 

125 known and with the 123 predicted regulators, 

with in fact, a smaller peak in the middle positions 

for the predicted set. Figure 3.b shows the 

distribution of all predicted regulators with a 

putative HTH motif, and the separated 

distributions of the known activators, repressor 

and dual proteins. It is clear that activators (in red) 

have a strong preference for their HTH to be 

located in the C-terminal of the protein (78% of 

activators), with only 22% of them in the N- 

terminal, whereas repressor proteins have almost 

all of them their HTH in the N-terminal (96%) 

with only 4% of them in the C-terminal. There are 

very few proteins with their HTH in central 

position, mostly from the ArsR family. The 

regulatory role in proteins using the HTH position 

as an indicator of function predicts around 70% of 

cases correctly, with 15% of false positives. In 

addition family membership criteria is used in 

conflicting cases, such as in the EBP or IcIR 

families. 

Factores de la transcripcién en E. coli... 

Dual proteins, which exert an activator effect in some 

promoters and a negative effect in other promoters, 

show mostly a similar behavior to the repressor 

proteins. This structural observation supports the 

unexpected suggestion that dual proteins might have 

initially been repressor proteins that acquired the 

function to activate. As discussed before, given the 

mechanistic requirements to repress, we conceived 

most likely the opposite situation where activators 

become repressors by a simple displacement of their 

DNA-binding site in relation to promoter initiation 

(Gralla, J. D. and J. Collado-Vides, 1996). 

This distribution of positions was used to predict if a 

putative transcriptional regulator is expected to be a 

Tepressor or an activator. If a protein has the HTH in 

N-terminal, it will be predicted as a repressor protein, 

unless it belongs to the LysR family. As discussed in 

earlier work, the peak of dual proteins observed at the 

N-terminal (blue in Figure 3) is mostly contributed by 

members of the LysR family (Pérez-Rueda, E. et 

al.1998). A protein with the HTH in the C-terminal is 

assumed to be an activator. Using this simple rule, we 

assigned the putative function to several HTH proteins 

(Tables 6 and 7). We considered all proteins that have 

their HTH in the first 40% of the protein (relative 

position) as N-terminal, and C-terminal when its HTH 

is present in the last 40% of the protein. 

Table 7 groups all proteins by their regulatory roles. 

We defined regulatory function based on the 

experimental evidence and the prediction rule 

explained above. We considered dual proteins those 

whose sequence is similar to any member of the LysR 

family. Dual proteins are either activators of several 

genes and repressors on their own expression (proteins 

of the LysR family) (Schell, M. A.1993), or activators 

and repressors of different sets of genes, such as the 

case of Crp and FruR (Kolb, A. et al. 1993). Around 

67 proteins do not have any function described, 

because we do not have sufficient information to 

assign them a regulatory role. Remember that 80 

regulators were added to the collection even if they do 

not have an identified HTH motif. 

Grouping known and predicted proteins gives around 

85 activators, 104 repressor proteins, and 59 dual 

proteins, corresponding to 34.3%, 42% and 24%, 

respectively. A previous evaluation with a much 

smaller database gave some years ago 10%, 55% and 
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38% respectively (Gralla, J. D. and J. Collado- 

Vides, 1996). The current numbers show a much 

even distribution of repressors, activators and dual 

proteins. It is quite surprising that the contribution 

of one single family, LysR, can account for almost 

a quarter of all dual regulatory proteins in E. coli. 

This may be a selected family that has been used 

in evolution with a wide number of members in E. 

coli to control the regulation of amino acid 

biosynthesis where, depending on the conditions 

of growth, the same pathways have to be either 

activated or repressed (Newman, E. B. et al. 1996). 

This dual property is not limited to this family. 

Proteins from different families also add to this 

dual set of regulators, such as CRP and FNR, two 

important global regulators. 

Negative autoregulation is predominant in 

transcriptional factors of E. coli (Thieffry, D. et al. 

1998). The updated numbers in RegulonDB show 

that only 6 regulators are positively autoregulated - 

PhoB, GutM, TdcA, CadC, RhaS, and RhaR- 

while 3 regulators are exerting both positive and 

negative regulation on their own expression, Ada, 

Crp, and NtrC (Magasanik, B. and F. C. 

Neidhardt. 1987). The LysR family that provides 

almost 25% of proteins with a known function, 

accounts also for 25% of the negatively 

autoregulated proteins (10 out of 40). LysR is a 

unique family with negative autoregulation present 

in most of its members. 

DNA-binding Motifs Described in E. coli 

Structural evidence have shown the heterogeneity 

of the DNA-binding motifs in transcriptional 

factors both in prokaryotes and eukaryotes. The 

three-dimensional structure of around 17 different 

DNA-binding structures of transcriptional factors 

in E. coli have been determined by X-ray 

crystallography, nuclear magnetic resonance 

(NMR) and spectroscopy methods. See table 8. 

In E. coli, the HTH is the most diversified 

structure. Two types of them have been described, 

the classical (CHTH) and the winged (wHTH) 

helix-turn-helix motifs. The cHTH in its simplest 

form consists of two alpha helices separated by a 

B-turn. The whole structure contains 20 amino acid 
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residues, some of which interact specifically with the 

DNA (Harrison, S. C. 1991). The first helix (residues 

1-8) can lie across the major groove of DNA, locking 

the second helix (residues 12-20) into position in the 

major groove, where the side chains of crucial amino 

acid residues interact specifically with certain bases in 

the DNA (Pabo, C. O. and R. T. Sauer, 1984). At 

position 9 there is almost always a glycine, which 

easily adopts the configuration required at the turn, 

connecting the two helices (See Branden, C. and J. 

Tooze, 1991). This DNA-binding motif is conserved 

due to the structural constraints imposed by the fold. 

Such residues can be used to define a fingerprint for 

the motif and then applied to other protein sequences 

to predict whether a similar fold is found. The winged 

helix is a DNA-binding motif composed of an a/B 

structure. This structure contains 3 N-terminal a- 

helices and a 3-stranded antiparallel B -sheet. The 

folding of the 8 -sheet region about the a-helices gives 

the appearance of wings on the helices, hence the term 

“winged-helix". This motif was first identified in the 

transcription factor HNF-3g (HNF-3g is a member of a 

large family of transcription factors related to the 

Drosophila gene fork head, hence the gene family is 

termed the fork head (FKH) family) (Brennan, R. G. 

1993). It was later described in OmpR, Crp, and other 

transcription factors. 

The HTH DNA-binding motif has been identified in 

many prokaryotic DNA-binding regulatory proteins, 

and it may constitute a structure almost exclusive of 

this class of proteins. However, this motif, also has 

been described in three proteins that are not 

transcriptional regulators: the aspartyl tRNA- 

synthetase (AspRS) (the HTH is a domain implicated 

in the stabilization of the complex with tRNA) 

(Delarue, M. et al, 1994); the C-terminal domain of 

L7/L12 protein that may constitute a HTH binding 

structure for interaction with nucleic acids, most 

probably RNA (Rice, P. A. and T. A. Steitz, 1989); 

and the A/G mismatch-specific glycosylase MutY that 

may form a HTH structure (Tsai-Wu, J. J. et al. 1991). 

B -sheet antiparallel 
This motif has been characterized in a DNA-binding 

tole only in two proteins in E. coli, Met) and HU. The 

repressor of methionine biosynthesis, MetJ, forms a 
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dimer with a core composed of four a-helices, two 

helices from each subunit. An antiparallel B 

ribbon, formed in the N-terminal segment 

contributed by each monomer protrudes from the 

core (Harrison, S. C. 1991). This protein binds to 

the major groove of DNA (Suzuki, M. 1995). HU 

and its relatives are believed to contact the minor 

groove of DNA. HU has a core composed of two 

a-helices from each monomer, and two projecting 

8-ribbons, each formed by the C-terminal third in 

the polypeptide chains. The tips of these ribbons 

are disordered, so that presumably they can wrap 

around the DNA helix (Harrison, S. C. 1991). 

Helix-loop-heli 

This motif has only been suggested in one 

transcriptional regulator in E. coli. DnaA is a 

protein that promotes the initiation of replication 

of the bacterial chromosome, and of several 

plasmids. It contains four functional domains. The 

first domain included the P-loop or Walker A 

motif (involved in ATP binding). The second 

domain maps to a region near the C-terminal and 

is involved in DNA binding. The third domain 

maps near the N-terminal and might be involved in 

the ability of DnaA to oligomerize. Finally, the 

fourth domain is essential for replication from 

oriC, (Sutton, M. D. and J. M. Kaguni, 1997). The 

DNA-binding domain contains two amphipathic 

a-helices, and a third a-helix. Secondary structure 

predictions suggest the presence of three potential 

a-helices; two of them are potential amphipathic 

helices (helix A and B) which might form a HLH 

DNA binding motif (Roth, A. and W. Messer, 

1995). 

Zinc finger 
HypF is the regulator of the micro aerobically 

inducible region of the hydrogenase operon 

(Olson, J. W. and R. J. Maier, 1997). The E. coli 

gene products HypA, HypB, HypF, and HypD 

organized in an operon, contain the CX2C motifs 

characteristic of metal-binding proteins. In 

addition, HypB has a long histidine-rich stretch of 

amino acids near the N-terminal, suggesting a 

possible role of this protein in nickel binding. The 
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gene product HypF, which is translationally coupled to 

HypB, exhibits two cysteine motifs (CX2CX18CX2C) 

with a capacity to form zinc finger-like structures in 

the N-terminal of the protein. A role in nickel 

metabolism in relation to hydrogenase synthesis is 

postulated for proteins HypB and HypF (Rey, L. et al 

1993). HypF proteins have also been described in 

Bradyrizobium japonicum, Rhodobacter capsulatus 

B10 (Colbeau, A. et al. 1993), and Rhizobium 

leguminosarum biovar viciae. They contain two zinc- 

finger motifs (CX2CX18CX2C) characteristic of other 

HypF proteins (Rey, L. et al. 1993). 

Cold shock (CSD) 

The CSD is a nucleic acid-binding protein domain 

found both in bacteria and eukaryotes, that has been 

shown to bind double-stranded DNA (dsDNA), single- 

stranded DNA (ssDNA) and/or RNA. Members of the 

cold-shock family contain a conserved RBD (RNA 

binding domain) on similar single-stranded nucleic 

acid-binding surfaces. Although CSD and RNP motifs 

show little similarity in topology or amino acid 

sequence, they are an example of convergent evolution 

(Graumman, P. and M. A. Marahiel, 1996). Both X- 

ray crystallography and nuclear magnetic resonance 

(NMR) spectroscopy have been used to determine the 

three-dimensional structure of CspA. It consists of five 

anti-parallel B-strands, B1 to B5, forming a 8-barrel 

structure with two B-sheets. One B-sheet consisting of 

Bi-B2-B3, contains seven out of eight of the aromatic 

residues (W11, F12, F18, F31, and F42), all of which 

are highly solvent exposed, with in addition, two 

lysine residues (K10, and K16) in the surface. On this 

surface, there are two RNA-binding motifs, RN-I 

(KGFGFI) on B82 and RNP2 (VFVHF) on 83 

(Yamanaka, K. et al. 1998). 

Out of the around 95% of the regulatory proteins with 

a known and predicted motif have an HTH motif. Only 

Met], DnaA, HypF, and the cold-shock family have a 

different DNA-binding motif. 

Organization of Regulators in Families 

The group of 314 regulatory proteins (known and 

putative) can be clustered into subsets based on their 

sequence similarity. This generates 20 clusters, which 

correspond to evolutionary related proteins, with a 

31



similarity of at least 25% within members of the 

same family. In addition, these groups match with 

the 20 families that have been described when 

studying regulatory proteins across all prokaryotes 

(Pao, G. M. and M. H. Saier, 1995. Weickert,, M. 

J. and S. Adhya, 1992. Henikoff, S. et al. 1988. 

Schell, M. A. 1993. Gallegos, M-T., et al, 1997. 

Bairoch, A. 1993. Spiro, S. 1994). In other words, 

we found that all evolutionary families of putative 

transcriptional regulators have representatives in 

E. coli. 

These groups vary considerably in their number of 

members, as summarized in Table 9 and figure 4. 

The average number of members per family is on 

the order of 10, ranging from LysR, the largest 

family in E. coli with 45 members, to families with 

one or two members, such as the CRP, and Fur 

families. Families with very few members have 

homologue members in different bacteria, giving 

evidence that they form separate identifiable 

groups. 

The largest families are those that affect genes 

involved in amino acid biosynthesis or carbon 

uptake. The large csp gene family in E. coli 

evolved by a process of repeated duplication and 

diversification of genes, and as an adaptive 

response to different environmental stresses 

(Yamanaka, K. et al. 1998). 

All protein families described in prokaryotes have 

been detected in E. coli, see Table 9. It certainly 

makes sense for E. coli to have a large diversity of 

regulatory proteins given its ability to grow and 

respond to different environmental conditions, and 

its capacity to live in the human gut as well as a 

free-living organism. E. coli must survive under 

much more diverse environments including wide 

ranges of temperature (8 °C to 50 °C), osmolarity, 

and pH, inside the human intestine and as a free- 

living cell (Death, A. and T. Ferenci, 1994). 

Table 9 shows the percentage of E. coli proteins 

per family in relation to all known bacterial 

members of that family. E. coli provides 30% of 

all prokaryotic proteins within the GalR/LacI 

family, which may also reflect the fact that many 

other bacteria do not need sugar metabolism 

because all carbon compounds are imported from 

the host (Tomb et. al., 1997). Note however, that 
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this fraction is going to diminish as more bacterial 

genomes continue to be sequenced in the future. For 

instance, in the genomes of E. coli (Blattner, F. et al. 

1997), H. influenzae (Fleischmann, R. D. et al. 1995.), 

and B. Subtilis (Kunst, F. et al. 1997), the DeoR family 

has been predicted to be formed by 12, 4, and 6 

members respectively. At present there at least 30 

members of the DeoR family found in species ranging 

from Gram-positive cocci such as Lactococcus lactis 

(van Rooijen, R. T. J. et al. 1993) to Streptococcus 

mutants (Rosey E. L. and G. C. Stewart, 1992), and 

Gram-negative bacteria such as A. tumefaciens (Kim, 

H. and S. K. Farrand. 1997), and P. aeruginosa 

(Schweizer, H. P. and C. Po. 1996). 

The LysR family is mostly abundant in Proteobacteria 

(purple bacteria) and & and Y subgroups. Few proteins 

of the LysR family have been found in the 8 subgroup, 

and none within the 5 subgroup, also members of the 

family have been described in gram-positive bacteria 

(Schell, M. A. 1993), However, because many 

prokaryotic genera have not been subjected to 

extensive genetic characterization, the observed 

distribution of LysR family may not yet be conclusive. 

The large genetic distances between prokaryotes with 

members of this family, and vast differences in G+C 

content suggests a progenitor LysR that arose early in 

prokaryotic evolution (Schell, M. A. 1993). On the 

contrary, members of the AraC/Xy!S family are widely 

distributed in diverse prokaryote genera. Most of the 

members of this family occurs in the gamma 

subdivision of the Proteobacteria (purple bacteria). A 

few have been found in low G+C and high G+C gram 

positive bacteria and in cyanobacteria (Olsen, G. J. et 

al. 1994). The AraC/XylS and LysR families have few 

members in archaeabacteria or in eukaryotes. 

Members of the GntR family have been described in E. 

coli, B. subtilis, P. putida and K. aerogenes (Haydon, 

D. and J. Guest. 1991). An interesting observation 

related to a still earlier evolutive scenario is that some 

regulatory protein families such as GalR/Lacl, or 

GntR, are only present within prokaryotes, while some 

other families, like the AsnC family, show a wider 

distribution both in prokaryotes and archeobacterial 

organisms (Methanococcus jannaschi and Pyroccocus 

furiosus) (Kyrpides, N. C. and C. A. Ouzounis, 1995). 

Our knowledge on the distribution of regulatory 

families in different bacteria will change as more 
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genomes are finished. However, the fraction of 

regulatory proteins within genomes should not 

vary that much in the near future. For instance, H. 

pylori is an example of a bacterium living in a 

quite stable environment, and its annotated 

genome indicates 13 regulatory proteins, 

accounting for 0.82% of the total 1590 genes it 

contains (Tomb, J. F. et al., 1997). It may be that 

some proteins are not required in microorganisms 

that are living exclusively in relatively stable 

environments. Nonetheless, the cell has alternative 

coccoid and bacillus forms which shall involve 

regulatory interactions for their differentiation,. 

Such interactions may involve DNA-binding 

motifs other than the HTH. 

Families of transcriptional regulators share a type 

of DNA-binding motif, plus inducer binding or 

oligomerization motifs. These similarities define a 

signature sequence shared by the family members. 

In most of the cases the region that characterizes a 

regulatory family contains the HTH motif. 

Therefore, the HTH motif is not only the general 

main signature in bacteria characteristic of DNA- 

binding transcriptional regulators, but it also 

provides the internal distinction among different 

families. Remember that one of the helix motif is 

common to many proteins, and is considered to 

provide for a non-specific binding ability, whereas 

the second helix motif is the one conferring the 

DNA binding specificity. The domain organization 

has been experimentally identified in most 

transcriptional regulatory proteins. For instance, 

the DBD from GalR/Lacl family is around 59 

amino acids (Weickert, M. J. and S. Adhya. 1992). 

The family contains a second domain of around 

270 residues implied in multimerization and 

induction function. A second additional domain is 

also found in proteins that bind sugars, such as 

RbsB (ribose transport). The DBD of AraC/XylS 

is around 60 residues. The LysR family shares a 

highly conserved N-terminal DBD (consisting of 

an HTH motif and flanking sequences). For most 

members of the LysR family, the less conserved 

C-terminal domain of the proteins has a sensory 

function (Ninfa, A. J. 1996). In the case of Crp 

protein, the C-terminal domain contains an HTH 

motif able to bind to DNA, while the N-terminal 
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domain is a large structure of around 170 residues 

containing the nucleotide-binding site that shows 

homology with cAMP-dependent protein kinases 

(Kolb, A. et al. 1993). The main feature in the set of 

transcriptional factors is the presence of the HTH 

DBD. In fact, this is the domain that characterizes all 

DNA-binding regulatory proteins. In most protein 

families the domain covalently linked to the DBD is 

less well conserved and is implied in several responses 

(for instance, in the AraC protein the N-terminal 

domain is involved in allosteric regulation by the 

coinducer and dimerization) (Ninfa, A. J. 1996). The 

IcIR and EBP families are the only families with a 

signature that involves other domains in addition to the 

DBD. In IcIR the DBD is located in the N-terminal, 

while the most conserved domain is located in the C- 

terminal. In the EBP family the ATPase and DBD 

domains are strongly conserved, as signatures of the 

family. 

Conservation of Protein Sizes Within Families. 

Given the high degree of similarity of proteins within a 

family, it is not suprising that their size in amino acid 

residues is also rather conserved. Observing the size 

distribution within families, it is natural to group them 

in two groups. Families of one group have members 

with a rather homogeneous size, whereas in another 

group of families their members show a more 

heterogeneous size distribution. 

The homogeneous families can be defined by having at 

least 70% of its members with a conserved length size, 

shown by an overall standard deviation (SD) smaller 

than 20. We show a calculus of the mean and standard 

deviation in the most conserved regulatory proteins. 

See table 10. This analysis shows homogeneous 

groups with a small SD, such as Cold shock, 

GalR/Lacl, TetR/AcrR, and IcIR families. The IciR 

family has one protein with 315 residues (MhpR) and 

7 proteins with a mean length size of 272.4 residues 

(SD of 10.01). DeoR is a family where except for the 

two subunits of GatR, the rest of family members have 

a conserved size (See table 10). 

The GntR family has two small proteins (b3694 and 

DgoR) with 98 and 177 residues, and two much larger 

ones, b1439 and YjiR with 468 and 470 residues. 

Otherwise the remaining 16 proteins have a mean 

33



length of 246.0 residues and SD of 1.41, showing 

a highly homologous group. A sequence 

comparison between the biggest proteins in the 

family (b1439 and YijR) shows an identity of 

35%. This result might reflect a genetic 

duplication in the E. coli genome. 

Similarly, 70% of the LuxR/UhpA members fall 

within a mean size of 219.16 residues (SD of 

13.21). The maltose activator, MalT is included in 

this group. It represents one of the biggest proteins 

in the family and in the collection (with 901 amino 

acids. Pao and Saier, 1995). Many proteins of 

LuxR/UhpA family belong to receiver-response 

regulators. MaiT is a protein that lacks receiver 

modules and is not a response regulator, but 

possesses homology in the DNA-binding domain. 

In general, the organization of MalT, shows three 

domains, the DBD is located in the C-terminal and 

contains the HTH; in the N-terminal there are two 

domains of around 400 and 200 residues which are 

not shared with the other members of the family. 

The OmpR protein group belongs to a very 

homogeneous family in size. 93% of the members 

fall within a mean size of 230.66 (SD of 7.33) 

residues. Smaller proteins tend to have a higher 

percentage of identity than bigger proteins. This is 

a consequence of the definition of families, mostly 

in terms of the DBD that is the most conserved 

region. Smaller proteins have only the DBD, while 

bigger proteins have additional domains probably 

as a result of events of acquisition of novel 

domains. 

The homogenous distribution observed in E. coli 

families suggests that the members of these 

families are derived from a common ancestor 

through pathways in evolution involving 

individual amino acid substitutions and small 

insertions/deletions that could lead to incremental 

changes and sizes (Savageau, M. 1986). This 

observation is consistent with the homogeneity of 

functional properties. Certainly, GalR/LacI, Cold 

Shock, OmpR, and LuxR/UhpA families are very 

homogeneous in terms of HTH location, 

regulatory roles, and physiology of the genes 

regulated. Therefore, this homogeneity in length is 

probably correlated with conserved functions that 
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are shared in the domains of all regulators within a 

family. 

As mentioned before, heterogeneous families in terms 

of the distribution in size of their protein members 

form a second group. For instance, the LysR family 

shows a bimodal distribution with one subset of 15 

proteins with a size between 215 to 299 amino acids 

(mean of 284.8, and SD=24.66), and a second subset - 

with 29 transcriptional factors whose length falls 

between 300 to 354 amino acids (mean of 312.9, and 

SD=11.62). Similarly, the NagR/XylS family also 

shows two subsets, one with a mean of 304 and SD of 

3.36, and a second one with a mean of 403.6, and SD 

of 4.03. These subsets might reflect two different 

evolutionary events within members of the same 

family. 

AraC/XylS, an activator protein family that shows 

heterogencity in terms of the location of its HTH 

motifs (Pérez-Rueda, E. et al. 1998) also shows a high 

variability in the size of its members. The family can 

be decomposed into three subsets. A subset of two 

small proteins size 107 and 129, the larger set of 16 

proteins within the range of 239 to 292 residues (mean 

of 267.8, SD of 18.1), and the group of 9 larger 

proteins with sized from 300 to 400 residues (mean of 

332.8, SD of 35.3). The first subset has its HTH in the 

N-terminal, the second one has the HTH in the last 

third of the sequence, while the third has the HTH in 

central position. Similarly, the EBP family shows a 

high variability with proteins ranging from 98 to 668 

residues. The larger subsets are four proteins with a 

mean of 454 residues (SD 13.21), a subset of 5 

proteins with a mean of 538 residues (SD of 30.63), 

and three larger proteins with around 668 residues, SD 

of 25.05. This family is very heterogeneous in terms of 

sequence length, probably because the proteins have a 

multidomain organization. 

In general within a family, proteins of the same subset 

or similar length show a higher degree of sequence 

similarity, as would be expected. In some cases the 

high sequence similarity and length conservation 

suggests the notion of gene duplication. Such is the 

case of Cold shock, GntR, IcIR and GalS/GalR 

families, and the two AraC/XylS members of 107 and 

129 residues. This degree of conservation could reflect 

duplication events and homogeneity in regulatory 

functions. 
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The families with a conserved size might have all 

come within one family by gene duplication 

events, as has already been suggested (Nguyen, C. 

C. and M. H. Saier. 1995). Size conservation, 

presence of the HTH motif in a conserved relative 

position, as well as homogeneity in the motif that 

defines the family, all these factors contribute to 

the notion of a homogeneous family of regulatory 

proteins, On the other hand, there are families with 

more heterogeneous behavior suggesting a more 

diverse evolutionary history involving multi- 

domain shuffling and acquisition of novel 

domains. Protein families with more variable 

length such as EBP and the AraC/XylS show 

multi-domain organization. 

Regulatory Families and The Physiology of 

Genes they Regulate 

Regulatory proteins within a family share 

structural properties as discussed before. They also 

tend to affect genes and operons involved in 

related metabolic functions. In Table 10 we 

describe the most common physiological classes 

of genes regulated by the different regulatory 

families. We calculated the percentage of members 

for each family dedicated to the regulation of one 

physiological function. Some families regulate 

genes that can clearly be associated to a particular 

physiological class. This is clear for 7 families that 

group a total of 47% of all potential transcriptional 

regulators. The LysR, GalR/Lacl, GntR, DeoR, 

TetR/AcrR, IcIR, OmpR, EBP and Cold Shock 

families are included in this group. For instance, 

the GalR/Lacl family regulators are involved in 

regulating different carbon sources (from all 

regulators associated to carbon uptake, 20% 

belongs to the GalR/Lacl family); while members 

of the LysR family are devoted to regulation of 

amino acid biosynthesis (40% of this biosynthetic 

activity is controlled by proteins from this family). 

Members of different families, such as the Cold 

Shock family, the ArsR (arsenical resistance), and 

the TetR/AcrR (antibiotic resistance) families 

control resistance responses. E. coli can grow in 

many different carbon sources (galactose, 

melibiose, lactose, rhamnose, etc.). At least 50 

Factores de la transcripcion en E. coli... 

transcriptional factors are devoted to degradation of 

carbon compounds, which belong to 5 regulatory 

families. Some of these involve two regulators 

involved in the regulation of carbon uptake (GalR/S or 

RhaR/S), See Table 10. 

Table 10 shows the most common physiological class 

that is subject to regulation by each regulatory family, 

in decreasing order of dedicated physiology. Thus, the 

CRP, GalR/Lacl and Cold Shock proteins devote 

either all or 90% of their regulatory proteins to one 

single class of cellular activity. 

One regulatory family is not always involved in 

regulating the same metabolic response as can be 

observed in Table 10. This is the case, for instance, of 

the growth-phase-dependent expression of CspD 

protein, a member of the CspA family. All other 

regulatory proteins of this family have been suggested 

to be inducers under cold shock (Yamanaka, K. et al 

1998). The cspD expression is induced by stationary- 

phase growth, and it does not dependent on the 

stationary-phase sigma factor oS. Moreover, the 

expression of cspD is inversely dependent on growth 

rates and induced upon glucose starvation. The 

(p)ppGpp is one of the positive factors for the 

regulation of cspD expression. CspD is then the only 

protein of its family involved in a different cellular 

function. Recall that a more precise description for 

each protein is found in Table 6. 

Regulatory Genes and Their Distribution in the 

Genome. 

Regulatory genes within one family have structural, 

and functional properties related as discussed before. 

As mentioned there are several cases suggesting a 

history of gene duplications. Genes that originated by 

duplication are more likely to be contiguous neighbors 

or somehow clustered in the chromosome (Huynen, M. 

A. and E. van Nimwegen, 1998). Figure 5 shows a 

graph of the position of all regulator genes and the 

position per family in the chromosome of E. coli, 

indicating the transcription/replication direction (table 

11). We expect that overall, transcriptional regulators 

should reflect the distribution gene duplications in the 

chromosome. 

The distribution of all regulators to detect duplications 

is difficult to see in a single overview showing all 
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regulators in the genome (figure 5), for this reason, 

we analyzed further family per family. In this way 

we find at least, three families whose genome 

position could reflect duplication events. For 

instance, the location of cspA homologous genes 

in the E. coli chromosome has been discussed 

suggesting that the Cold shock family probably 

evolved from a number of gene duplications and, 

after subsequent adaptations, resulted in specific 

groups of genes that respond to different 

environmental stresses (Yamanaka, K. et al. 1998). 

The cspG-cspH and cspB-cspF are two highly 

homologous gene clusters including the intergenic 

region, and are located at symmetric distances 

from one of the DNA replication termination sites, 

treA, centered around 29 min. in the E. coli 

chromosome. In addition, cspC and cspE are 

located downstream of cspF and cspH, 

respectively, forming a mirror image (Figure 5b). 

CspF and CspH are highly homologous to one 

another while CspB and CspG are both cold-shock 

inducible genes (Yamanaka, K. et al. 1998). 

Other regulatory families, such as the LysR and 

GntR families show similar noticeable properties. 

As already mentioned, the LysR family contains 

most dual proteins described both in prokaryotes 

and in E. coli, while the GntR family of repressor 

proteins is associated to carbon sources uptake. 

Figure Se shows the distribution of the members of 

the LysR family in the E. coli genome. It is 

remarkable to see, that most of the LysR family 

regulators (72% of its members) have a 

transcriptional direction that is anti-parallel with 

the direction of replication of the chromosome, 

while overall in E. coli, around 55% of all genes 

have the same transcription/replication direction. 

The GntR family shows a similar distribution to 

that of the Cold-shock family. In this family, 

around 70% of gene regulators have a mirror 

distribution in the E. coli genome and it could 

reflect a probable vestige of duplication events. 

Figure 5d. 

Recalling the analysis of direction of 

transcription/replication in E. coli and the 

suggestion that weakly transcribed genes should 

preferentially be located near the terminus of 

replication, and/or with transcription and 
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replication in opposite orientations (Brewer, 1988), 

one would expect that overall, transcriptional 

regulators should reflect the distribution of weakly 

expressed genes. The transcription/replication 

direction was determined. In many cases the families 

have a similar distribution to all E. coli genes (around 

50% with a parallel and 50% with anti-parallel 

directions), such as, Cold Shock, EBP, LuxR/UhpA, 

NagC/XyIR, TetR/AcrR, and Crp families. 

Additionally, there are families where the direction of 

transcription is different to replication, for instance, 

AraC/XylS, and LysR, OmpR, DeoR, GalR/Lacl, IclR 

families. Four families have a predominance of genes 

with the same transcription/replication direction, such 

as, GatR, MerR, and AsnC. Additionally, 45% of all 

transcriptional genes have the same 

transcription/replication direction, while 55% have 

different direction. In figure 5 we graphed the position 

of all regulator genes in the chromosome of E. coli. 

In the table 11 we divided the genome of E. coli in 

replichores (Blattner, F. et al. 1997). For each protein 

families we calculated the parallel and antiparallel 

genes percentage. 

Duplication events can be proposed for proteins that 

have the following properties: A similar position in the 

E. coli chromosome (particularly, when the family 

genes have a mirror position), when the length size is 

homogeneous, and physiological and regulatory 

function are conserved. In this sense, Cold Shock, 

GntR could be proposed as protein families originated 

from gene duplication in the E. coli genome. 

Although the bias of anti-parallel orientation of 

transcription and replication is not strong, overall, 

genes for regulatory proteins tend in effect to be in 

anti-parallel orientation, with some few proteins 

having this tendency much more marked, such as 

LysR, IcIR and GalR/LacI. One may wonder if there is 

a slight correlation with marked anti-parallel 

orientation and size of the family, with LysR the 

largest family, followed by AraC/XyIS. It would be 

interesting to test the hypothesis that large the families 

should have their members at low levels of expression 

at a given time, to avoid cross-recognition of relatively 

similar binding sites. 

Immediate Neighbor Genes 
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Gene order has been observed within several 

genomes. Functionally related genes tend to be 

neighbors more often than do unrelated genes. In 

this sense, we analyzed immediate neighbor genes 

of the set of 314 transcriptional regulators, 

concentrating our analysis to neighbors that are 

also transcriptional regulators. Thus, proteins that 

belong to two component proteins, as kinases were 

not included, 

We have defined the following functional groups: 

1) Regulatory gene-products that interact 

physically, and that belong to the same 

transcriptional unit. For instance, fhiCD, and 

hipAB. 

2) Regulatory genes whose final products are 

influencing the response of each other, in cascades 

of regulation. For instance, positive cascades of 

RhaR/RhaS (Egan, S. M. and R. F. Schleif, 1993), 

and SoxR/SoxS gene pairs; negative cascades of 

GutM/GutR, and MarR/MarA. The two 

component systems belong to this category. 

3) Regulatory genes for which there is no evidence 

of physical interaction of their products, such as 

the lacl-mhpR, and ycdC-putA gene pairs. (PutA is 

divergent to PutP, and LacI has the same 

transcription direction to lacZYA operon). 

Gene interactions have been identified in other 

systems, for instance, the operon purEK 

(Tiedeman, A. A. et al. 1989) whose products are 

forming a complex implied in the purine 

ribonucleotide biosynthesis. The correlation 

between neighbor conservation and genes whose 

product interact has already been suggested before 

(Dandekar, T. et al.1998). This kind of 

organization is implicated in horizontal transfer 

events. 

The analysis of regulatory neighbor genes suggests 

5 cases of plausible gene duplication where pairs 

of contiguos genes belong to the same family. For 

instance, two gene pairs of the Cold Shock family 

have been found (cspB-cspF, and cspH-cspG). 

Another couple of pairs that might have resulted 

from gene duplication are the yhiW-yhiX and 

rhaR-rhaS genes, belonging to the AraC/XylS 

family, and finally, the cbl-nac gene regulatory 

pair of the LysR family. 
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Additionally, around 20 gene regulators are organized 

in neighbor pairs with one gene in between. For 

instance, MelR-AdiY and EnvY-AppY genes that 

belong to AraC/XylS family. 

The existence of these neighbor regulatory genes and 

duplicated pairs should not obscure the fact that the 

dominant organization of regulatory genes is that of 

single units of transcription. Out of the 314 known and 

predicted regulatory genes, 33.4% or 105 regulatory 

genes are organized as single transcriptional units, and 

13% are organized in operons with two or more genes. 

Finally, 16% of gene regulators have another regulator 

as neighbor. It is not easy to know if regulatory 

proteins tend to have a higher tendency to be single 

units of transcription. Taking a dataset of operons and 

transcription units grouping 933 genes, 124 genes 

corresponding to 13% are single genes (Salgado, H. et. 

al. 1999). However, when we take the complete set of 

known and predicted transcription units in the 

complete chromosome, we predict 39% of all genes to 

be transcribed as single units. We know there are 

reasons to over-generate isolated genes. Given that 

there are 480 genes surrounded by genes in different 

orientation, the minimum number of genes transcribed 

as single genes in the chromosome correspond to 13%. 

Given these numbers, it is difficult to assess if the set 

of 324 transcriptional regulator genes tend to be 

organized as single-transcriptions units in higher 

proportion than the total set of genes in E.coli. 

Four families have a strong tendency to have genes as 

transcription units isolated. These are LysR (dual 

regulators), EBP (mostly activators) GalR/LaclI 

(repressor regulators), and LuxR/UhpA (activators). 

When we analyzed the groups of activator, repressor, 

and dual proteins in terms of family organization, we 

obtained that 62.5% of dual proteins belong to the 

LysR family (remember that proteins of this family are 

gene activators and repress their own transcription). 

Members of the GalR/LacI and GntR families 

contribute with 30% and 12% of all repressor proteins. 

And members of the AraC/XylS (20%), EBP (16%), 

and LuxR/UhpA (20%) families integrate activator 

proteins. AraC/XylS is evenly distributed. Given the 

small number of regulators in several families -see 

Table 9- their absence may just be due to the small 

number of total genes (105 or 33% of all regulators) in 

this single-transcription set. 
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Although there is not a clear tendency of 

regulators to be organized as single-transcription 

units, its important to emphasize that many gene- 

regulator clusters can be identified in the 

chromosome of E. coli. Different clusters are 

identified in the chromosome: regulator-regulator 

(around 60 genes), and regulator-any gene- 

regulator (around 20 genes are organized in this 

form). The second class of cases groups proteins 

of the OmpR protein family or some regulators 

whose organization is clearly into operons. 

In brief, four regulatory families tend to have their 

genes as single-transcriptional units in E. coli: 

around the half of the LysR and EBP family genes; 

71% and 41% of the GalR/LacI and LuxR/UhpA 

families. Table 13. This result has at least two 

alternative explanations: either, there is an over- 

representation of these families in the collection, 

or, this genomic organization has been selected for 

some reason. Isolated genes allow in principle the 

regulator to be uncoupled on its regulation from 

the regulated genes. Uncoupled regulation has 

been analyzed in association with the levels of 

expression and the gain in Neidhardt and Savageau 

(1996). It is not clear, currently whether this 

organization that dominates in some few 

regulatory proteins is a result of evolution and 

whether it is being exploited in the functioning of 

the regulatory circuits in these genes. 

On other hand, having two or more genes in the 

same operon provides the option for a tight 

equimolar expression in some conditions, whereas 

at the same time, additional regulatory elements in 

the same operon can offer for these same genes the 

option of different expression levels in a different 

condition. Having regulatory genes within operons 

provides the genomic architectural basis for 

coordinate regulation, and cascades of interactions. 

See table of operon organization. 

Additional functions of transcriptional 

regulators 

Some transcriptional factors have been described 

as proteins with more than one function. 

Multimodular organization in these proteins could 

reflect several. Table 14. In this sense, regulatory 
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proteins that affect the DNA organization (chromatin) 

have been suggested, for instance the housekeeping 

gene cri (Arnqvist, A. 1992), or histone-like protein 

HI (Ueguchi, C. et al. 1997). Additionally, crf could 

interact with specific regulatory protein(s) controlling 

transcription of genes required for curli formation and 

fibronectin binding (Arnqvist, A, 1992). Similarly H- 

NS, functions as a global regulator for expression of a 

wide variety of genes and is at the same time a 

nucleoid protein (Ueguchi, C. et al. 1997). NadR is a 

bifunctional protein, serving in both regulatory and 

transport capacities (NAD transport) (Foster, J. W. 

1990). The DnaA protein (52 kD) is essential of the 

initiation of replication of the E. coli chromosome, and 

it is a repressor for various genes (Shaefer, C. and W. 

Messer. 1991). DnaA contains four functionally 

domains: an N-terminal domain implicated in the 

oligomerization; a second domain containing a P-loop 

involved in nucleotide binding; a third domain 

proposed to interact with pSC101 RepA protein; and 

the fourth domain implied in the DNA-binding 

(Sutton, M. D. and J. M. Kaguni, 1997). DnaA binds 

to the origin of replication specifically at a 9 bp 

consensus (DnaA box): 5'-TAATC(C/A)A(C/A)A-3'. 

DnaA binds to ATP and to acidic phospholipids and it 

can inhibit its own gene expression. The binding to a 

DnaA box located within its own promoter gene leads 

to repression of transcription of the dnaA gene (Sutton, 

M. D. and J. M. Kaguni, 1997). Additional similar 

cases are described in the following: 

Ada is a dual regulator that also functions as an 

enzyme. ada gene encodes a 39kD protein with two 

ATase functional domains, one acting on O6- 

alkylguanine and O4-alkylthimine (Gonzaga, P. E. et 

al. 1990), and the other 

alkylphosphotriesters. These activities are conserved in 

19kDa and 20kD proteolytic fragments respectively. 

Ada repairs one alkylated guanine in DNA by 

stoichiometrically transferring the alkyl group at the 

Q-6 position to a cysteine residue in the enzyme. The 

acting on 

enzyme is irreversibly inactivated. Ada is expressed 

constitutively at a very low level, but is induced by 

exposure to low doses of mehylating agents such as N- 

methyl-N’-nitro-N-nitrosoguanidine (adaptive 

response) (Gonzaga, P. E. et al. 1990). The 

transcription-activating function of the Ada protein 

resides in its N-terminal domain. The methylated Ada 
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protein activates its own synthesis (Gallegos, M-T. 

etal. 1997). 

The repressor of the biotin biosynthetic operon, 

BirA (35 kD), is a protein that also catalyzes the 

formation of biotiny1-5S'-adenylate from biotin and 

ATP and transfers the biotin moiety to other 

proteins. The level of biotin biosynthetic enzymes 

in the cell is controlled by the amount of biotinyl- 

S'-adenylate, which is the BirA correpresor 

(Streaker, E. D. and D. Beckett, 1998). BirA 

consists of three structural domains. The N- 

terminal domain contains a HTH DNA-binding 

motif, and is loosely connected to the remainder of 

the molecule. The central domain consists of 

seven-stranded mixed B-sheet with a-helices 

covering one face; while the other face contains 

the active site. The C-terminal domain comprises a 

six-stranded, antiparallel 8-sandwich (Wilson, K. 

P. et al. 1992). 

PutA oxidizes proline to glutamate for use as a 

carbon and nitrogen source and also function as a 

transcriptional repressor of the put operon. PutA 

has been described as a multifunctional protein: 

flavin adenine dinucleotide-dependent 

dehydrogenase activity, NAD-dependent 

dehydrogenase activity, membrane-binding site, 

and DNA-binding site. This property of 
multifunctionality may have evolved to prevent 
futile cycling of endogenously synthesized proline 

(Maloy, S. 1987). 

The arginine biosynthesis repressor, ArgR, 

controlled around 20 genes organized in 9 

operons. ArgR (17 kD as monomer) is unusual 

protein repressor because it binds DNA as a 

hexamer (98 kD) and it is implicated in more than 

one function (Sunnerhagea, M. et al. 1997). ArgR 

was found to function as an accessory factor in the 

resolution of plasmid ColEl multimers by 

intramolecular recombination at cer sites, where it 

is implicated both in synapsis and as activator of 

the XerCD recombines (Chen, S. H. et al. 1997). 

ArgR is organized in two domains, The C-terminal 

domain houses the hexamerization and arginine- 

binding functions, and an N-terminal domain, 

which contains the DNA-binding function (with a 

HTH motif). 
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Fis (Factor for Inversion Stimulation) is a 12kD 

protein, identified biochemically as a host factor 

required in vitro for the phage Mu gin and Salmonella 

hin site specific DNA inversion reactions (Ross, W. et 

al. 1990). Fis also participate in a related 

recombination system, cin from phage P1 and to 

stimulate the excision reaction of the lambda site- 

specific recombination system. Fis protein is a positive 

regulator of the tRNA and rRNA promoter rrnB BI. 

Also, Fis prevents initiation of DNA replication from 

oriC (Harrison, S. C. 1991) and regulates its own 

expression (Kostrewa, D. et al. 1992). Fis binds to 

DNA as a homodimeric molecule. This protein has 

three structural domains. The N-terminal domain is 

disordered; the second domain stabilizes the 

homodimer; and the third domain presents the HTH 

DNA-binding motif (Kostrewa, D. et al. 1992). 

Hns binds tightly to DNA and increases its thermal 

stability and inhibits transcription. It also binds to ss- 

DNA and RNA but with a much lower affinity. Hns 

has possible histone-like function. Has plays a role in 

the thermal contro] of pili production and it is subject 

to transcriptional auto-repression. This regulator binds 

preferentially to the upstream region of its own gene 

recognizing two segments of DNA on both sides of a 

bend centered on -150 (Free, A, et al. 1998). 

Sunnerhagen, M. et al. (1997) propose that these kind 

of DNA organization roles are reminiscent of the 

functions of integration host factor (IHF) in facilitating 

chromosomal integration and excision of 

bacteriophage lambda (Segall, A. M. et al. 1994). 

ArgR and Lrp are members of a growing class of 

proteins that share features of regulatory proteins, 

global regulators, and nonspecific gene organizers 

(Oshima, T. et al. 1995). 

Discussion 

Based on different sequence similarity search 

strategies we have defined a comprehensive set of 314 

DNA-binding transcriptional regulators in E. coli K12. 

The definition of this set was facilitated by the 

predominant occurrence of the helix-turn-helix DNA- 

binding motif in regulatory proteins in E. coli, and in 

fact also in the prokaryotic kingdom. Other DNA- 

binding motifs are also present in E. coli, but in very 

few regulatory proteins. Based on the specificity of 
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recognition we estimate around 300 to 350 

transcriptional regulators in E. coli. 

Regulatory proteins share a significant amount of 

protein similarity, enabling also a clustering of 

them into families of plausible common 

evolutionary origin. The diagnostic region shared 

within a family imposes an identity of around 25% 

to members within one family. We find in this way 

that all the twenty families of the HTH regulatory 

proteins of the bacterial kingdom have 

representatives in E. coli. Most of these families 

appear to be quite homogeneous groups whose 

members share several properties. These are 

families with proteins with a rather similar length, 

and with their HTH domain localized in the same 

relative position either in the C-terminal or in the 

N-terminal. Regulators within a family tend to be 

mostly activators, or mostly repressors in others, 

with the dual regulators concentrated in the most 

abundant family -LysR- with 45 members in E. 

coli. These families group regulators that tend to 

affect genes involved in related biological 

functions. All these common structural and 

functional properties support the notion of a family 

even if some of them have only one member in E. 

coli. The additional correlation between the HTH 

in the C-terminal for activators and the HTH 

positioning for known repressors in the N-terminal 

was used, in combination with family 

membership, to generate a predicted functional 

role for most of the 314 regulatory proteins in E. 

coli. This produces a picture of a quite even 

distribution of 34%, 42%, and 24% of activators, 

repressors, and dual regulators respectively. 

Evolution is however more flexible as illustrated 

by multi-domain regulatory proteins that are more 

difficult to group. Thus, some families group a less 

homogeneous set of proteins. The existence of 

multiple domain makes their clustering more 

difficult to achieve, grouping proteins with a more 

elaborate evolutionary history with some motifs 

appearing only in some members of the family. In 

some cases, multiple domains reflect the existence 

of several evolutionary events, such as the 

shuffling process in prokaryotic proteins of the 

two component systems. 
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An interesting question related to these observations is 

that of the different size or abundance of regulatory 

proteins within the different families. Huynen and van 

Nimwegen (1998) have shown that genes within one 

family have similar functions, but as the requirements 

of this function vary over time so does the presence of 

the gene family in the genome. Activation of 

transcription by different types of metabolites (e.g. - 

aromatics, ions, amino acid derivatives, nucleic acids, 

Sugars, ¢tc) suggests an ancient divergence of signal 

recognition within regulatory families. Remember that 

the HTH region contributes in an important way to the 

sequence similarity within members of the families. - 

The evolutionary flexibility within regulatory families 

can be appreciated when observing the structural 

diversity of the different co-inducers that stimulate 

various transcriptional factors that belong to the same 

family, as opposed to the highly conserved HTH 

domain. An additional source of diversity is the 

presence of self-transmissible plasmids, which 

probably move freely throughout the prokaryotic 

community, and may have promoted a more recent and 

rapid dissemination and evolution (Schell, M. A. 

1993). 

A good number of well documented regulatory 

families show a tendency to members with similar 

size. We hypothesize that the largest proteins (such as 

the maltose activator, MalT) could have other 

functions in addition to transcriptional regulation (like 

the proline-dehydrogenase of PutA), while smaller or 

medium proteins, usually acting as multimers could 

rarely have additional functions. 

The amount of information of known binding sites is 

limited to around 1/6 (50 out of 300) of all 

transcriptional potential regulators of E£. coli. It is 

interesting to address the question of whether the 

grouping of proteins into families would limit or 

structure their DNA-binding available space. It is 

possible to imagine one scenario where proteins of the 

same family could be recognizing the same DNA- 

binding sites, or at least, similar sites. Whether a 

mechanism of coevolution between one family and 

one set of DNA-binding sites exist, and their 

functional implications, should be investigated. 

We analyzed as another potential trait that could help 

to characterize the different regulatory families their 

gene location into operons and transcription-isolated 
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genes, as well as their neighboring genes specially 

if these are also regulatory proteins. One salient 

feature is that 30% of all transcriptional regulators 

occur as isolated transcriptional units. This 

organization may be relevant for their independent 

transcriptional regulation as uncoupled from the 

set of genes they regulate. 

We considered equally interesting to study the 

orientation of transcription and replication in this 

set of regulatory proteins, given the rational 

hypothesis presented years ago about such 

distribution (Brewer, 1988). This predicted 

tendency is in fact confirmed, although not very 

strongly. It will be interesting to test with global 

studies if this set of genes is expressed in low 

amounts as assumed. It may also be that 

transcriptional regulators have a pattern in genome 

localization that does not differ particularly from 

the complete set of genes of E. coli. This same 

conclusion seems justified when studying their 

organization into operons or into single 

, transcriptional units. 

that E. 

transcriptional regulators are grouped into families 

In brief, we have learned coli 

reflecting their common evolutionary origin. Also 

these families, share functional and structural 

conserved properties. Less than 10% of all genes 

in E. coli would participate as transcriptional 

regulators. Other proteins are certainly involved in 

regulation of transcription, making the fraction of 

regulator genes. Whether the properties of this 

collection in E. coli are also found to occur in 

other bacteria is an interesting question. 
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Tables and Figures 

  

Score Interval Probability __ Proteins 

4.51-7.76 1.0 102 

4.01-4.48 0.9 27 

3.52-3.99 0.71 36 

3.01-3.48 0.5 47 

2.51-3.0 0.25 7 
  

Table 1. Proteins with HTH by Dodd and Egan method. 

Proteins with HTH predicted by the method of Dodd and Egan. HTH proteins are grouped in 5 score intervals. 

Scores below 2.51 are not reported. High probability values close to 1 are the most likely HTH. The Lacl 

repressor, for instance, has a HTH with score of 6.64 and a probability of 1. 
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Family Pattern PROSITE-ID Proteins 

AraC/XylS [KRQ]-[LIVMA}-x(2)-[GSTALIV]-{ FYWPGDN }-x(2)-[LIVMSA]-x(4,9)- PS00041 22 

{LIVMF]-x(2)-(LIVMSTA]-{GSTA CIL]-x(3)-[GANQRF]-[LIVMFY]- PSO1124 
x(4,5)-(LFY]-x(3)-[FYIVA]-(FYWHCM}-x(3)-[GSADENQKR]-x- 
[NSTAPKL]-(PARL] 

ArsR C-x(2)-D-[LIVM]-x(6)-{ST]-x(4)-S-[HYR]}-[HQ} PS00846 1 
Cold-shock (FY]-G-F-I-x(6,7)-[DER]-[LIVM]-F-x-H-x-[STKR]-x-{LIVMFY] PDOC00304 9 

PS00352 

AsnC [GSTAP]-x(2)-[DNEA]-[LIVM]-{GSA]-x(2)-[LIVMFY]-[GN]-[LIVMST]- _ PS00519 3 
[ST}-x(6)-R-(LVT]-x(2)-[LIVM]-x(3)-G 

CRP {LIVM)-[STAG]-[RHNW]-x(2)-[LIM]-[GA]-x-{LIVMFYA]-{LIVSC}- PS00042 2 

[GA}-x-[STACN]-x(2)-[MST]-x-[GSTN]-R-x-[LIVMF}-x(2)-(LIVMF] 
DeoR R-X(3)-(LIVM]-X(3)-(LIVM]-X(16,17)-[STA]-X(2)-T-[LIVMA]-{RH}- PS00894 12 

(KRNA]-D-[LIVMF] 
DnaA I-[GA]-x(2)-[LIVMF]-[SGDNK]-x(0, 1)-(KR]-x-H-{STP]-[STV]- PDOC00771 I 

(LIVM)(2)-x-{SA]-x(2)-[KRE]-(LIVM] PS01008 

EBP [LIVMFY](3)-x-G-[DEQ]-{STE]-G-{STAV]-G-K-x(2)-[LIVMFY] PS00675 13 
GotR [LIVAPKR)-[PILV]-x-[EQTIVMR)]-x(2)-[LIVM]-x(3)-[LIVMFYK ]x- PS00356 15 

[LIVFT]-{DNGSTK]-[RGTLV]-x-[STAIVP]-[LIVA]-x(2)-[STAGV]- 

(LIVMFYH}-x(2)-[LMA] 
IclR (GA}-X(3)-[DS]-X(2)-E-X(6}-[CSA]-[LIVM]-[GSA]-X(2}-[LIVM]-[FYH] PSOL051 6 

GalR/Lacl [LIVM]-x-[DE}-[LIVM]-A-x(2)-[STAGV]-x-V-[GSTP]-x(2)-[STAG]- PS00356 13. 
{LIVMA)])-x(2)-[LIVMFYAN]-(LIVMC] 

LuxR/UhpA = [GDC)-x(2)-[NSTA VY]}-x(2)-[IV]-{GSTA ]}-x(2)-[LIVMFYWCT]-x- PS00622 ” 
[LIVMFYWCR]-x(3)-[NST]-{LIVM]-x(5)-[NRHSA]-[LIVMSTA]-x(2)- 

[KR] 
LysR (NQKRHSTAG]-[LIVMFYTA]-x(2)-[STAGLV]-[STAG]-x(4)- PS00044 39 

(LIV39MYCTQR]-[PSTANLVER]-x-[PSTAGQV]-[PSTAGNVMF]- 

(LIVMFA]-[STAGH]-x(2)-{LIVMF]-x(2)-[LIVMFW)-[RKEA V]-x(2)- 

[LIVMFYNTAE}-x(3)-[LIMVT] 

MarR [STNA]-[LIA]-x-[RNGS]-x(4)-[LM]-[EIV]-x(2)-[GES]-[LFYW]-[LIVC]-  PSO1117 3 

x(7)-[DN]-[RKQG}-[RK]-x(6)-T-x(2)-[GA] 
MerR (GSA)-x-[LIVMFA]-[ASM]-x(2)-[STACLIV]-[GSDENQR]-[LIVC]- PS00552 4 

{STANHK}-x(3)-[LIVM]-{RHF]-x-[YW]-[DEQ]-x(2,3)-(GHDNQ]- 
(LIVMF} 

NagC/XylR [LIVM]-x(2)-G-[LIVMFCT]-G-x-[GA]-[LIVMFA ]-x(8)-G-x(3,5)-[GATP]- | PDOC00866 4 

x(2)-G-{[RKH] PSO1125 

TetR/AcrR G-(LIVMFYS)-x(2,3)-[TS]-[LIVMT]-x(2)-[LIVM]-x(5)-[LIVQS]- PSO1081 7 

[STAGENQH]-x-{GPAR]-x-[LIVMF}-[FY ST]-x-[HFY]-[FV]-x-[DNST]-K- 

x(2)-[LIVM] 

Table 2. Prosite patterns used to detect regulatory proteins in the E. coli genome. 

Proteins with some experimental evidence: 159 

Total set of predicted regulators: 155 

Set with homologous to regulators with experimental evidence : 71 

Proteins detected by one or more of the four methods (See Table 4) 80 

Table 3. The dataset of 314 known and predicted regulatory proteins. 
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Protein Dodd-Egan Blattner _Collection Gibbs _Prosite 

29 + - - - - 

23 - + - - - 

13 + + - : - 

3 - - + - - 

39 - + + - - 

13 + + + - - 

2 - - - - + 

15 - + - - + 

7 + + - - + 

6 - - + - + 

12 - + + - + 

17 + + + - + 

9 - - - + - 

9 + - - + - 

2 - + - + - 

10 + + - + - 

2 - + + + - 

4 + + + + - 

2 + - - + + 

4 - + - + + 

28 + + - + + 

2 + - + + + 

14 - + + + + 

49 + + + + + 

314 191 252 163 133 158 
  

Table 4. Comparison of transcriptional factor predictions with different approaches. 

314 protein factors were detected using several approaches. Sets of proteins found by a given method are 
indicated by as (+) and not found by a (-). Dodd and Egan and Gibbs sampler methods, generate roughly 
similar sets of predictions. On the other hand, Prosite and Blattner annotations are mutually consistent, 
Annotations by Blattner were based initially on a Smith-Waterman overall analysis and ORF assignment in the 
genome, and the functional annotation was a mixture of literature search and the method of remote similarities 

by Labedan and Riley (1995). 

  

  

Method % true % false positives 

Dodd and Egan 65.0 15.0 

Gibbs 50.7 30.0 

Prosite 67.9 9.3 

Blattner annotations 97.6 21.0 
  

Table 5. Evaluation of the dataset. 

We used the dataset of 163 experimentally supported proteins to evaluate the performance of the methods. The 
evaluations of Dodd and Egan, and the Gibbs methods were done comparing with the set of 128 proteins that 

. have reported a HTH motif. 
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Table 6... 

  

    

pathway 
BirA 33973 - BitA HT-H 22 4l 98 32t Kaown Biotin synthesis bio 1St 
BolA bO435 + BolA H-T-H n 46 38.7 6 Known Involved in morphogenetic pathway murein penes i 
Cad b4i3a + Two HT-H 48 80 12s St2 Known pH-regulated cadAB ” 
CaF 0034 + ‘Unclass 166 Known cai operon 3B 
Chl b1987 +H Lys HT-H 19 » 91 M6 Known Cysteine biosynthesis cys regulon 68 
CelD 61735 * AnCiXy1S H-T-H 230 20 ond 730 Known, Carbon uptake celABCF 48 
Chpa 62782 - PemK a Known Regulation of cell growth chpRA 100 ‘ChpB A225, : PemK 16 Known Regulation of cell growth chpSB 100 
CmR b3912 + Two HT-H 77 209 83.1 22 Known ” 
CreB 4398 + Two H-T-H 175 207 83.4 ne Known Catabolic regulation creCicreB ” 
CAR 60620 + Two H-T-H 180 199 83.8 226 Known ‘Citrate fermentation CUCDEFG & citS- ” 

aadGAB-citAB 
Cn 0240 + ‘Unclass 132, Koown Cryptic genes for curli formation and ‘Temperature-regulated (26°C) csga 4 

fibronectin binding 
cp 63357 He CRP HT-H 170 189 85.4 210 Known, Catabolite-sensitives ‘Catabolite repression 
CD. bIOs0 + uaR/UhpA HT-R 73 192 B44 216. Known Curli formation and fibronectin binding emgBA 
Capa 63556 + Cold csD oo Known Cold-shock ‘Low temperatures has 
CspB ‘bISST + Cold csD 7 Known Cold-thock Low temperatures 
Cxpc bt823 + Cold csp 3 Known Cald-shock Low temperatures 
CspD bORRO + Cold csD 4 Known Nutritional deprivation 
CspE 0623 + Cold csp 6 Known Cold-shock Low temperatures 
CrpF bIS55a + Cold csp 7 Known Cold-sbock Low temperatures 
CmpG 990 + Cald csp 70 Known Cold-khock Low temperemres, 
Cap wOsRo + Cold csb 70 Putative Cold-shock Low temperatures 
Cspt bI S52 + Cold csD 70 Known Cold-shock Low temperatures 
CynR bO33R He Ly HTH 18 x7 OL 29 Known Cyanate cynTSX 
CyxB bIZ75, +e Ly HET-H 19 BR 87 324 Known, Bionynthesis of L-cysteine cys regulon 
Cy 3934, a GalR/Lacl H-T-H 12 BI 63 x Known, deoCABD.udpodd 

and aupC, nupG, 
and tx 

DeoR naR4o - DeoR 2 41 12.5 252 Known Nucleotide and deaxyribonucleotide catabolism Deoxyribase operon 158 
DgoR lS - GaR u 50 2a 177 Putative D-galactonate catabolism dgoRKAT 

DicA bis - Unetasa 23 43 wa 135 Known Division cell inhibition ‘Temperature-sensitive dicC 12 
DicC b1569 - Unctas 13 33 30.2 6 Known Division inhibition 12 
DnsA 63702 we DnaA a) 427 85.6 467 Known Chromosomal replication initiator damsrpol fizA.mio€ 158 

wanda 
DnaiR boa + ‘Unclass KT-H Mo m0 79S 452 Putative Nitrite reductase (cytochrome 552) regulation 
Dad 2364 +e Ly H-T-H Rn St 16.9 us Known D-setine dearninase dsdXA 158 
EngR 83075 : GalRAacl HT-H 4 B 4) 377 Known Repressor of 8 galactosidase Eb 169 

pA and ebgC 
En 63264 - TetR/AcrR HT-H 33 32 19.3 220 Known, acrEFfenvCD- ce 
Envy 0566 + AraC/XyIS HTH 165 184 oa 253 Known Porin thermoregulatory ‘Temperature-dependent ompF & ompl 48 

expression 
Evga 2369 + LuxR/UhpA HTH 161 180 835 204 Known evpAS: 155 

ExuR 63094 - GaR HT-H 40 » 188 263 Known Carbon degradation exu reguton (exuT, 120 
. 

wradC, & uxuB) 
FadR bti87 He Gu H-T-H ce 33 18.2 Be Known Fatty acid metsbofsm Sad reguion & fabA 59 
FaR 0730 - GmR HT-H 32 4 17,2 wo Known, TCA cycle regulator succinylCoA 59 

synthetase operon 
FeaR bl 384 + AraCiXylS HT-H 216 BS 749 301 Known 2-pheny lethylamine catabolism Tyramine macA 48 
Fla b273t + EBP H-T-H 63 682 71 2 Known Induction of ex) ion of the formate {Ark hye & Putative 104 
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dehydrogenase H operons 
FimZ bO535 + LusR/UbpA HTH 188 207 854 Bl Known Fimbriat Z, protein; signal tranadsccr 118 Fis 03261 +. EBP HTH O14 9 85.2 8 Known Factor-for-invertion stimalation FRNA promoters fis 58 Fine i891 + a0 192 Known Flage!iar class [I synthesis Sid &fiL 
FinD 1892 + 070 119 Known Flagellar class [1 synthesis, SA SSL 
Fr bI334 + CRP HTH 197 26 826 250 Known Aerobic, anaerobic respiration, Osmotic amsBp? 

balance 
FruR wooo + GalR/Lact HTH 3 2 37 4 Known Operons encoding enzymes which Comprise aceBAK 169 

central 
FrvR 03897 - Unclass HTH 2% » 582 Known Sugar phosphotransferase system fv WW FucR 2803 + DeoR HTH 19 8 U3 Known L-Pucose utilization freguton) fiscO- 2 

fuch-fucPIK-fucR Fur 0683 - “Fur HTH 114 129 82.1 148 Known Iron transport cir 40 GalR 2837 - GalR/Lact HTH 4 B a9 WI Known Galactose utilization ealETKM 169 Gals b215! - OatRALacl HTH 4 B 39 M6 Known Galactose utilization Galactose and fucose: inducer mgt - 169 GaR 62087 - DeoR HTH 7 4 12.1 259 Known Galactitol metabotsm gatYZABCDR N3 2090 
GevA 208 + LysR HTH 2 42 19.6 05 Known Cleavage of glycine eva 158 GevR 2479 : Unclass nT Known Cleavage of glycine Induced by glycine and 48,49 

repressed by purines 
Gkc 2980 + GntR HTH MM 33 2 Known Glycolate utilization gIcDEFG gicGB 1a GipR 3423 - DeoR HTH = 20 » 252 Known Glycerol-3-phasphate gipEGR/RIpACB 7 GniR 3438 - GalR/Lacl HTH 8 un NB Known Gluconate w gael, griUKR. 120 GuiM 82706 + Unclass HTH 2 » 19 Known Giucitot utiization sTHAABD-gutM-sttR- 158 

Rare GuR 2707 + DeoR HTH 20 9 4 27 Known Glucitot uiizarion aHAABD. gutM-srIR- 158 
aurQ Hipa 1507 - Unclass 440 Known Frequency of pensisience hip 19 HipB br508 . Unclass HTH 2B ay 426 88 Known 13, Hoa b1237 : Histone-tike 136 Known Increases DNA thermal stability and Inhibits fas a 

transcription 
Higa 0012 + Unctass 196 Known Heat shock gene 103 HybF = b2991 : Unclass HB Known Modulate levels of hydrogencasc-2 96 HycA 82725 + Unelass 153 Known Formate hydrogeny zee aysicm hye and Putative 139 HyéG 4004 + EBP HTH 421 440 m8 44 Known hydrogenase 3 activity regulator toa HyR 249) + ERP HTH 64l 660 mA 670 Known Induction of expresnion of the hydrogenase 4 los 

genes, 
HypF 2712 . HypF Zn-finger 109 184 19.5 750 Known Hydrogenase expression 129 Ici 52916 H LysR HTH 21 40 10.2 27 Known Specific inhibitor of chromosomat initiation “ lei bang : Tel HTH M4 4 16.1 m4 Known Giyoxylate bypass Carbon source aceBAK “ TABI? 4 HRHIN-S OY) Known Host factor, lysogenic life cara 138 InfAB ITI? + MHNS 9 Known Host factor, lysogenic life caraB 138 fwy 03773 te Lys RTH 18 a 27 Known Isoleucine, Valine synthesis ie 0.139 XdgR —b1R27 - le HTH 32 33 63 Putative Gatacturonic acid AdgRKAT 128 KépE hd + Two HTH 170 Fy ns Known Kp transcriptional regulatory protein kdpE. kdpABC ” Lacl woMs > GalR/Lact HTH 6 a 360 Known Lactose catabotism lacZYA 168, $8 Lew wore: + LysR HTHt 39 38 20 Koown Leucine biosynthesis teuABCD 60,139 Lena 4043 : Lexa HTH 28 48 202 Known DNA damage (SOS response} DNA darrage sostlexA) 159 

regutoneloDF 13 LIdR 03604 : GntR HTH O&M 3 168 258 Known L-Lactate utilization totDRP ” Liha 2289 - LysR KTH 2 a 12.2 305 Known Proton translocating nadh dehydrogenase genes th 15 Lp roses He Asn HTH 31 30 m6 164 Known Global response to leucine and high-affinity trp regulon 158 
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branched-chain amino acid transport system 

  

LysR 2839 by HTH ou 40 98 an Known Diaminopimelate decarboaylsse: Lysine isa 0,139 
biasynthesis Mall 1620 : GalR/Lact HTH 9 2B 56 325 Known Mahowe regulon matXfmalY 169 Mat BAI + LusR/UnpA HTH 853 872 957 san Known Mahtose utilization maltose regulon HB Mark bIS3I + AnCiXyIS HTH 30 4” 306 129 Known Multiple antibiotic resistance sodA, zefimicF fpr 4B MaR —b1S30 - Mark 125 Known Antibiotic eesistance and oxidative stress marRAB 158 MIR ANI + AnCIKyIS HTH 210 2s 726 302 Known Melibione regulatory protein melAB 4B Meu 23938 : Meu Gahect 21 o 423 104 Known Methionine biosynthesis metJ,methionine 58, 147 

regulon MeR 3828 4 LyaR RTH 19 8 a9 37 Known Methionine biosynthesis metE and mettt 60,139 MhpR WOME + Ici HTH 72 a 25.8 MS Known 3- Hydroxy pheny Ipropionate de gradation mhpRABCDEF 42 Mic bises - NagCXyi HTH 33 42 92 406 Known Glucose uptake or glycolisis ptsG 15 MoE 60761 : Uncles 262 Known Molybdate uptake modABCD 166 MprA 2684 : MarR 176 Known Multidrug resistance pump emrABimcbABCDE 92 
FG MuR b3601 - Unclass 195 Known Mancitol mitA-mt}DmiR 43 MviN — b1069 ? Unclass ne 250 468 sit Putative Putative transcriptional regulator Nac bi9ga He Lys 18 ” 2.0 305 Known Histidine utilization/nitrogen assimitation Nivrogen limitation hutadhureput,gtB 107 NadR 4390 - Unclass a 4 al 410 Known Novo synthesis of NAD NAD levels nadA-B-pacl 46 NagC 80676 - NagCXyIR 35 “ 97 406 Known N-acetylghcosamine aperon nagEBACD; gimSU 157 Nari. bi221 + LuxR/UhpA 173 192 wa 216 Known Reductase (narG#1JP) and formate Niuate/Nitrie induction SrtABCD adh. a 

debydrogenase-n (fdnGHs, Anacrobic 
tespiration Nae 2193 +f LaxR/UbpA HH 171 190 ae u5 Known Anaerobic respiratory Niue and nitrite regulated SrdARCDharGHIIf 125 

daGHVaeg NiwR 00020 + Lyi HTH 3 2 124 262 Known Tramport of cations has o Nip b3tRB + Unetass HTH 50 o 46 2 Known Transposuble coliphages 5 Nuc b3R68 #  EBP HTH 445 464 96.9 489 Known Nitrogen exsintilation argT 104 Opk 2082 + Unctasa n Known Cryptic ogr M6 OmpR —bsA05 + Two HTH 18! 23 45 a9 Known Outer membrane protein synthesis ampFrompC fiadL OsmE —b1739 ? Unclas HTH 43 “ ant 2 Putative Oxmotically inducible nurk. gene 38 OxyR INE + Ly HTH 18 x” 9.0 305 Known Hydrogen peroxide-inducible genes axyR ao PaR bons - GaR HTH 37 56 18.3 254 Known Pyruvate dehydrogenase complea aceE 9 Perk Ors - Lyk HTH 2 “ 4 297 Known Peroxide resistance peroxide regulon = 21 PrnF b4102 - GnR HTH (38 a 197 mI Keown Afky phosphonate oo PhoB 10399 + Two HTH 175 2 83.4 228 Krowa Phosphate Phosphate limited pho regulon fphaC 99 PhoP bt 130 + Two HTH 170 202 834 23 Known ” PhoU = b3724 : Unctass ml Keown Phosphate lintted phosphate rexulon 167 PrpD 10334 ? Unclass HTH 7B 199 39.0 483 Putative 
PrpR 10330 + eBP HTH 508 30 3.0 28 Known Propionate catabolism prpBCDE 65 Pap bra + Unctam ng Known Phage-shock protein Stresses pspABCDE 170 Psp b1303 + EBP HTH 302 321 958 225 Known Phage-shock protein Heatethanol,camotic pspABCDE a 

shock.infection by filamentous 
bacteriophages PR 03763 + Ly HTH 18 ” 6 133 Known Phosphatidy lacrine synthetase » PurR bI6sR : ‘GalR/Lact HTH 4 B 39 Mt Keown De novo purine nucleotide synthesis purBpurC.purEK,p 169 

ur HD. parl.purMiN.x 
Wa BA.glyA.ginB prs 
AsspeA.codBAa Pua plod : Pua 1320 Known Proline synthesis MAB 158 Rta 23753 : Oath act HTH 3 n a 29 Known Ribose metabolism Ribose inducer rbsDACBK 101 
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Rod bigs + LuxRUbpA HTH ISS 174 794 207 Known Capautar polysaccharide synthesis ol 
ResB 2217 + LuxR/UhpA HTH 168 187 82.1 216 Known Capnular polysaccharide synthesis SulcpsGB 1B 
Ral 3842 + Unetaxs 162 Known Synthesis, assembly and export of the sfaDhirM birL yO 7 

lipopolysaccharide core, Exopotysaccharide, f ADB 
conjugation pitus and hemolysin toxin 

RteR 3906 + ArCXyIS HTH oS m4 ISA uz Known L-Rhamnone catabolism rhaRS 4a 
RhaS 23905 + AnCiXyIS HTH 190 9 mT 708 Known L-Rhamnose catzbolism rhaBAD 48 
Rob 4396, + AnCiXyIS HTH 4 a3 Is 239 Known Reptication ina 48 
RpiR 4089 : RpiR/YebK/¥th H-T-H 50 a 2.1 296 Known Ribose catabolism spi 148 

H 
RaA 1608 + Two HTH 185 217 83.1 m2 Known Member of the two-component regulatory ¥ 

system rsthvrsta, 
SdiA b1916 + LuxR/UbpA HTH 198 27 86.1 wm Known Cell division SUQAZ 118 
SfsA wo4e ? Unelass 234 Putative Mahose metabolism n 
SgcR 4300 - DeoR HTH 2 4 121 260 Known Sugar-specific permease domains of the sgcREAQCX 126 

phosphotransferase system and Pentone 
catabolic enzymes 

SlyA b1642 + MarR HTH 49 70 407 146 Known Haemolytic phenotype slyAB 7) 
SorR 4063 + MerR HTH 4 % 15.2 154 Known Superonide response Oxidative atress sarS 158 : 

Sax 4062 + AnChXy!S HTH 4% 43 n3 107 Known Superoxide response sodA.nfo.twf. 48 ‘ 
mick fpr 

TdcA —B3LIB + Ly HTH 24 4a 10.7 32 Known Amino acids degradation tdeABC 158 
TdcR bho + Unetass ” Known Threonine dehy dratase tdcABC 158 
Tor 10995 + Two HTH 178 a aS 20 Knowa Trimethylamine n-oxide reductase respiratory torCAD. w 

system 
TreR b4241 : GalRRacl HEH 7 26 52 315 Known Uptake of trehalose treABC n 
TrR ba393 : Tre HTH 67 90 733 107 Known ‘Tryptophan bicayntheals trp & amt 38 
Th v3641 + TetRitAceR RTH 47 66 26.6 212 Known SUT Pase subunit dut gene 9 
TyrR 1323 + EBP HTH 483 2 96.0 3 Known Aromatic amino acid synthesis aroF. ateG, 158 

tyrAand at trast 8 
operons else 

UnpA —b3669 + LuxR/UhpA HTH 15S 174 a9 196 Known Carbon sources transport uhpT 61 
uid ni6i8 : Unctasa HTH 33 52 21.6 196 Known Carbon uptake widRABC 120 
Uwy biota + LusR/UhpA HTH 187 186 20.9 ug Known wre 145 
UsuR 4324 : GaR HTH 6 55 117 237 Known Carbon uptake wid A.wuBA 120 
WrhA  b1004 - Unclass 198 Known ‘Tryptophan biosynthesis 1pR 158 : 
XapR 2405 + Lys HTH m4 4a 3 294 Known Nucleotide inerconversions xapaB o 
XyIR b3569 + AraCKyIS HTH 304 323 ne 392 Known Xylose uilization yf BAFGHR 48 
YedD 80132 ? Uneless HTH Om 28 958 300 Putative 
Yarc 0208 7 LyaR HTH 20 » 97 304 Putative 
Yaty = n025t - DeoR HTH 2B a7 13. 285 Putative 
Yoga W267 1 Unclass HTH “9 10.0 384 Puutive 

Yagl woz72 : le HTH 35 45 138 252 Putative 
YehA 0315 - LuxR/UbpA HTH 4I 70 153 362 Putative 
YahB —hO316 Ly HTH 22 42 10.3 uo Putative 
vaiv vox7s ? Unelass m2 Patative 
Yaw —-b0378" ? Unclass HTH om 298 B9 364 Putative 
YaiF 10394 ’ NagCXyR 302 Putative 
YO ba? we Asn HTH ot 40 21 152 Putative 
YreQ WARS : Unctess HTH 43 o 408 nt Putative 

Ybor 0487 - MeR HTH 4 B 10.0 135 Puustive 
YbhS 40504 Lyk HTH 19 38 9.2 08 Putative 
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YbbU . TetR H-T-H 43 62 19.3 mm Putative 
YbeM + ArCXylS H-T-H 181 200 Ns 265 Putative 
YO ? LysR K-T-H 25 16 16.8 300 Putative 

YheF He Lys H-T-H 46 65 17.5 317 Puunive 
YbhD +H. Lys HT-H 4] 6 15.1 338 Putative 
Yan - Unclass H-T-H 107 128, %o us Putative 

YbiH 7 TetRAcrR H-T-H 3 52 19.0 my Putative 
_ YojN + Unclass H-T-H Wy 132 768 158 Putative 
YeaL, ? Unclass 268 Putative 
YeaN He LysR H-T-H 2 40 99 2 Putative 
Yee - TetR/AcrR H-T-H 39 3B 28 212 Putative 
Y¥efQ ? Tet ACHR 26 Putative 
Yo ? NagC/XytR 303 Putative 
YegE ‘bl t62 MerR H-T-H 6 25 63 ws Putative 
YojC bI1299 * Unclass H-T-H aw 42 17.0 185 Putative 
¥ciw ‘b1320 - GalR/Lac! H-T-H 3 “a 4d 332 Putative 

Yej2z. bb328 we LysR RT-H 21 ay 10.3 299 Putative 
YdaK b1 339 + LysR H-T-H 2 ay 101 302 Putative 
YaR 1356 - Unclass H-T-H pL} 46 224 158 Putative 
YdaS bt3s7 - Unctass H-T-H 16 n Tl 8 Putative 
YdcE bl46t ? ‘Unclass 7 Putative 
YdcN ‘1434 - ‘Unclass B-T-H 21 42 17.6 8 Putative 
YddM bl477 ? Two H-T-H 48 # 48.7 120 Putative 
Yow bISI2 . Unclass HTH 3 32 i 7 Putative 
Yaft ‘b1 S80 - GmR H-T-H 36 37 23 228 Putative 
YdfK bIS44 ? Unelass a8 Putadve 

YdhB bI6S9 He LysR HTH 19 3B ot 310 Putative 
YeaM bI790 ? AnCixyiS 273 Putative 
YeaT bI799 He LysR. H-T-H a 48 4 Putative 

YebK bI8S3 ? ‘Unciass H-T-H 35 6 2389 Putative 
Yeew b1969 ? Two HTH 184 216 239 Putative 
YeeY 2015 He LysR HLT-H 3B 76 36 Putative 
Yegw ‘b2105 - GnR H-T-H 30 o“ AB Putative 

Yeh¥ 2127 - MeR H-T-H 6 3 uw Putative 
YeiE b21S7 He LysR H-T-H 20 x» 3 Putative 
Y¥eiL. b2163 + ‘Unciass HT-H 157 178 219 Putative 
Yec 2398 a Unelass H-T-H 6 a 119 Putative 
YfeD 62399 - ‘Unclass H-T-H B a» 130 Putative 
YEG 62437 + AnCiXy!S H-T-H 259 778 350 Putative 
YfeR 62409 +e LysR H-T-H 18 x» 308 Putative 

YfeT b2427 : Unclass H-T-H 3s 56 Bs Putative 
Yiha b2554 + EBP WT-H 44 433 4s Putative 
YfhH 2561 - Unclass HT-H 35 6 782 Putative 
yt 2537 +e LysR HT-H 18 38 26 Putative 
YRE 2577 at LysR H-T-H 1B cL 25 Putative 

YAR 2634 - DeoR B-T-H B 47 B3 Putative 
Ygaa 82709 - + EBP H-T-H. 504 523 $29 Putative 
YgaE 2664 - GnrR H-T-H vo 48 20 Putative 
Yghl 62735 DeoR H-T-H x 49 149 265 Putative 
Yeek b2as5 + LuxR/UbpA HTH 103 122 76.4 148 Putative 
Yev 2869 + BP H-T-H 567 585 97.2 592 Putative 
Ygit 2921 +. LysR H-T-H 26 45 17 303 Putative 
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YeeD b2929 ? Unelass 169 Putative 
YgeG 2936, ? ‘Unclass m4 Putative speB 
Yep 83060 He Lys HTH 2B 42 104 310 Putative 
Ygix 3025 ? Two HTH 170 m2 uo 219 Putative 

Yha) 3105 He Lys HTH 4 4a N12 298 Putative 
Yret 63222 2 NagCiXyiR 302 Puuative 
Yoek 3226 : Gn HTH 38 7 36 263 Putative 
YocS 3243 Lys HTH 19 8 9.2 8 Putative 
YhdM 3292 - MerR H-T-H 4 a 9.5 141 Puuative Detoxication-putative 3 
YreN = b3MS 2 Unclass 128 Pusative 
YheO b3M6 + Unclass H-T-H 2 a2 07 m4 Puutive 
YR = 3375. - GriR HTH 60 n 26.2 265 Puiative . 
‘YbgB 3422 ? EBP 532 Puutive : 
YF 63507 + LoaR/UbpA 133 152 809 176 Putative 
Yew 3515 + AraCKyIS 155 14 619 m2 Putative 4B 
VhiX 3516, + AnC/XyIS 161 180 62.2 m4 Putative 48 
YhjB »a5s20 + LuxR/UhpA 159 178 84,2 200 Puutive 
Yhic b352t + Lys 4a 62 16.2 3 Puutive 
Vial 3574 - TAR 45 o 93 282 Puutive 
YiaU bISRS: +e LysR a3 42 10.0 324 Putative 
YidF _ 53674 ? ‘Unclass 165 Putative 
Yid. b3680 + AraCiKy tS HTH 213 22 Ts 307 Puutive 48 
YidP ‘3684 . Gok H-T-H B 47 15,7 238 Putative 
YidZ bit te LysR H-T-H. 23 “4 108 9 Putative 
YibL b3872 - GmR H-T-H 33 52 18.0 236 Putative 
Yihw b3BRS - DeoR H-T-H 33 52 18.7 269 Putative 
Vic 23963 . Unelass HTH SI n 26.2 24 Putative 
Yijo 3954 + AraCiXy1S HTH 188 21 7 83 Putative 48 
YjaE 3095 ? Unctass 158 Putative 
YjbK DAIS - Fur H-T-H 427 146 86,9 1s? Putative a 
YjeT toes ? NagC/XyiR 309 Putative 
YieB bai78 : Unclass HTH 26 ” 258 4) Putative t 
YifQ b4191 - DeoR H-T-H un » WT 21 Putative . YigS A264 : GalRMLact HTH 8 n 52 332 Putative 
‘Yjnl ban9 - tcl H-T-H a 46 13,9 262 Putative 
Yinu bi295 - Unetase HTH 10 » 73 266 Putative 
YjiE p4327 we LysR, H-T-H. B 4? 12.3 303 Putative 
Y¥jiR MMO - GniR H-T-H a 48 WwW 470 Putative 
vi 4385 - Unclass HTH 13 x 53 443 Puutive 
Yim 6357 ? Unelass HTH 74 95 3S 268 Putative 
YijQ b4365 7 LusR/UnpA mal Putative 
YgR 4366, + LuxR/UhpA H-T-H 168 189 93 2s Putative 
YkgA 0300 : AmCiXy1S HTH 38 M4 18.6 ae Putative 
YrgD 0305 + AmCiXy1S HTH 196 as 23 284 Putative 
ick bos7! 2 Two HTH i7t 203 82.4 21 Putative 
Ymfl. bis? - Unclass H-T-H 2 3 na 189 Putative 
YmiN bHI49- . Unetass H-T-H 41 62 3 455 Putative 
YoaE biy7s ? Unctass . 88 Putative 

Yoo} DISS +. LysR H-T-H 18 3B oS 293 Putative 
YofL. bI595 HW Lys HTH 0 40 10.1 297 Puuscive 
YpbH 82550 : NagCXyIR HTH 30 st 10.1 399 Putative 
YqrC___b3010 + AraCiKy!S HEH 284 305, 785 375 Putative 
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Factores de la transcripcion en E. coli... 

  

  

  

  

  

  

A) 

Proteins Classified Unclassified DBD No-DBD 

Characterized 159 135 25 134 26 

Predicted 155 100 55 125 30 

Total 314 235 80 259 56 

B) 

Function Activator Repressor Dual Unknown 

Characterized 67 60 32 - 

Predicted 25 53 27 50 

Total 92 113 59 50 

C) 
  

Positive Negative Dual 

Autoregulation 6 40 3 

Table 7. Functional description of all regulatory proteins. 

A) Characterization of all proteins in terms of function and DBD. Hypothetical functions have been assigned 

based on the HTH relative position in the protein sequence. The columns are as follows: Proteins are the total 

of proteins per category; the second and third columns describe the classified and unclassified proteins; DBD 

is the DNA-binding domain described, and no-DBD are proteins with no DBD described so far. B) Proteins 

grouped by their regulatory roles. Activator, repressor and dual functions both in characterized and predicted 

proteins are shown. “Unknown” indicates proteins with no function assigned, and C) Proteins with 

autoregulation. 

  

  

Protein Family ID Resolution (A) Motif References 

ArgR* ArgR laoy NMR wHTH 152 

BirA* BirA lbia 2.3 wHTH 171 

Crp* Crp Imo 27 wHTH 168 

CspA Cold shock 3emf NMR RBD 41 

Fis* EBP Ifia 2.0 HTH 82 

FruR* GalR/Lacl luxe NMR cHTH 122 

LacI* GalR/Lacl llce 48a cHTH 89 
LexA* LexA . Hea NMR wHTH 45 

Met} Met Icma 2.8 B-sheet 147 

NarL* LuxR/UhpA Irnt 2.2 wHTH 6 

OmpR* OmpR lope 1.95 wHTH 99 

PurR* GalR/Lacl lwet 2.6 cHTH 141 

TetR* TetR/AcrR 2trt, 2tet 2.5 HTH 62, 76 

TrpR* TrpR ltro, lor 1.9, 2.4 CHTH 179, 87 
  

Table 8. DNA-binding structures described in transcriptional factors of E. coli. 

DNA-binding motifs described in transcriptional factors of E. coli. Regulatory families are named as in Table 

6. ID is the identifier of the protein in the PDB database. The resolution of the structure is given in Amstrongs. 

The motifs are: HLH: helix-loop-helix, c-HTH for classic HTH, wHTH for winged HTH, and RBD: RNA 

Binding Domain. *Proteins used in the Gibbs sampler calibration. 
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Family E, coli Total Prokaryotes 

Know Predicted # % # % 

AraC/XylS 14 13 27 8.6 80 33.75 

ArgR 1 0 1 03 2 50 

ArsR 1 0 1 03 12 8.3 

AsnC 2 1 3 09 16 18.75 

BirA 1 0 1 03 5 20 

BolA 1 1 2 0.6 nd nd 

Cold 9 0 9 2.8 50 18 

CRP 2 0 2 06 28 7 

DeoR 7 7 14 44 24 38.3 

DnaA 1 0 1 0.3 24 4.1 

EBP 9 5 14 44 56 25 

Fur 1 1 2 06 14 14.3 

GalR/Lacl 12 2 14 44 49 28.5 

GntR 8 12 20 6.4 38 52.6 

HN-S 2 0 2 0.6 nd nd 

HYPF 1 0 l 03 nd nd 

IclR 3 5 8 2.5 12 66.6 

LexA 1 0 1 0.3 7 14.3 

LuxR/UhpA I 6 17 54 59 28.8 

LysR 18 27 45 14.3 173 26 

MarR 3 0 3 09 13 23.1 

MerR 1 4 5 1.5 26 19.2 

MetJ 1 0 1 0.3 2 50 

NagC/XyIR 2 5 7 2.2 19 36.8 

PemK 2 0 2 0.6 nd nd 

PutA 1 0 I 0.3 3 33.3 

RpiR 1 0 1 03 nd nd 

070 2 0 2 0.6 nd nd 

TetR/AcrR 4 5 9 28 22 40.9 

TrpR 1 0 ! 0.3 5 20 

OmpR 13 3 16 5.1 61 26.2 

Unclass 30 52 82 26.1 nd nd 

TOTAL 165 149 314 100 701 44.79 
  

Table 9. Regulatory Protein families: E. coli vs. Prokaryotes 

All regulatory protein families in prokaryotes (E. coli included) were obtained by an exhaustively search in 

SwissProt and in the E. coli genome. The first column is family name, second column represents the E. coli 

known and predicted regulatory proteins, and the third and fourth are the total and percent of proteins per 

family (The percent for cach one family represents the proportion of the family in the collection of 314 

proteins). Five and six columns describe the total of eubacterial transcriptional factors per family, and the 

percentage that represents the E. coli family in all prokaryotes, respectively. 
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Family Function Mean Physiological function % Members 

CRP Dual 230 + 20 Global responses 100% 2 

Cold Activator 70.0 + 1.8 Low temperatures: Cold Shock 90% 9 
GalR/Lac] Repressor 333.7 + 12.3 Carbon sources uptake 90% i4 

EBP Activator Heterogeneous Nitrogen assimilation, aromatic 10% 14 

amino acid synthesis, and several 

functions 

TetR/AcrR Repressor 210.0 + 17.1 Tetracycline resistance 66% 9 
AsnC Dual 156+6,9 Amino acid biosynthesis 66% 3 

IcIR Repressor 272.4 419.5 Carbon sources uptake 60% 8 
GntR Repressor 246.0 + 1.4 Carbon metabolism 55% 20 

DeoR Repressor 256.8 + 12.7 Sugar metabolism 50% 14 
LysR Dual Heterogeneous Amino acid biosynthesis 50% 45 
OmpR# Activator 230.6 + 7.3 Adaptative response 45% 16 

LuxR/UhpA Activator 219.2 + 13.2 Biosynthesis, and glycerol 40% 17 

metabolism 

AraC/XylS Activator Heterogeneous Virulence, transposition, sugar 22% 27 

metabolism 

Others Several 233.9 + 258.6 Several functions ** 116 
  

Table 10, Functional conservation of transcriptional factor families. 

We whow the most conserved families in terms of length size. Only families with more than 8 members in E. 
coli were considered in this analysis. The first column indicates the family name; the second column contains 

the mean of the length sequence size for each family, and the standard deviation (+). Additionally, the main 

physiological function, the number of proteins per family, and the regulatory role associated are indicated in 
the last three columns. Although Crp and AsnC families are rarely represented in E. coli to consider a main 

physiological function, in the most prokaryotes the function is conserved (data not shown). ** Not calculated. 
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Family Replichore 1 Replichore 2 Paraltel Antiparallel 

AraC/XyI1S 60.0 40.0 40.0 60.0 

Cold 75.0 25.0 50.0 50.0 

DeoR 43.7 56.2 31.2 68.7 

EBP 38.4 61.5 53.8 46.1 

GalR/Lacl 42.8 57.1 35.7 64.3 
GntR 40.0 60.0 54.5 45.4 
IclR 71.4 28.5 14.3 85.7 

Luxr/UhpA 35.3 64.7 52.9 4711 

LysR 43.2 56.8 29.5 704 
NagR/XyIR 66.6 33.3 50.0 50.0 

TetR/AcrR 57.1 42.8 42.8 57.1 

OmpR 66.6 33.3 40.0 60.0 

Others 60.1 39.8 50.0 50.0 

TOTAL 45.6 54.3 44.7 55.2 
  

Table11. Direction of transcription/replication in all regulators of E. coli. 

The first column indicates the family name. The second and third columns desribe the replichore (defined in 
Blattner, F. et al. 1997. Fourth and fifth columns contain the percentage of proteins that have the same 
direction of transcription/replication (Parallel); and percentage of members with different direction of 
transcription/replication (antiparallel). 45% of the regulators are in the replichore_1 and 55% in the 
replichore_2. 
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Protein! Protein2_ Family Address Regulatory function 
Parallel transcription 

Lac MhpR GalR/LacI-IcIR RR . + 
HipA HipB Unclass- Unclass R R ? - 
Mie YafL NagC/XyIR-LysR RR - +/- 
FIRC& FHID& Unclass- Unclass RR + + 
Cbi* Nac* LysR-LysR RR +/- +/- 
Yjhi SgcR IclR-DeoR RR - - 

Yhiw* Yhix* AraC/XyIS - AraC/XylS RR + ? 
YheN YheO Unclass - Unclass RR ? + 
b1146 YmfL Unclass- Unclass F F + - 
b1438 b1439 Unclass- GatR F F + ? 
MarR# MarA# MarR- AraC/XylS F F - + 
YfeC YfeD Homol-Unclass F F - - 
GutM# SrlR# Unclass -DeoR F F + - 
RhaS*# RhaR*# AraC/XylS - AraC/XylS F F + + 
Divergent transcription 

CspB* CspF* Cold-Cold R F + + 
CspH* CspG* Cold-Cold DP + 
b0845 b0846 Unclass- TetR/AcrR R F ? ? 
YdaR YdaS Unclass- Unclass R F - - 
DicC DicA Unclass- Unclass R F - - 
GatR_| 62088 DeoR- Unclass R F - ? 
TdcA TdcR LysR- Unclass R F + + 

YhjB YhjC LuxR-LysR R F + +/- 
SoxS# SoxR# AraC/XylS-MerR R F + + 
YahA YahB Unclass -LysR FR - +/- 

YhgB GipR EBP-DeoR F R ? - 
YedC PutA TetR/AcrR-PutA F R - - 

PurR YdhB GalR/LacI -LysR FR - +/- 
GleC 62981 GntR-Unclass F_R + - 
  

Table 12. Neighbor transcriptional factor genes. 

The first and second columns describe the names of the neighboring genes. The family of the regulator is 
indicated in the third column. The direction of transcription (forward or reverse) is indicated in the fourth 
column. The fifth and sixth columns indicate the regulatory roles of the proteins. Plus: activator, Minus: 
Repressor, Plus/Minor: dual, and unknown. Genetic duplication are marked with stars (sequence comparison). 
In the Cold shock family there are evidences of genetic duplication: Genome position and sequence 
Conservation (see text). #Cascades of regulation. & Protein complex. Parallel refers to the same direction of 
transcription and replication for both genes, and divergent refers to genes in opposite direction of 
transcription/replication. 
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Family % in total of 314 % in 105 single-direction 

LysR 14 21 
EBP 45 76 

GalR/Lacl 4.5 9.6 

LuxR/UhpA 5.4 6.7 

AraC/XytS 8.6 8.6 

GuR 64 5.7 

Other* 45 40.8 

Total 88.4 100% 
  

Table 13. 105 regulatory genes are organized as single-transcription units. 

* DeoR, Crp, Fur, IclR, OmpR-like, TetR, Cold, and unclass proteins. 

  

  

_Regulator Family Regulatory function _ Additional Function 

Ada* ArsR/XylS Dual regulator Methylated DNA protein cysteine methyltransferase 

ArgR* ArgR Arginine repressor Site specific recombination in the plasmid ColE1 

BirA* BirA Biotin repressor Biotin-Acetyl-CoA-Carboxylase synthetase 

DnaA DnaA Dual regulator Involved in the chromosomal replication initiation 

Fis* EBP Dual regulator Factor for invertion stimulation protein 

HNS Has Global repressor Histone like protein 

PutA PutA Proline repressor Proline dehydrogenase 

Cri Unclass Activator DNA organization, Curli formation and fibronectin 

binding 

NadR* Unclass Repressor NAD transport 
  

Table 14. Additional functions described in regulatory proteins. 

Proteins with a HTH described as marked with an asterisk. DnaA present a HLH domain. HNS has a B-sheet, 

and PutA does not have an apparent DNA-binding motif 
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Figure 1. Prediction of regulatory proteins in the E. coli genome. 
The method is divided in two stages. In the first stage, a set of putative transcriptional factors is 
described. Search in SwissProt DB (keywords, and regular expressions were used), and scanning all 
ORFs (4283) of E. coli genome using Dodd and Egan, Prosite patterns, and Gibbs sampler 
algorithms were performed. Parallel to scanning the genome and the SwissProt search, a literature 
search was performed for evidences about our transcriptional factors. We filtered proteins that are not 
transcriptional regulators (a transcriptional factor has a DNA-bind functional motif). In the second 
part, we made a sequence comparison using blast to detect additional! proteins that in previous stages 
were not detected. Additionally, we used, the annotations of the E. coli genome provided by Blatter, 
and the collection of RegulonDB (Huerta et al 1998). 
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Figure 2. Venn diagram of all predictions. 

Venn diagram showing all proteins and the methods used. In blue are characterized 

proteins and in black are predicted proteins. 

69



lf 

    

  

& Known 

    @ Predicted 
        

~ Predicted 
Known 

  

101 
  

  
oAll 

@ Activator 

ORepressor 

ODual 

m Unknown 

Fr
eq
ue
nc
y 

      

   
   

  

    ~ Unknown 

Repressor 

Relative Position of the H 70 80 80-90. 100-     
  

Figure 3. HTH distribution in the complete set of E. coli proteins. 

In the X-axis, 0% represents the N-terminal and 100% the C-terminal end of the protein. The Y-axis shows 
the frequency of proteins. 234 transcriptional factors with the HTH and regulatory role were taken into 

account for this analysis. Known and hypothetical transcriptional factors have a similar distribution as the one 

observed for all prokaryotic proteins. In panel A, the relative position of the HTH was calculated into 
characterized (blue line) and predicted (red line) transcriptional factors. In panel B) all proteins were plotted 

respect to regulatory role. 70



  

  

Fr
eq

ue
nc

y 

  

  

    

  
  

    

200 

180 ODISTRIBUTION OF PROTEIN 
FAMILIES E. coli 

160 + DISTRIBUTION OF PROTEIN 
140 + FAMILIES Prokaryotes 
  

    

  

  

  

  

  

    Add a: 
SHO dea Paeaeaaea gaa ya Bamgeaecage dae ee | a bo 5 > = 2&6 = SeGsgh tes egs saga gts ghee gag § 

8 8 é se e 
2 Be 
4 a 

Protein Family 

Pe
mK
 

Xv
Pr
 

Rp
ik
iv
eb
K/
Vt
hi
t 

  

B
o
l
é
 

}     

Figure 4. Protein families distribution in Prokaryotes and E. coli. 

All protein families reported in prokaryotes were obtained by an exhaustively search in SwissProt and all 

ORFs of E. coli, using several approaches. All protein families are present in the same proportion both 

in E. coli (blue) and prokaryotes (red). In the "X" axis the protein families are represented while in the 

"“Y" axis the frequency. 

#I



pf 

A 

4,000,000 
1 fi oa {iol if 

XY gy 

S Z 
_ o 1,000,000 

— - 

—= = = = 

~~ 4,639,221 pb ~~ 
= 314 DNA-binding transcriptional regulators == 
— — 

a = 
— 

ZB SS 

2,000,000 

Figure 5. Regulatory gene location in the E. coli chromosome 

In A, All gene regulators were plotted in a circular map of E. coli. oriC (replication origin) and ter 
(termination site) are represented by a star. Genes are represented in blue lines. Genes that touch the 

line have the same direction of transcription and replication, while genes that do not touch the genome 

are transcribed opposite direction to thereplication, .B) the Cold Shock family, C) the LysR family and 

d) the GntR family. 

$2



   
4,000,000 

1,000,000 

4,639,221pb 
Cold Shock 
family 

       

    
3,000,000 

2,000,000 

#3



     

    

       

   

  
4,000,000 

My Onc 

1,000,000 

4,639,221pb 

—— LysR 
family 

3,000,000 

2,000,000 

44 

  

 



   
   
   

4,000,000 

1,000,000 

4,639,221 pb 

GntR family      

   
3,000,000 

2,000,000 

eS



Factores de la transcripcion en E. coli... 

SEGUNDA PARTE: _ Propuesta del supergrupo HTH N-terminal 

Un tema importante en la regulacién transcripcional es la evolucién de los reguladores, y en 

particular aquellas proteinas que presentan el motivo de unién al DNA del tipo Hélice-vuelta-hélice 

(HTH). Aunque la estructura primaria de estos motivos no esta totalmente conservada en todos los 

reguladores que la presentan, la estructura base parece no estar alterada, por ejemplo, comparaciones 

estructurales del HTH y regiones adyacentes han evidenciado la existencia de al menos siete 

familias. Unicamente la regién que puede ayudar a diferenciar entre un HTH y otro -a nivel de 

estructura- es la orientacién de una tercer a-hélice que bordea al motivo funcional (Wintjens et 

al.1997). Esto significa que el motivo requiere un nimero limitado de residuos para adoptar un 

plegamiento correcto (Sauer et al.1982. Brennan et al.1989) y que conlleva a que la secuencia 

adicional permita un numero de sustituciones que no afectarfan la estructura central. En esta segunda 

parte del trabajo, mostramos la existencia de un supergrupo de proteinas reguladoras con el HTH en 

el N-terminal originado posiblemente de un ancestro comin. Esta especulacién esta basada en la 

existencia de patrones comunes, pero cuyo tiempo de divergencia es tal, que dificilmente pueden 

detectarse por métodos de andlisis de secuencia tradicionales. 

Material y Método 

El genoma completo de E. coli cepa K12 versién m53 que contiene alrededor de 4400 ORFs fue 

utilizado para este trabajo (Blattner et al.1997). Por otra parte, todos los dominios de pegado al DNA 

(DBD) se definieron por medio de una consulta en las bases de datos de ProDom (Corpet et al.1999; 

Corpet et al.1998; Gouzy et al.1996), y en el Protein DataBank (Sussman et al.1998). 

Posteriormente, estas delimitaciones fueron corroboradas por consultas bibliogrdficas. 

En general, podemos afirmar que los DBD presentan una longitud de alrededor de 60 residuos de 

aminodcidos, por ejemplo, el DBD en miembros de la familia GalR/Lacl, como Lacl (Lewis et 

al.1996), PurR (Schumacher et al.1994), y FruR (Penin et al.1997) es de alrededor 59 residuos y se 

localiza cerca del N-terminal (Weickert et al.1992). El DBD en los miembros de la familia 
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AraC/XylS consta de alrededor 60 residuos de longitud (Gallegos et al.1997), y presenta una 

posicion variable dentro de la secuencia. En los activadores Rob (Ariza et al.1995), y MarA (Jair et 

al.1995) el DBD se localiza en el N-terminal, mientras que en AraC (Bustos et al.1993), RhaR 

(Tobin et al.1990), y RhaS (Tobin et al.1990) se localiza en el ultimo tercio del C-terminal. 

En este trabajo consideramos 81 reguladores transcripcionales agrupados en 13 familias (ver tabla 3) 

para detectar relaciones evolutivas distantes. El DBD en estas proteinas se localizado en el N- 

terminal o en el C-terminal. La estrategia para comparar y detectar posibles regiones comunes entre 

las secuencias proteicas ya ha sido descrito (Neuwald et al.1997). Cada uno de los DBD fueron 

utilizados como secuencias queries para buscar y detectar homdlogos distantes en todos los ORFs 

del genoma de E. coli utilizando el programa denominado Probe (Neuwald et al.1997). Probe 

construye un alineamiento utilizando diferentes herramientas de comparacién de secuencias. En el 

paso inicial, se compara por Blast2.0 una secuencia query (los DBD ya mencionados) contra todo el 

genoma de E. coli, esta comparacién genera un conjunto de secuencias relacionadas que constituyen 

a su vez nuevas Secuencias queries, Aqui se introduce el criterio de homologfa indirecta, es decir, si 

A es homologa de B y B es homologo de C, entonces se asume que A y C son homélogos. Una vez 

que se converge a un set que no puede crecer mas (ya que se recorrié todo el espacio de bisqueda), 

entonces se utiliza el método de Gibbs Sampler para detectar un patrén comin en todas estas 

secuencias. Adicionalmente se generan matrices a partir de estos patrones y se vuelve a realizar otra 

serie de bisquedas para detectar posibles secuencias relacionadas que no se detectaron con 

anterioridad. Al detectarse el patrén comtin se realinea varias veces con algoritmos genéticos para 

determinar el mejor alineamiento y presentarlo como el éptimo. (Neuwald et al.1997). Cabe sefialar 

que el proceso de busqueda es iterativo y termina cuando ya no se detectan mds secuencias 

relacionadas o bien cuando el conjunto de proteinas detectado ya no crece més. 

En el caso de las proteinas reguladoras utilizadas como secuencias guery, el programa convirgié 

varias veces en un patrén comin que es compartido por proteinas de ocho familias reguladoras y que 

corresponde al DBD (ver tabla 3 y figura 5). 
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Familia DBD #deProteinas _ Familias detectadas 

AraC/XytS NyC-terminal 7 AraC/XylS 

AsaC N- terminal i AsnC 

Crp C- terminal 2 - 

DeoR N- terminal 7 DeoR, GatR, IclR, GalR/Lacl, TetR, Crp, MarR 

EBP C- terminal 5 EBP 

IciR N- terminal 2 GatR, DeoR, IcIR, MarR 

GalR/Lacl N- terminal 12 GaiR/Lacl, TetR/AcrR, DeoR 

LexA N- terminal 1 LexA 

GntR N- terminal 9 GatR,IciR, DeoR. Fur 

LuxR/UhpA = C-terminal 6 - 

LysR N- terminal 19 LysR 

MerR N- terminal 1 MerR 

TetR/ActR N- terminal 5 GalR/Lacl 
  

Tabla 3.Familias empleadas para detectas relaciones evolutivas distantes. 81 secuencias de 

diferentes familias fueron utilizadas como gueries para la deteccién de patrones comunes, 4 

de las cuales no est4n clasificadas. Nomenclatura: Familia; DBD: Regién donde se localiza el 

dominio de pegado al DNA en la secuencia; Numero de protefnas utilzadas como queries; y, 

familias que comparten un patrén. 

Resultados 

Con base en la comparacién de secuencias y pensando que el HTH es un motivo relativamente 

conservado (Ohlendorf et al. 1983), nosotros realizamos una bisqueda iterativa en todo el genoma de 

E. coli K12. En este sentido, la convergencia de los patrones detectados en diversas proteinas 

agrupadas en ocho familias deben ser interpretados como las secuencias mas relacionadas en todo el 

universo de protefnas de E.coli y que corresponden a varias protefinas reguladoras agrupadas en al 

menos ocho familias evolutivas 

Alineamiento mostrando las relaciones entre las familias proteicas 

La biisqueda independiente de patrones con las 81 secuencias query (ver tabla 3), convirgié hacia un 

patrén que relaciona a proteinas de ocho familias reguladoras: GalR/LacI (Weickert et al.1992), 

DeoR (Valentin-Hansen et al.1985), IcIR (Ferrandez et al. 1997), GntR (Haydon et al.1991), Crp 

(Spiro.1993), MarR (Sulavik et al.1995) MerR (Zeng et al.1998), y AsnC (De Mot et al. 1996), 

ademas de cinco proteinas no clasificadas (P77484, ~DtxR, YbaE, YmfN y YabN). En todas estas 
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protefnas el patrén detectado se localiza cerca del N-terminal, con excepcién de tres proteinas que lo 
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presentan en el C-terminal (Crp, Fnr y YjdG). Dicho patrén esta constituido por 40 residuos de 

aminodcidos, y corresponde al DBD que contiene tanto el HTH como una tercer o-hélice en varias 

de las proteinas (Wintjens et al.1997; Suzuki et al.1995). Cabe mencionar que independientemente 

del patrén utilizado para cada una de las biisquedas en el genoma completo de E. coli, la 

convergencia fue hacia un mismo conjunto de proteinas reguladoras, por lo que podemos sefialar que 

las protefnas relacionadas son aquellas que son recuperadas por diferentes secuencias pregunta en 

buisquedas independientes. De hecho, alrededor del 80% del total de las protefnas-de estas ocho 

familias fueron recuperadas en las diferentes biisquedas. 

Los primeros 10 residuos del patrén incluyen la hélice de reconocimiento inespecifico y son 

principalmente de naturaleza hidrofébica, excepto en la posicién 5 donde un aminodcido con carga 

negativa est4 presente. Las caracteristicas de esta regidn son consistentes con que la funcién de la 

primer G-hélice, ya que contacta inespecificamente los grupos fosfatos del DNA (Brennan et 

al.1989). La segunda a-hélice es importante dentro del proceso de reconocimiento, tiene tres sitios 

hidrofébicos que han sido descritos en miembros de la familia Crp que estarian formando un pocket 

hidrofébico que estabilizaria el HTH, mientras que las posiciones variables dentro de la estructura 

serian importantes para el reconocimiento especffico del DNA (Brennan et al. 1989). Los residuos 

Ala8 y Gly9 son importantes para formar la vuelta entre las dos hélices (Steitz et al.1982. Weber et 

al.1982). 

Debemos mencionar, que detectamos patrones adicionales a la regién donde se localiza el HTH. 

Dichos patrones son especificos para algunas familias de reguladores y corresponden a sitios de 

interaccién con inductores o sitios para multimerizacién de las proteinas. Por ejemplo, en las 

familias GalR/Lacl, DeoR y TetR/AcrR, se localiza un segundo patrén en posicién C-terminal y que 

estaria implicado en el pegado al inductor (Weickert et al. 1992). Figura 5. 

Un segundo grupo de proteinas reguladoras claramente delimitado fue detectado utilizando como 

secuencias pregunta a miembros de la familia LysR. El segundo grupo corresponde a miembros de la 

familia LysR (Henikoff et al.1988. Schell. 1993). 
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Figura 5. Patrones detectados y alineamiento de las proteinas relacionadas en E. coli. A) Supergrupo 

HTH-N terminal y B) familia LysR. En azul intenso se sefiala el DBD (motif A) y en otros colores 

(motifs B, C) sitios probables de contacto con el inductor. 

En la primer columna se muestra el nombre de la protefna; el nimero representa a las siguientes 

familias: 1 IcIR; 2 GntR; 3 DeoR; 4 MarR, 5 GalR/lacI; 7 Crp/Fnr; y 8 no clasificadas. En el caso 

de la familia LysR se presenta solo el] nombre de los miembros de la misma. Los nimeros 

bordeando la secuencias indican el inicio y el final del patrén en la secuencia. Los aminodcidos son 

representados de acuerdo al siguiente cédigo: rojo, residuos dcidos (D y E); rosa, residuos amidicos 

(N y Q); azul fuerte, residuos bdsicos (K, R y H); azul claro, residuos alifaticos (A, V, L, e D; 

verde, residuos aromaticos (F, Y y W); amarillo, residuos hidroxilos (S,T); negro: G, P, M y C. 

En la parte superior se muestra el HTH descrito en Crp, PurR, FruR y Lacl. Mientras que en la 

familia LysR se indica el HTH con respecto a las predicciones reportadas para LysR, OxyR y 

CysB, asi como por las predicciones hechas en este trabajo. Se muestran las posiciones conservadas 

(*) dentro del H-T-H y alrededor del mismo. Los puntos indican menor conservacién por posicién. 
Los patrones adicionales a la regidn donde se localiza el HTH corresponden a sitios de interaccién 

con inductores, descritos en miembros de la familia LysR, asf como en protefnas de la familia 

DeoR.  



Factores de la transcripcion en E. coli... 

En la familia LysR detectamos tres motivos o patrones: El primer patrén incluye al dominio de 

pegado al DNA (localizado en el N-terminal), mientras que los dos restantes (localizados en el C- 

terminal) estarian implicados en el reconocimiento al inductor (Schell, 1993). Figura 5. A 

continuacién daremos una descripcién de los grupos relacionados en términos funcionales (tabla 4): 

Supergrupo 

A) De todas las proteinas con el HTH en el N-terminal, el 43.3% forma parte del supergrupo. 

B) El 47.4% de las protefnas con el HTH en el intervalo del 10 al 20% del N-terminal se 

localizan en el supergrupo. Alrededor del 80% de todos los miembros de las familias relacionadas 

fueron detectados en el proceso de btisqueda, 

Cc) Crp y Fnr son los tinicos reguladores del supergrupo que presentan el HTH en el C-terminal. 

Crp ha sido propuesto como miembro de la superfamilia Crp donde se incluyen proteinas como 

LexA, BirA (con el HTH en el N-terminal), asf como el represor de la toxina de la difteria (DtxR) 

(Holm et al.1994). En el supergrupo, detectamos un homdlogo de DtxR. 

Cc) El supergrupo incluye a mas de la mitad de las protefnas represoras (alrededor del 55%) 

reportadas en E. coli. S6lo unas pocas proteinas con actividad dual son incluidas. 

D) La mayoria de los miembros del supergrupo estarian implicados en la regulacién de los 

genes para la asimilacién de fuentes de carbono. 

En conclusién, las protefnas incluidas en el supergrupo contienen a la mayoria de los represores 

reportados en el N-terminal y contiene a varias familias con propiedades funcionales homogéneas. 

Familia LysR 

A) Esta familia agrupa alrededor del 65% del total de los reguladores duales. Es decir, los 

reguladores de esta familia activan diversos genes y se autoregulan asf mismos. 

B) El HTH se localiza hacia el primer 10% N-terminal de la secuencia. 

C) La mayoria de los miembros de la familia regulan genes para la biosintesis de aminodcidos. 
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Factores de la transcripcion en E. coli... 

D) Su direccién de transcripcién va en contra de la direccién de replicacidn en el 71% de sus 

genesEn el genoma completo de E. coli hay una proporcién del 50% para cada grupo de 

genes (divergentes y paralelos a la replicacién). 

  

Caracteristicas _ Supergrupo__LysR Colecccién 
  

Represor 55.1% 1.8% 43.0% 

Activador 16.4% 4.4% 80.0% 

Dual 14.0% 65.5% 20.1% 

Paralelo 44.0% 29.0% 48.5% 

Divergente 56.0% 71.0% 51.5% 
  

Tabla 4. Comparacién funcional entre los grupos detectados. 55% de las proteinas activadoras, 

16% de los represores y 14% de los reguladores duales de la coleccién estén inclufdos en el 

supergrupo. 44% de los miembros del supergrupo presentan una direccién paralela de 

transcripcién/replicacién, mientras que e] 56% es antiparalela. En la familia LysR, se agrupa el 

1.8% de los represores, 4.4% de los activadores y el 65.5% de los reguladores duales de la 

coleccién. Alrededor del 70% de sus genes tienen una direccién antiparalela de 

replicacién/transcripcién. 

Discusién 

El HTH es una estructura de pegado a nucledtidos muy antigua, descrita en arqueobacterias, tales 

como en Methanococcus jannaschi y Pyrococcus furiosus (Kyrpides et al.1995), asi como en 

proteinas que estabilizan el RNA ribosomal (Yonath et al. 1997. Xing et al.1997). Este motivo esta 

ampliamente diversificado entre los reguladores transcripcionales tanto de procariotes y eucariotes 

(Treisman et al. 1992). 

Una de las preguntas a responder es si las proteinas reguladoras con HTH presentan un solo origen o 

han sido creados en diferentes momentos de la evolucién. Las evidencias que hemos colectado en 

este trabajo apoyan la idea de un ancestro comtin para un gran supergrupo de reguladores que 

comparten la posicién del HTH, la funcién reguladora y las funciones metabélicas reguladas. La 

existencia de un segundo grupo -representado por la familia LysR- con el HTH en la misma regién 

que el supergrupo puede indicarnos la posibilidad de que el tiempo de divergencia ente un grupo y 

otro es tan antigua que no podemos detectarlo por los métodos existentes o bien, existe la posibilidad 

de diferentes orfgenes evolutivos. 
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En el caso de la familia LysR, posiciones cruciales en el plegamiento del HTH no estan conservados, 

a diferencia del supergrupo que si las presenta (Wintjens et al.1997). Por ejemplo, en la familia LysR 

no est4 presente la glicina de la vuelta, el residuo 5 de la primer a-hélice tiene una cadena lateral 

ramificada (en la estructura del HTH clasico no se presentan ningtin aminodcido ramificado) y los 

residuos 8 y 10 estén cargados. En resumen, la familia LysR no presenta las restricciones 

estereoquimicas impuestas en el HTH, por lo que cabe la posibilidad de que esta familia se haya 

derivado paralelamente al HTH de los represores. 

En este contexto, cada grupo funcional de proteinas reguladoras (mencionados anteriormente) 

formarian un grupo evolutivo donde 1a posicién del dominio de pegado al DNA se conserva. Nuestra 

hipstesis, es que un regulador evolucioné como un ancestro de las proteinas represoras y 

activadoras. Posteriormente, los dominios que responderian a sefiales inductoras se adicionarian para 

formar una sola entidad funcional que responderia a las diferentes condiciones ambientales. El] HTH, 

por lo tanto, quedaria englobado en un dominio Pequefio que se localizarfa cerca de la regién 

terminal de la proteina. Propuestas similares han sido analizadas para la construccién del HTH (Yura 

et al.1993), y en algunas familias de reguladores, tales como en los dos componentes (Pao et al. 

1995), GalR/Lacl (Vartak et al. 1991) y NagR/XyIR (Titgemeyer et al. 1994). 

Cabe sefialar que para ambos grupos de reguladores se realiz6 un andlisis filogénetico, utilizando los 

métodos de maxima parsimonia y de distancia genética. Sin embargo, para el caso del supergrupo 

HTH-N-terminal, el tamajio del patrén no es suficiente para inferir una historia evolutiva, por lo cual 

para la propuesta del grupo no fue tomado en cuenta dicho andlisis. 

DISCUSION GENERAL 

El genoma completo de E. coli cepa K12 ofrece una de las mejores oportunidades para dilucidar el 

panorama completo del mecanismo de la regulacién transcripcional. En este trabajo nos hemos 

enfocado en describir desde dos perspectivas a las proteinas reguladoras de la transcripcién. El 

primer enfoque hace énfasis en la compilacién de ios factores transcripcionales caracterizados 

experimentalmente y predichos por andlisis computacionales. El segundo enfoque hace referencia a 

86



Factores de la transcripcion en E. coli... 

la descripcién de dos grupos de protefnas reguladoras que posiblemente comparten diferentes 

origenes. Pero jqué hemos aportado con la compilacidén de los reguladores transcripcionales?. 

A) La coleccién de los 314 reguladores transcripcionales de E. coli K12 refleja -posiblemente- el 

total de factores que E. coli necesita para regular todos sus genes, si consideramos que hay una 

relacién de 1 gene regulador por cada 10 0 12 genes regulados. Esto significa, que alrededor del 10% 

de los productos génicos de E. coli se destinan a regular el inicio de la transcripcién. 

Aproximadamente la mitad de los reguladores descritos en la coleccién han sido descritos 

experimentalmente, mientras que la otra mitad son propuestos en este trabajo. 

B) El motivo de unidén al DNA o HTH es uno de los mejores indicadores para describir a un 

regulador transcripcional y para asignarle una funcién. Es decir, si describimos un HTH en una 

proteina y ademas se localiza en un extremo proteico es muy probable que sea un regulador 

transcripcional al cual se le puede asignar 1a funcién de represor o activador. 

C) Las protefnas reguladoras de E. coli se han agrupado en familias, lo que ha evidenciado que 

algunas familias presenten una gran cantidad de miembros (LysR con 45 miembros), mientras que 

hay familias donde s6lo se presentan uno o dos miembros (Crp). Es posible que algunas familias han 

duplicado su nimero de genes al interior de E. coli y por lo tanto es posible predecir que estas 

familias seran homogéneas en términos de secuencia y funcidn. Ver el articulo “The Repertoire of 

DNA-Binding Transcriptional Regulators in Escherichia coli”. 

D) En términos funcionales, qué significa este nimero de reguladores y la gran cantidad de 

miembros de una misma familia?. Una posible explicacién es que E. coli es una bacteria que tiene la 

capacidad de habitar y explotar diferentes ambientes. Esta caracteristica de E. coli implicaria 

también que la bacteria esté sometida a diferentes presiones de selecci6n y que provocaria un 

aumento en el ntimero de genes reguladores para contender con dichas condiciones. 

En conclusién, este trabajo aporta tanto la descripcién funcional de los reguladores y ademés intenta 

dar una explicacién al por qué de la presencia de estos genes reguladores. 

En relacién a la segunda parte del trabajo, ,qué significa la presencia de grupos evolutivamente 

relacionados con el HTH?. 
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Pensando en que los reguladores transcripcionales han sido posiblemente originados a partir de un 

ancestro comin, hemos intentado describirlos en términos de regiones o patrones compartidos. Estos 

patrones reflejan la existencia de al menos dos grupos claramente delimitados, tanto por secuencia 

como por funcién. En consecuencia, podemos definir un grupo de represores y un grupo de proteinas ~ 

duales en el extremo N-terminal. La existencia de diferencias en aminodcidos que ocupan posiciones 

fundamentales en el motivo de unidn al DNA nos hace pensar que ambos grupos se han originado a 

partir de dos eventos evolutivos diferentes o bien que el tiempo de divergencia es tal que atin somos 

incapaces de detectar relaciones evolutivas entre ellos. En resumen, la presencia de grupos 

funcionales al interior de todos los reguladores transcripcionales no sélo de E. coli sino también de 

procariotes, nos hace pensar en que la posicidn del HTH es una de las mejores huellas evolutivas que 

valdria la pena rastrear entre todas las bacterias. 

PERSPECTIVAS GENERALES 

Con la descripcién de los reguladores transcripcionales y la propuesta del supergrupo HTH N- 

terminal, se abren varias lineas de investigacién que podrian ser abordadas y que mencionamos a 

continuacién 

« Con el fin de determinar la antigiiedad de los mecanismos regulatorios, hemos empezado la 

deteccién y descripcién de proteinas homdlogas a los reguladores de E. coli en otros genomas, 

tales como en la arqueobacteria Methanococcus jannaschi. En esta bacteria detectamos alrededor 

de 17 posibles reguladores transcripcionales utilizando al regulador DeoR de E. coli como 

secuencia query. De los 17 posibles reguladores, describimos a 12 como represores y 5 como 

activadores (utilizando la posicién del HTH como indicador de funcidén). De las predicciones 

realizadas, cuatro proteinas se describen en el genoma como reguladoras y una de ellas como un 

posible represor. Andlisis similares deberan de ser realizados en todos los genomas disponibles. 

Con la deteccién de los reguladores transcripcionales en otros genomas, se pueden responder 

varias preguntas: ,Cual es el panorama de regulacién transcripcional en otros organismos?, 

~Cémo han evolucionado dichos sistemas de regulacién? y {La conservacién de funciones 
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reguladas por los reguladores en E. coli es similar en otros organismos?. En conclusién, la 

deteccién de los reguladores transcripcionales (utilizando un enfoque de busqueda similar al de 

E. coli) en otros genomas representa la oportunidad para trazar la historia evolutiva de la 

transcripcién en otros sistemas biolédgicos con un enfoque mas integrado gracias a la existencia 

de genomas completos. 

La deteccién de los sitios de regulacién en E. coli para todos los reguladores transcripcionales 

seré de gran importancia para complementar desde la perspectiva del DNA, los sitios de 

interacci6n DNA-proteina. En RegulonDB se han almacenado los sitios de pegado con evidencia 

experimental, para alrededor de 50 proteinas reguladoras. Creemos que si utilizamos los sitios 

que corresponden a miembros de una misma familia y generamos matrices de busqueda genérica 

para varias protefnas, se localizardn los sitios de pegado al DNA para las proteinas tanto 

conocidas como predichas. 

La realizacién de experimentos donde se hagan mutantes de los reguladores predichos sera 

importante para determinar y/o solidificar las predicciones realizadas por métodos 

computacionales. Un primer candidato para realizar el experimento es Yeil__B2163 una proteina 

homologa —en fold- a Crp/Fnr y que bien podria ser otro regulador global. Un primer andlisis 

podria ser probando la mutante en medio minimo y con diferentes fuentes de carbono, 

describiendo el fenotipo de la mutante. 

Buscar relaciones entre las proteinas que presentan el HTH en el C-terminal, para determinar si 

presentan uno o més posibles origenes evolutivos. 

El andlisis posicional de los motivos proteicos que ha sido utilizado en este trabajo serd relavante 

para realizar predicciones en proteinas con posible funcién de regulador transcripcional. En el 

caso de las proteinas que se unen al DNA con el motivo HTH, la posicién de esta estructura 

dentro de la secuencia nos ha ayudado a determinar si una proteina es reguladora y cual es su 

funcién mas probable, utilizando el mismo enfoque en otros genomas completos se puede 

dilucidar la funcién de cada uno de tos posibles reguladores transcripcionales que se detecten. 

{Qué otro tipo de motivos estructurales pueden ser utilizados como indicadores evolutivos en las 

protefnas?. En un andlisis preliminar en proteinas de la familia de las EBP (Enhancer Binding 
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Proteins) se calculd la posicién de los diferentes motivos funcionales. Con base en este andlisis 

encontramos que el HTH estd localizado en los tiltimos 35 residuos de aminodcidos del extremo 

C-terminal. La distancia de este motivo con respecto al sitio de interaccién con el factor sigma es 

de alrededor 160 residuos y la distancia entre el sitio de interaccién de la proteina-factor sigma - 

con respecto al posible sitio de interaccién con el ATP es de alrededor 80 residuos. Por lo que la 

organizacién de las proteinas de esta familia seria de la siguiente forma: extremo N-terminal--- 

ATP binding site-80 aa--Factor sigma—160 aa-HTH---C-terminal. 

e Finalmente, estamos disefiando una herramienta que utilice la prediccién del fold y la deteccién 

de patrones en secuencias proteicas, esto con el fin de determinar-con un enfoque estructural la 

presencia de reguladores y/o proteinas que se asocian al DNA en otros genomas. 
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