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..Respiré el aire de los tamarindos. Vibraba la noche. llena de hojas he insectos. Los grillos vivaqueaban eutre
las hierbas altas. Alcé la cara: arriba también habian establecido campamento las estrellas. Pensé que el
universo era un vasto sistema de seiiales. una conversacion entre seres inmensos. Mis actos, e} serrucho del
grillo, el parpadeo de la estrella, no eran sino pausas v silabas, frases dispersas de aquel didlogo. Cual seria

esa palabra de la cual vo era una silaba? ;Quién dice esa palabra v a quién se la dice?..

El Ramo Azul

Octavio Paz
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i. Resumen

El estudio del origen y la evolucién lemprana de la vida es en esencia un problema historico. Se requiere de
multiples aproximaciones para tratar de reconstruir los cventos que comenzaron con la sopa prebidtica.y que
(inalmente desembocaron en los primeros seres vivos. En esta lesis se aborda el estudio de tres aspectos
fundamentales de la evolucion de las primeras células. Primero se pretende una reconstruccion del
complemento genético del ultimo ancestro comin. mediante el analisis de 20 genomas celulares dc
organisiios 1o parasitos utilizando una metodologia de busquedas de BLAST de un solo sentido. Los genes
asi identificados estan relacionados principalmente con el metabolismo del RNA. Dicho hallazgo sugicre que
previo a los sistemas celulares basados en DNA/RNA/proteinas. las células estaban basadas cn
RNA/proteinas. En segundo lugar se intenta reconstruir la evolucion temprana de la enzima replicativa central
(la DNA polimerasa). A pesar de que la replicacion del DNA es un proceso central en todos los sercs vivos. la
enzima que se encarga de replicar el material genético es de origen polifilético entre los linajes Baclerianos v
Archaea/Eucariontes. En este trabajo se sugiere que dicho patron de conservacion se debe a una sustitucion no
ortdloga en la base del arbol universal. Ademas se sugiere que el dowminio catalitico (palm domain) de las
DNA polimerasas I. II, RNA polimerasas virales vy reverso transcriptasas proviene de una etapa previa al
mundo del DNA. En tercer lugar. en este trabajo se sugiere que los dominios de union a RNA son algunas de
las proteinas mds antiguas que podemos reconocer. De acuerdo a ello. se construyd una base de datos de 68
dominios de unién a RNA. 33 de los cuales estan universalmente conservados v presumiblemente. provienen
de una etapa en donde las células poseian genomas de RNA. El patrén de duplicacion de alguuas de estos
dominios sugiere que la duplicacion génica v 1a evolucion por patcinvork han jugado un papel central en la

generacion de nuevas proteinas y nuevas funciones desde los albores de la vida en la Tierra.



ii. Abstract

The study of the origin and carly evolution of life is an historic problem. [n order to understand the events thal
began in the prebiotic soup and lead to the first living cells it is necessary to usc several differeut
approximations. n this thesis we ask thiree important aspects of the early evolution of ancient cells. First. we
make an inference of the gene complement of the Last Common Ancestor (LCA) from 20 extant cellular
geuomes from non-parasitic organisms using one-way BLAST searches. The sel of highly conserved genes
identified among these genomes are related mainly with RNA metabolism. This suggest (hat prior
DNA/RNA/protein cells there where RNA/protein cellular svstems. On the second ‘place. we study the early
evolution of the replicative DNA polvinerase. DNA replication is certainly one of the central process in every
extant cells. and must have evolved very early. Nevertheless. the main replicative enzyime is not universally
conserved. Bacteria and Archaea/Eucarva uses different enzvmes. We suggest that this pattern is due 1o a non-
homologous gene displacement in the Bacterial clade. We also suggest that the catalvtic paln domain found
in DNA polymerases class | and II. RNA polymerase and Reverse Transcriptase evolved prior DNA genomes
m the RNA/protein world. Finally. in this work we suggest that RNA-binding protein domains are amoug the
oldest polypeptides we can recognize. Accordingly. we analyzed the phylogenetic distribution of 68 different
‘RNA-binding protein domains. Among them. 35 RNA-binding domains arc universally conserved and likelv
evolved in the RNA/prolein world. Evidences of patchwork evolution among them suggest that gene

duplication and fusion played an important role during the early evolution of life.

[\



I. INTRODUCCION

LI Sobre el estudio del origen y la evolucion temprana de la vida
{/n problema historico
El origen y la evolucién temprana de la vida en la Ticrra es en esencia un problema historico. Es decir. quc

para poder comprender como surgi6 la vida v cual fue la naturaleza de las primeras células que evolucionaron
en cl planeta. requerimos de una narrativa histérica que explique causalmente los hechos que ocurrieron en el
pasado y que han dado forma al presente bioldgico. Para ello. es necesario basarse por un lado. en la
comparacién de datos ricos v diversos que regisiren las consecuencias de los acontecimientos dc rempos
ancestrales, a partir de los cuales podemos hacer reconstrucciones del pasado. Y por otro lado. se deben de
realizar experimentos que nos permitan evaluar la plausibilidad de que determinados sucesos pudiesen haber
ocurrido de acuerdo a hipotesis especificas. Si bien. los eventos particulares que finalmente condujeron a la
aparicion de la vida. son con seguridad historicamenle tnicos. lodos ellos deben dc podersc cxplicar a partir

de principios fisicos. quimicos v biologicos.

En este sentido. la teoria quinuco-fisica del origen de la vida sugerida independientemente por Alexander L.
Oparin (1924) v J.B.S. Haldanc (1929) cuva contribucion central consiste en proponer que la vida se origino
a partir de la evolucién quimica y gradual de compuestos organicos que se habian sintetizado v acumnulado de
forma abiotica en la Tierra primitiva. proporciona la hipétesis sobre la cual descansan los estudios sobre el

origen v la evolucion temprana de la vida en la Tierra.

Desde la quinica prebiotica
Bajo este marco conceptual. existen al menos tres formas de aproximar el estudio del origen v la evolucion
temprana de la vida (modificado de Lazcano & Miller. 1999) (Figura 1). Uua priniera aproximacion consiste
en tratar de reconstruir la quimica prebidtica mediante experimentos que pretenden recrear las condiciones de
ta Tierra primitiva. Debido a que eslos experimentos abordan preguntas especificas acerca de la quimica de
compuestos organicos sintetizados de manera abidtica. es posible hacer una narrativa historica de la evolucion
quimica que en determinado momento condujo a la aparicion de la vida en la Tierra y a la consecuente
evolucion biologica. El experimento clasico que abrio esta area de experimentacion fue realizado por Stanley
Miller en 1953 el cual consistié en poner a reaccionar en un matras con descargas eléctricas como fuente de
energia. una mezcla de gases (NHz. H-O. CH,. Hz). que. de acuerdo a un modelo de evolucion de la atmoslera
primitiva propuesto por Harold C. Urev eran abundantes en la atmosfera primigenia. El resultado espectacular
de dicho experimento fue la obtencion de una seric de aminodcidos. algunos de los cuales se encuentran
presentes en los seres vivos actuales. sugiriendo con cllo como se pudieron haber sintetizado algunas de las

moléculas basicas a partir de las cuales evolucionaron las prieras células. Como se puede apreciar. el

(8}



Modelaje

Biologia

Quimica
comparada

prebiotica

v

tiempo

Origen de la Ultimo ancestro
vida comun universal

|

Complejidad metabolica

Figura 1. Sobre el estudio del origen y la evolucion temprana de la vida. El origen y la evolucion
temprana de la vida se pueden estudiar a partir de tres aproximaciones distintas, desde la quimica prebiotica,
modelaje in silico, in vitro o in papiro o desde la biologia comparada (Modificado de Lazcano & Miller,

1999).



experimento de Miller fue un apoyo cmpirico sin precedentcs a la teoria quimico-fisica Oparin-Haldane del

origen dc la vida.

Desde la hiologia actual
La otra aproximacion que cxiste para estudiar el origen. pero sobre todo la cvolucion temprana de la vida en
la Tierra. consiste en tratar de reconstruir la cvolucion de las primeras células a partir del analisis comparativo
de las caracteristicas de los seres vivos actuales. Esto es. de forma andloga a como un gedlogo reconstruye los
eventos del pasado a partir del estudio de una columna estratigrafica. es posiblc utilizar a la biologia actual
como nuestro registro historico a partir del cual podemos hacer inferencias del pasado biolégico. Los
primeros en sugerir que la comparacion de secucncias homologas de protecinas (y por ende de acidos
mucleicos), pueden ser utilizados como documentos histéricos a partir de los cuales podemos “leer™ los
procesos v patrones evolutivos que han precedido v dado forma a los organismos actuales lucron Zuckerkand|
& Pauling (1965).. iniciando. con cllo ¢l esmdio dec la evolucion a nivel molecular. Si bien. dichas
extrapolaciones reduccionistas hacia el pasado. no nos permitan indagar directamenic en el origen de la vida.
debido a que es muy probable que utilizando este método no podamos retroceder de una época en donde va
habia sintesis de proteinas mediada por ribosomas. como vercmos mds adelante. esta metodologia -ha
redcfinido de forma muy importante el estudio de la evolucion temprana de la vida. Esta segunda
aproximacion. la cual pretende reconstruir el pasado a partir del cstudio de las secuencias actuales. ¢s la que
se aborda en este trabajo para tratar de entender algunos aspectos de la cvolucion temprana dc la vida en la -

Tierra.

LIL La revolucion woesiana y la naturaleza del altimo ancestro comun universal

La filogenia universal
A partir de la comparacion de secuencias del 16/18 SSU rRNA provenientes de diversos organisimos tanto

procariontes como eucariontes. Woese v Fox (1977) realizaron probablcmente uno de los descubrimientos
mds importantes que se han hecho en los tltimos 30 aiios sobre la historia filogenética de la vida en la Tierra.
Encontraron que de acuerdo a esta molécula. los seres vivos actuales se¢ dividen en tres grandes linajes
~ denominados como Archaeas. Bacterias (ambos procariontes) v el Nucleocitoplasma Eucarionte. Tres lineas
princtpales de ancestria-descendencia para la biota ¥ no dos grandes grupos (procariontes y eucariontes) corno
habia sugerido previamente Chatton (1938) basandose en criterios citologicos.-Por muy sutil que nos pueda
parecer. dicho descubrinuento revoluciond la manera de cntender la biologia en varios aspectos. En primer
lugar. demostro que la mayor diversidad de los seres vivos se encuentra a nivel microbiano. esto es. dos de ios
tres grandes linajes (Bacterias v Archaeas) estan compueslos exclusivamenle por organismos procariontes.
Por el otro lado. una buena proporcion del litiaje eucarionte estd comptiiesto por organisinos unicelulares muy

divergentes. a las plantas y los animales. En segundo lugar. la filogenia de 16/18 SSU rRNA sirvié como base



a partir de la cual construir una clasificacion natural universal (Woesc. el al. 1990). Esto es. una clasificacion

que refleje las relaciones de ancestria v descendencia (parcntesco (ilogenctico) entre todas las especies.

[ ultimo ancestro comin universal
Con la filogenia uruversal propuesta por Woese v Fox (1977) vienc implicita la hipétesis de la monofilia de la
biota. ¥ por lo tanto la existencia de una especic ancestral a partir de la cual los seres vivos acluales
descendemos. Esta entidad biologica hipotética cuva existencia va habia sugerido Darwvin (1839). ha sido
definida de diversas formas a lo largo del tiempo. Inicialmente Woesc v Fox denominaron progenofe a la
entidad bioldgica que se encuentra cn la base del arbol universal v sugiricron que en dicha entidad el fenotipo
aun no se encontraba diferenciado del genotipo (Woesc & Fox. 1977). Posteriormente. Fitch y Upper (1987)
acutiaron la palabra cenancesiro que literalmente quiere decir “ultimo ancestro comiin™ y que 1o

uccesariamente implica una entidad con caracteristicas printtivas como aquellas sugeridas para el progenoic.

Eu principio v desde el punto de vista metodoldgico. es posible describir las caracteristicas biologicas del
ultimo ancestro comin como cl conjunto de aquellas caracleristicas comunes v homologas a todos los seres
vivos v que se han heredado verticalmente desde el ancestro a sus descendientes. mas aquellas caracteristicas
que estuvieron presentes en el ancestro universal pero que sc perdieron en uno o mas linajes (v que por lo
tanto no scremos capaces de reconstruir). menos aquellas caracteristicas homologas que son comunes a todos
los seres vivos debido a que han sido heredados horizontalmente entre linajes. En este sentido. el esquema
filogenético propuesto por Wocse v -Fox (1977) nos permite definir al genoma del altimo ancestro comun
como aquel conjunto de genes homodlogos a los tres linajes celulares. que han sido heredados verticalmente
desdc el ancestro universal (Figura 2). Si bien esta metodologia para reconstruir al ultimo ancestro conuin no
es lufalible ya que su precisiéon dependeri de una serie de faclores tales cowmo el sesgo en el muestreo de
especics con los cuales hagamos la reconstruccion. las pérdidas polifiléticas secundarias tanto de genes
individuales como de rutas metabdlicas. completas. las sustituciones no ortélogas de genes. y de la intensidad
del fenomeno de transferencia horizontat entre linajes (Becerra. et al. 1997). es hasta el momento. la mejor
metodologia de la cual disporemos para poder recoustruir la naturaleza del ancestro universal, aunque sea de
forina aproximada. Utilizando esta metodologia v basandose en los datos de secuencias disponibles en aquel
twomento. Lazcano et al. (1992) sugiri6 que el altiluo ancestro coman (LCA. por sus siglas en inglés) era una

entidad que en complejidad bioldgica no diferia significativamente a la de los procariontes actuales (Tabla 1).

La raiz del arbol universal
La localizacion de la raiz del drbol universal esta intimamentc ligado a la naturaleza del ltimo aucestro
comun. Si bien no es posible conocer directainente la raiz del arbol universal de rRNA debido a que por
definicion no cxiste organismo quc pueda ser usado comno grupo externo, es posible conocer la raiz dc una

[ilogenta universal de un grupo de moléculas ortologas si - wtilizamos a sus paralogos como grupo externo.



Figura 2. La reconstruccion del ultimo ancestro comun. En principio, las caracteristicas del ultimo
ancestro comun (LCA por sus siglas en ingles) pueden ser inferidas a partir de las caracteristicas homdélogas
entre Bacterias, Archaeas y Eucariontes.




(i) Caracteres involucrados en replicacion y biosintesis de proteinas

DNA polimerasa B Factor de elongacion lo/Tu

Girasa B Factor de elongacion G/2

DNA topoisomerasa Il [soleucil-tRNA sintetasa

RNA polimerasa Ribonucleasa P

Polinucleétido fosforilasa Proteinas ribosomales S9, S10, S17, S15,

L2, L3, Lo, L10,L11, L22y L23
(if) Caracteres involucrados en la generacion de energia y en rutas biosintéticas

ATPasa Tipo F subunidad o Arginosuccinato sintetasa

ATPasa Tipo F subunidad 3 Aspartato aminotransferasa

Carbamoil fosfato sintetasa Citrato sintetasa

Glucosa 6 fosfato deshidrogenasa Enolasa

Glutamoato deshidrogenasa I1 Glutamina sintetasa

Malato deshidrogenasa Fosfoglicerato cinasa

Piruvato: ferredoxin oxidoreductasa Porfobilinogeno sintetasa

Histidinol fosfato aminotransferasa Genes de biosintesis de purinas

Genes de la biosintesis del triptofano Genes de biosintesis de aminoacidos de.

cadena ramificada
(iii) Caracteres involucrados en respuesta ambiental y sefializacion celular
cAMP
Polipéptidos tipo Insulina
Proteina “Heat shock™ 70
Mn/Fe superoxido dismutasa
Fotoliasas

Tabla 1. Caracteres homologos a los tres dominios celulares. Basados en los datos
disponibles en 1992, Lazcano et al (1992).



Los primeros en utilizar esta metodologia fueron [wabe et al. (1989) usando los factores de elongacion (EF-G,
EF-Tu) y Gogarten et al. (1989) empleando las subunidades o y ¥ de las ATP sintetasas tipo F. Utilizando
distintas técnicas de reconstruccion filogenética. ambos grupos llegaron independientemente a la conclusion
de que la raiz universal sc encuentra localizada en la rama de las bacterias. Este resultado no solainente
implica que la naturaleza del altimo ancestro comim tendrd caracteristicas similares a las de las bacterias
actuales. sino que también sugiere que una porcién importante del nucleocitoplasma eucarionte ha sido

heredado a partir de las Archaeas.

Crenoma nininio
Cou la secuenciacion de los primeros geuomas fue posible abordar nuevamente la pregunta de la naturaleza
del (illimo ancestro comun utilizando una base de datos que en principio puede ser cualitativamente diferente.
El primer trabajo que utilizé la comparacion de genomas para reconstruir cstados ancestrales fue realizado por
Mushegian v Koonin (1996) al comparar los genomas-de Hacmaophilus influenzae y Micoplasma genitalium.
En prumer lugar. sugirieron que el conjunto de genes compartidos entre ambos genomas representa el niumero
minimo de genes necesarios para mauntener una célula viva (el concepto del genoma minimo) (Figura 3). Esta
conclusién es solo parcialmente correcta va que el conjunto de genes que representan el genoma minimo es
relativo al sistema pardsito hospedero que se estudie v por lo fanto a la historia evolutiva de los organismos a
partir de los cuales se hizo la comparacion genonica. Eu segundo tugar. sugineron que este conjunto de genes
podia ser representativo del genoma del tltuno ancestro comuut. Como en el conjunto de genes homaologos
entre las dos especies faltaban una serie de proteinas clave en la sintesis del DNA llegaron a la conclusion de
que el ltimo ancestro comin poseia un genoma de RNA. Esta conclusion fue prematura a todas luces debido
principalinente a 1a naturaleza parasita de los organismos utilizados en la comparacion los cuales han perdido

independientemente una serie de genes v habilidades metabolicas (Becerra et al. 1997).

La naturaleza quiniica del genoma del LC-A v la evolucion de las DN polimerasas
Posteriormente Leipe et al. (1999) basindose en un analisis mas extenso que incluia genomas de los tres
linajes celulares. sugiri6 que el (iltimo ancestro cowin poseia nn sistema genético similar al de nn retrovirus.
en donde la informacion genética codificada en el RNA se retrotranscribia a DNA mediante una reverso
transcriptasa. Dicha conclusion estuvo basada por un lado. en el hecho de que la enzima replicativa central
(DNA polimerasa) no esta conservada entre Archaeas. Bacterias v Eucariontes (basicamente. las bacterias
utilizan una enzima perteneciente a la familia de las DNA polimerasa [IL. Eunarchaeas utilizan la polimerasa
tipo D. y Crenarchaeas v Eucariontes utilizan la DNA polimerasa tipo 1 como enzima replicativa). Por el otro
lado. dicha conclusién también se basa en el hecho de que existen enzimas accesorias relacionadas a la
replicacion de DNA claraniente conservadas. tales comno la “clamp-loader ATPase” lo que sugiere que el

tiltimo ancestro comiin debié de haber tenido DNA de cualquier forma. Bajo este esquema. la replicacion del



Haemophilus 'Micoplasma
influenzae genitalium

Genoma
minimo

Figura 3. El genoma minimo. Definido como el menor numero de genes necesarios para mantener una
célula viva, fue sugerido inicialmente por el grupo de genes homodlogos entre los genomas de H. infuelzae y
M. Genitalium (Mushegian et al, 1996).



DNA como la conocemos actualmente. tendria que haber sido inventada al menos dos veces durante la

historia evolutiva, una en el linaje bacteriano v otra en el linaje archaea-eucarionte.

En principio. debido a que todas las células actuales poseen un genoma de DNA. el escenario mas
parsimonioso es un ancestro que igualmente poseia un genoina de DNA. Por ello. no deja de sorprender que
la enzima replicativa central no se encuentre universalmente conservada. a diferencia de lo que sucede con la

maquinaria de transcripcion y traduccion.

Transferencia génica horizontal
Como se wmeuciono anteriormente. la revolucion woesiana prometia hacer realidad el suefio iniciado por
Darwin en 1859. Esto es. poder representar con un solo drbol evolutivo las relaciones de ancestria-
descendencia entre todas las especies actuales. Dicho arbol evolutivo estaria dominado por la herencia vertical
y las especies se clasificarian de forma jerarquica de acuerdo al grado’de propincuidad entre ellas. La
molécula de 16S rRNA, por sus caracteristicas de universalidad. tasa de evolucién lenta y conservacion de
funcion. parecia ser el warcador ideal para trazar la cvolucién a nivel organismico y construir el arbol
universat de la-vida. Sin embargo. cuando se obtuvieron las primeras secuencias completas de genomas, se
penso que las filogenias de la mavoria de los genes reflejarian el esquema evolutivo propuesto por Woese v
Fox (1977). con la salvedad de un porcentaje moderado de genes que no reflejaria dicho esquema evolutivo
debido a los problemas ‘que existen asociados a las reconstrucciones filogenéticas v a unos pocos que hubieran
sido transfenidos horizontalmente entre los linajes. Sin embargo. los primeros analisis filogenéticos derivados
de los proyectos de secuenciacion de genowmas parecieron contar una historia distinta. Las filogenias
provenientes de distintos genes del niismo conjunto de organismos eran incongruentes entre si, sugiriendo que
la transferencia horizontal de genes entre diferentes linajes organismicos parecia ser mucho mas comin de lo
que hasta entonces se habia creido. La situacion llegd a ser tal que incluso se sugirid que no era posible
describir adecuadaimente el arbol universal de la vida bajo un esquema en-donde la herencia vertical fuese el
eje hereditario que reflejara las relaciones entre las especies, sobre todo entre los microorganismos (los linajes
mas cowmunes v antiguos de la biota). Por lo tanto. la idea de la existencia de linajes organismicos definidos
cada uno por los linajes de genes que evolucionan “juntos” en un nismo genoma y que se pueden representar
con un solo marcador nolecular parecid desvanecerse, v en su lugar se sugirié un esquema en donde la
transfereucia génica horizontal dominaba la estructura del darbol universal a gran escala (Doolitile, 1999)
(Figura 4), implicando que la reconstrucciones del ultimo ancestro comin a partir de la comparacion de

genomas es un ejercicio futil.

Dicha situacién lievo a varios autores a sugerir tina naturaleza distinta para el altimo ancestro comiin. Tal vez
la mas elaborada de las propuestas fue presentada por Woese (1998) quien sugirio que el altimo ancestro

comun no era una entidad discreta. sino una comunidad de células que evolucionaron como una unidad
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bioldgica. Mas especificainente. el ancestro universal estaba constituido por una poblacién de progenotes con
sistemas de procesamiento de informacién muy poco precisos en donde la dinduiica evolutiva estaba regida
principalmente por una alta tasa de mutacién y por un clevado nivel de transferencia horizontal. De acuerdo a
Woese (1998) conforme evolucionaron esiructuras biologicas mas complejas v precisas. tanto la tasa de
mutacién como la cantidad de transferencia horizontal disminuvé v la dindmica evolutiva comenzd a

parecerse a la de las células actuales.

lenogramas de genomas completos
Sin embargo: una serie de fenogramas realizados utilizando la informacion codificada en el genoma cowmnpleto. -
en particular estudiando el niimero de familias conservadas de genes entre genomas (Tekaia et al. 1999: Snel.
el al. 1999: Fitz-Gibbon. et al. 1999) (Figura 3). asi como una filogenia universal derivada de concatenar una
seric de genes universalientc conservados (Brown. et al. 1999). rescatan el esquema evolutivo de los tres
grandes grupos filogenéticos (Archaea. Bacteria v Eucarva). Dichos audlisis sugieren la existencia de los tres
grandes linajes filogenéticos. v parecen indicar que la transfercncia horizontal entre linajes no ha sido tal
como para borrar su existencia. Andlisis mas detallados sugieren que de hecho la cantidad de transferencia
horizontal entre procariontes no es tan elevada como se habia sugerido (Daubin.-et al 2003) v que las
incongruencias entre arboles filogenélicos generados a pariir de distintos geues del mismo grupo de
organismos. se resuelven cuando los genes se concatenan (Rokas et al. 2003). Ello sugiere que ¢l proceso de
transferencia horizontal no ha sido tal. como para borrar del todo el pasado bioldgico. La cueslién no esta en
absoluto zanjada v son necesarios mas estudios cuidadosos acerca del papel que ha tenido la transferencia

horizontal de genes en la historia evolutiva.

LIIL La teoria del mundo del RNA
La evolucion del genotipo v el fenotipo

Describir la naturaleza del Gltimo ancestro comiin nos ayuda a entender una etapa central de la evolucion
temprana de la vida en la Tierra. Sin embargo. para poder comprender etapas aun mas tempranas de la
evolucién de la vida. necesitamos de una teoria que explique la evolucion de las moléculas responsables de la.
lherencia v el fenotipo. En la actualidad. todas las células utilizan al DNA como molécula hereditaria v a las
proteinas como las moléculas que dan cuerpo al fenotipo. las cuales se encuentran codificadas en el DNA y
que a traves de sus habilidades metabdlicas. en ultima instancia. se encargan de la replicacion del DNA. En el
centro de esta asociacion se encuentran las moléculas de RNA. codificadas también en el DNA, pero que una
vez expresadas. tienen un papel central en la sintesis de proteinas. ,Cémo evolucioné esta asociacion
molecular entre genotipo y fenotipo? ;Cudl fue el orden historico en el que las distintas moléculas aparecieron
v cuales pudieron haber sido las causas de esta evolucion? La teoria del gen desnudo. propuesta inicialmente
por Muller. v elaborada mas adelante por Haldanc. sugiere que la vida se origind a partir de la aparicion de

una molécula (gen) capaz de autor replicarse y por lo tanto. capaz de lercdar esta propiedad a sus
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Figura 4. El papel de la transferencia horizontal de genes en el arbol universal. De acuerdo a Doolittle
(1999) la transferencia horizontal entre microorganismos ha sido tan intensa que, una red representa mejor el
patron evolutivo que un esquema jerarquico de ancestria-descendencia.
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Figura 5. Representacion factorial del peso de las duplicaciones ancestrales y ancestria comin de cada
uno de los genomas, obtenido a partir de correspondencia multidimensional De acuerdo a Tekaia et al,
(1999) fenogramas que reflejan la ausencia o presencia de familias de proteinas sugieren que cada uno de los
linajes celulares (Archaea, Bacteria y Eucaria) ha tenido una historia evolutiva independiente.



descendientes. Es decir, que la vida se origind a pantir de una molécula que tenia propiedades tanto

hereditarias como auto-cataliticas (fenotipo y genetipo en una sola molécula).

El mundo del RNA
La teoria del mundo del RNA, sugerida inicialmente por Gilbert (1986) v elaborada mas tarde por Joyce
(1989), la cual descansa en las propiedades hereditarias y cataliticas del RNA y en el papel central de este
acido nucleido en la célula. sugiere que la vida comenzé con la aparicion de esta molécula a partir de la sopa
primitiva. Como veremos. esta teoria ha sido extremadamente exitosa para explicar ciertos aspectos de la
evolucion temprana de la vida. Sin embargo. aunque la molécula de RNA sea una buena candidata del “gen
desnudo” es probable que la vida no haya iniciado con la aparicion de éste acido nucleico debido a que no es
claro como se pudieron haber sintetizado algunos de sus componentes a partir de la sopa prebidtica (en
especial los azicares fosfato). Por etlo. v a pesar de que no existe evidencia a partir de la biologia de los
organismos actuales. se ha sugerido que el RNA pudo haber sido precedido por otra molécula. también
hereditaria y capaz de auto replicarse (revisado en Joyce. 2002). sin embargo. este sigue siendo un problema

sin resolver en capo de origen de la vida.

Un escenario para la evolucién temprana de la vida
De cualquier forma, es muy probable que el RNA hava antecedido tanto a! DNA coino a las proteinas debido
a que esta molécula puede tanto guardar informacién genética como realizar catdlisis biologicas. Sin embargo.
si el RNA es la wmolécula mas antigua. ;cual fue la siguiente molécula en evolucionar. el DNA o las
proteinas?. Si observamos las rutas metabolicas. nos daremos cuenta de que la sintesis de proteinas es
basicamente un asunto del RNA (el enlace peptidico es catalizado por el rRNA. el codigo genético esta
construido a partir de tRNA aminoacilados que reconocen codones en un mRNA. y la sintesis de proteinas
puede tener lugar en ausencia del DNA). mientras que la sintesis v replicacion del DNA es sobre todo un
asunto de las proteinas (con la excepcion del RNA eebador. la sintesis de los dNTP v todo el proceso de
replicacion estd mediado por proteinas (Kronberg & Baker. 1992)). Dicha distribucién de funciones nos
sugiere €l orden histérico en el cual aparecieron estas moléculas (Figura 6). La sintesis de proteinas es a todas
luces, un invento del RNA. mientras que los genomas de DNA son una invencion de las habilidades
metabolicas' de las proteinas. Como el DNA no participa eu la sintesis de proteinas es poco parsimonioso
suponer que existid una etapa en donde las proteinas eran sintetizadas directamente por DNA y que despuds
por alguna razon. el RNA evoluciond para sustituir al DNA en esta funcion (ademads de que no se conoce que
el DNA tenga alguna funcién cafalitica in vivo). ¥ como en principio una célula podria codificar sus propias
proteinas en un genoma de RNA (tal como ocurre en algunos sistemas virales) es muy probable que el

esqueina anterior sea correclo.
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Figura 6. La evolucion desde el progenote hasta el LCA. Si el RNA es la molécula semantica mas antigua,
la explicacion mas parsimoniosa siguiere que la siguiente molécula en evolucionar fueron las proteinas vy
finalmente el DNA.



Bajo este esquema. en los sistemas celulares mas antiguos que podemos reconocer. el RNA pudo hacer las
veces de molécula hereditaria y catalitica. Las evidencias de que el RNA puede realizar una amplia variedad
de funciones cataliticas tanto “naturales” como “evolucionadas™ en el laboratorio son amplias (revisado en
Joyce. 2002) entre las cuales se encuentra la capacidad de ligar templadodependiente un oligonucledtido 3°-
lidroxil a un oligonucledtido 5’ -trifosfato. Por otro lado. hasta el momento no ha sido posible evolucionar una
molécula de RNA capaz de sintetizar dNTP a partir de NTP. habilidad esencial para poder sintetizar DNA
(Freeland, 1999). Aunque existen algunas sugerencias de como el RNA podria realizar esta sintesis (Joyce.
2002).

Para que las proteinas pudieran entrar al juego evolutivo de herencia. variacion v seleccion natural. el origen
de la sintesis de proteinas mediada por RNA. debi6 de estar acoplado a la codificacién de dichas proteinas en
el RNA. Sin embargo. comprender el origen y la evolucion teiuprana del codigo genético sigue siendo la tarea
pendiente en los estudios de evolucién temprana de la vida. EI mundo del RNA/proteina comienza con el
origen y la evolucion del cddigo genético y la sintesis de las primeras proteinas codificadas y termina con la
mvencion de los genomas de DNA. Con la invencion de los genomas de DNA. la informacion codificada en

el RNA tuvo que haber sido copiada al nuevo material genético.

La presion de seleccion que explica cada transicion evolutiva es clara. las proteinas son moléculas mucho mas
eficientes que el RNA como catalizadores bioldgicos. y el DNA es una molécula capaz de guardar la
informacioén genética de forma mds fiel que-el RNA. permitiendo codificar una mayor cantidad de habilidades
metabolicas. lo que seguramente se pueda traducir en una mavor adecuacion en ambos casos (Lazcano. el al
1988).



IL PLANTEAMIENTO DEL PROBLEMA

Reconstruccion del genoma del cenancestro
En principio el genoma del ultimo ancestro comun se puede definir como el conjunto de genes homologos
compartidos entre los seres vivos actuales. Sin embargo. fenomenos tales como la transferencia horizontal de
genes y las pérdidas secundarias. entre otros, nublan nuestra capacidad para reconstruir de forma correcta la
naturaleza genética del cenancestro. De cualquier forma, la identificacion de los genes universalmente
conservados puede arrojar luz acerca de la evolucion temprana de la vida. Si bien. es dificil identificar
aquellos genes resultados de transferencia horizontal temprana, una reconstruccién del tiltimo ancestro comiin
en donde se excluyan genomas de organismos parasitos puede ayudar a disminuir los efectos de las pérdidas

secundarias.

Evolucion temprana de las DNA polimerasas y la naturaleza del genoma del LCA

La replicacién del material genético es uno de los procesos centrales de la vida en la Tierra y con seguridad es
uno de los mas antiguos. La evotucion de los acidos nucleicos. esta intimamente ligada a la evolucion de las
enzimas que participan en su metabolismo. siendo las DNA polimerasas. las enzimas que se encargan de su
replicacion. Como se mencioné anteriorinente estas enzimas son de naturaleza distintas entre Bacterias.
Archaeas y Eucariontes. En el linaje bacteriano. la enzima replicativa central es la DNA polimerasa [11. las
euryarchaeas utilizan la polimerasa tipo D. y las crenarchaeas y los eucariontes utilizan la DNA polimerasa
tipo II. Siendo la replicacion un proceso tan importante y tan antiguo en los seres vivos. Es de extrafiarse que
la enzima central (Ia DNA polimerasa) no se encuentre conservada entre los principales linajes celulares. a
diferencia de lo que sucede con otros procesos centrales tales como la transcripcién. en donde esta conservada
la subunidad central de fa RNA polimerasa DNA dependiente (la subunidad "), y la traduccion, en donde
estan conservadas 34 de las 102 proteinas ribosomales (Lecompte et al. 2002) ademds de las moléculas de
rRNA.

Debido a que todos los sistemas celulares actuales utilizan DNA coino molécula de la herencia. el escenario
Inds parsimonioso es un tltimo ancestro comin con un genoma de DNA. El objetivo de este trabajo es.
estudiar la evolucién temprana de las DNA polimerasas inediante el estudio de su distribucién filogenética asi
como de su estructura por dominios. con el fin de comprender porque dichas enzimas tienen una naturaleza
distinta entre los principales linajes celulares actuales y comprender cual es la relaciéon que existen entre la
evolucion temprana de estas enzimas y la naturaleza quimica del genoma del ltimo ancestro comntin wuversal
(DNA o RNA).
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Evolucion temprana de dominios de union a RNA
Si la teoria del inundo del RNA es correcta en indicar que dicha inolécula precedio al DNA y las proteinas, y

la molécula de DNA fue la altina en evolucionar de las tres biomoléculas (Figura 6), las prilneras proteinas
que se sintetizaron mediante el ribosoma, debieron haber sido seleccionadas ya sea por sus propiedades
cataliticas superiores a las del RNA, o por su capacidad de unirse al RNA actuando comno chaperonas
moleculares. Entonces, entre las proteinas actuales de unién a RNA se encuentran algunos de los dominios de
proteinas mds antiguos que podemos reconocer. El estudio de la distribucion filogenética y las relaciones de
ancestria-descendencia entre los dominios de union a RNA presentes en los genomas completos puede arrojar

luz sobre la evolucidn temnprana de algunas de las proteinas mas antiguas que podemos reconocer.
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III. ESTRATEGIA EXPERIMENTAL

Reconstruccion del genoma del cenancestro
Identificacién de genes altamente conservados. En este trabajo hemos analizado veinte genomas celulares.
completos provenientes de organisinos no parasitos, utilizando dos bisquedas de BLAST de un solo sentido
para identificar aquellos genes universalmente conservados. Los genes asi identificados provienen en
principio de etapas tempranas de la evolucion de la vida en la Tierra. Las dos bisquedas con los mismos

genomas pero en distinto orden permite idcntificar los falsos negativos.

Identificacion de dominios conservados. Debido a que los dominios son las unidades estructurales y
evolutivas de las proteinas. se identificarou los doniinios conservados entre los grupos de genes homologos
altamente conservados para las especies Escherichia coli. Metanococcus jannashii ¥ Sacharomyces

cerevisiae. Este analisis por dominios peruite identificar los falsos positivos.

Anilisis funcional de dominios altamente conservados. Se realizd un andlisis fincional de.aquellas
proteinas conservadas con la misma estruchwa de dowminios en las tres especies antes mencionadas. Las

funciones fueron asignadas de acuerdo a la clasificacion funcional de la base de datos del KEGG.

Evolucion temprana de las DNA polimerasas v la naturaleza del genoma del LCA
Identificacién de los dominios de las polimerasas. De acuerdo a informaciéon proveniente lanto de las
estructuras terciarias asi como de las secuencias de aminoacidos. las polimerasas se pueden clasificar en al
menos 10 familias distintas. Con el fin de identificar la estructura por dominios: de- dichas enzinas. se
obtuvieron las estructuras terciarias disponibles para cada una de las familias del Protein Data Bank. v los
dominios se identificaron de acnerdo a las publicaciones originales y a la base de datos CATH. Para las
familias de polimerasas que no contaban con una estructura terciaria determinada. la estructura por dominios

se asigno de acuerdo con la base de datos Pfam.

Anilisis de la distribucion filogenética de las polimerasas. A continuacion se estudio la distribucion
filogenética de las polimerasas en las bases de datos de proteomas completos utilizando el algoritmo PSI-
BLAST.

Anilisis evolutivo de las DNA polimerasas. Bajo la premisa de que dos proteinas que comparten la misina
estructura terciaria son homoélogas. se identificaron aquellos dominios estructurales que fuesen cotpartidos
por dos o mds familias de polunerasas. El patron de couservacion de dominios. penuite inferir parie de la

evolucién temprana de dichas enzinas.



Evolucion temprana de dominios de union a RNA
Identificaciéon de dominios de unién a RNA. Debido a que los dominios de las proteinas se identifican
mejor a nivel de estructura terciaria, se realizé una bisqueda exhaustiva en la literatura. de las proleinas que
se ha reportado se unen al RNA y para las cuales se conoce sn estructura tridimensional. Una vez localizadas
estas proteinas. se identificaron los dominios de union a RNA presentes en estas proteinas utilizando tres

bases de datos distintas: SCOP, CHAT v Pfam.

Analisis de la distribucién filogenética de los dominios de unién a RNA. A continuacion se buscaron las
secuencias homoélogas para cada uno de los dominios de uniéon a RNA identificados previamente, en la bases
de datos de proteinas SWISS-PROT v en los proteoinas completos dispomibles. utilizando el algoritmo PSI-
BLAST. Este andlisis permitié identificar las proteinas universalinente conservadas (definidas por un lado
como los dominios conservados en todos los proteomas analizados. v por otro lado. con homologos en los tres
linajes celulares de acuerdo a SWISS-PROT). Presunublemente dichas proteinas provienen de una €poca

anterior al origen de los genoinas de DNA.

Anilisis evolutivo de los dominios de union a RNA. La duplicacion de genes seguida de divergeucia es uno
de los principales mecanismos que exislen para generar nuevos genes. es por ello que para comprender la
evolucion temprana de los dowinios de uniéon a RNA se identificaron de entre los dominios universalmente
conservados. aquellos dominios de unién a RNA que comparten una nusma topologia v que presumiblerente
son el resultado de una duplicacién ancestral. Ello pernite estudiar el patron de duplicaciones que dio origen

a dichas proteiuas.



IV. RESULTADOS

Los resultados se umestran en dos partes. En la primera. muestra un resumen de la principal contribucion de

cada uno de los trabajos (publicados. en prensa o en preparacion) desarrollados durante el doctorado. En la

segunda parte se presentan cada uno de los trabajos correspondientes.

[V.L. Resumen de resultados

En el capitulo de libro: Delave. L.. and Lazcano. A. (2000) RNA-binding peptides as molecular
fossils /i J.Chela-Flores. G. Lemerchand. and J. Oro (eds.) 4strobiologyv: Origins from the Big-
Bang (o Civilisation Proceedings of the First Ibero-American School of Asirobiology (Klnwer
Academic Publishers). pp. 285-288. se presenta por priniera vez la hipotesis de los dominios de
unidén a RNA como algunas de las proteinas mas antiguas que podemos reconocer. Se presentan
algunos ejemplos. También se propone que el mecanisino de regulacion genética de la proteina
ribosomal S8 representa uno de los mecanismos de regulacion de la expresion genética mds

antiguos.

En el capitulo de libro: Delave. L.. Vazquez. H.. and Lazcano. A.(2001) The cenancestor and its
contemporary biological relics: the case of nucleic acids polymerases /n Julian Chela-Flores.
J.. Owen. T. and Raulin. F. (eds.). First Steps in the Origin of Life in the Universe (Kluwier
Academic Publishers). pp. 223-230. se muestra evidencia que indica que las DNA polimerasas

pertenecientes a las familias | v [[ comparten el dominio catalitico (el domiruo palm).

En el capitulo de libro: Delave. L.. Becerra. A.. And Lazcano. A. (2004) The nature of the last
common ancestor. /n Lluis Ribas de Pouplana (ed.) The (enetic Code and the Origin of Life
(Landes Bioscience. and Kluwier Academnic). pp. 34-47. se discuten las distintas propuestas que
se han hecho para describir la naturaleza del cenancestro y se analiza la posibilidad de que haya

tenido un genoina de DNA con base en la conservacion del dominio palni de las polimerasas.
En el articulo: Luis Delaye and Antonio Lazcano. (2003) Prebiological evolution and the physics
of the origin of life. Phvsics of Life Reviews, 2. pp. 47-64. se discuten diversas teorias del origen

de la vida y su relaciéon con la naturaleza del cenancesiro.

En el articulo: Delaye. L.. Becerra. A.. and Lazcano. A. (2005) The Last Common Ancestor:

what's in a name? Origin of Life and Evolution of the Biosphere (en prensa). se muestran los

IS



resultados del andlisis de 20 genomas celulares utilizando dos analisis de BLAST de “un solo
sentido”™. Los genes universalmente conservados estan relacionados principalmente- al
metabolismo del RNA. lo que sugiere que previo a los sistemas celulares basados en DNA/RNA

v proteinas. existio wa etapa en donde las células cstaban basadas en RNA y proteinas.

e En el capitulo de libro: Lazcano. A.. Becerra. A. and Delaye. L. (2004) On the carly cvolution of
sensory responses: when did life first begin to perceive its surroundings? /n Margulis. L.
and Asikainen. C. A. (eds) Human Brain in the Context of Natural Historv: 3000 million vears
of evolution of sensory svstems MIT Press. Boston (en prensa). se disculen los posibles sislemnas

de regulacion genética de los primeros sistenias celulares.

e En el manuscrito: Delave. L.. Abascal. F.. Fernandez. JM.. Valencia. A. and Lazcano: A. Ancient
RNA-binding domains: relics from carly protein evolution (en preparacion). se estudia la
distribucién filogenética de 68 dominios dc union a RNA. Se identifican 35 dominios
universalmente conservados en 122 proteomas provenientes de los tres linajes celulares
(Archaea. Bacteria v Eucaria). Debido a la amplia distribucién filogenética de estos dominios. se
sugiere que se encontraban presentes en el cenancesire v que probablemente representan
algunas de las proteinas mas antiguas que podemos identificar. Se propone que su origen se
remonta al mundo del RNA/proteina. De acuerdo a la similitud en-estructuras terciarias. ocho de
estos dominios universalmente conservados son el resultado de duplicaciones genéticas. Esto
sugiere que la duplicaciou genética ha jugado un papel importante en la generacion de nuevas

proteinas desde etapas muy tempranas de la evolucion bioldgica.

e En el manuscrito: Delaye. L.. Becerra. A.. and Lazcano. A. On the early evolution of polymerase
function and the nature of the genome of the cenancestor (en preparacién). se muestran los
resullados del estudio sobre la evolucion temprana de las DNA polimerasas y la naturaleza del
genoma del LCA. En este manuscrito se clasifican a las polimerasas con base en secuencia y en
estructura en [0 grupos distintos v se demuestra que en la evolucidn de eslas enzimas no ha
estado ausente el fendmeno de sustituciéon no ortdloga. De acuerdo a ello. se sugiere que dicho
evento pudo haber ocurrido en la base del arbol universal. teniendo como resultado una DNA
polimerasa bacteriana de distinta naturaleza a las polimerasas Archaeo/Eucariontes. También se
sugiere que el dominio catalitico (el dominio pa/m) de las polimerasas pertenecientes a las
familias I. II. RNA polimerasas virales y reverso transcriptazas es homologo entre si. Dicho
doninio pudo provenir de la polimerasa encargada de replicar los genomas de RNA antes de la

aparicion de los genomas de DNA.



IV Trabajos publicados, en prensa o en preparacion durante el doctorado
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Comparisons of complete cellular genomes indicate that a set of genes whose products
synthesize, degrade, or interact with RNA molecules are among the most highly
conserved sequences common to all living beings, and therefore may have been present
in their last common ancestor, i.e.. the cenancestor. In order to obtain insights on the
evolution of sequences which may date from an early evolutionary period during which
RNA played a genetic role prior to the emergence of DNA genomes, we have analyzed
the conseirved RNA-binding sites of these highly conserved molecules, since these may
be some of the recognizable peptides in our dataset. The characteristics of some of these
highly conserved amino acid stretches which are essential in RNA metabolism are
discussed.

1. Introduction

The early steps of the evolution of life on Earth can be investigated by analyzing the
extant molecular fossil record. A molecular fossil as defined by Maizels and Weiner
(1994), 1s any molecule whose contemporary structure, function (or its phylogenetic
distribution) provides a clue to its evolutionary history. Thus, phylogenetic markers
such a rRNA (Woese 1987) are good molecular fossils, but the same is true for other
biological molecules. o

The discovery of ribozymes has given considerable credibility to prior suggestions on
the existence of the RNA world, a hypothetical stage before the evolutionary
development of DNA genomes protein-based metabolism. Whether RNA was the first
genetic macromolecule or not is a matter of debate, but acceptance of the RNA world
can help define the evolutionary polarity of a number of molecular traits, ie., to
recognize which character states are ancestral and which are derived. Thus, if RNA
preceded DNA as the reservoir of cellular genetic information, and proteins predate
DNA, it is likely that proteins which interact with RNA are older than those that do so
with DNA.
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s highty wolikelv that the first proteins were complex enzyvies witl exguisitcly Nnel
tuncd catalvtic activily. Althougl the first peptides that were synthesized biologically
{i.c.. ribosomc-medialed translalion). could be positively sclected by two properties (hal
arc nol mutually exclusive. i.c. chaperonc-like propertics or catalviic aclivity, in these
papcr we explore the possibilily that the first peplides could have enhanced the catalviic
propentics or biological functions of nbovymes siinply by stabilizing their structurces
This chaperone-like property would be the primitive cquivalent 1o the stabilizing clleel
that the protemn subunit of RNAse P plays /n vivo (Guerrter-Takada ef af | 1983). and
can in principle be explored by a detailed analvsis of extant RNA-binding siles

Comparisons of completelv scquenced cetlular genomes (Table 1) from (he thrce
primary domains (i.c.. Bacteria. Archaca and Eucarva) suggest that a sct of genes whose
products svnlhesize, degrade. or wuteract wilh RNA molccules are among (he mosl
highly conserved sequences common 1o all living beings (Tekaia e al.. 1999). (U is thus
possible that their corresponding RNA-binding sites. which may be amoung, the oldest
molifs in current scquence databascs. can provide nuportant insights on the carly
cvolution of ribosomc-mediale polvpeptide synthests. Here we report the preiiminan
outcome ol such analvsis. and discuss the cvolutionary signilicance of our lindings.

2. Material and methods

A list of RNA-binding domains reporied in the lileraturc was compited, which include
the those of highly conserved protcins as defined by Tekaia ef af. (1999). This dataset 1s
now being completed with searches on the following databases: SWISS-PROT
(http://www.cxpasy.ch/sprot/). SRS  (htp://srs5.hgmp.mrc.ac.uk/). and PROSITE
(hutp://www.expasy ch/prosite/). The phylogenelic distnibution of these RNA-binding
sites was analyzed following the Uwee domain taxonomic schetne.

3. Results and discussion

[n this first phasc of our study we have restricted ourselves to the RNA-binding motifs
reported i the literature. Thus. it is likely that the results reporied represent a lowcer
limat of the different functional kinds of RNA-binding sequences. i.e.. that there are
many other as yet undetected cases of such polypeptides.

The distribution of such RNA-binding domains among differcnt highly conserved
proteins with different functions (Table 1); suggests thal domain recruitinent and fusion -
have taken placc in the early evolution of such polypeptides. 1t also implies that somc of
these domains are probably older than the proteins in which they arc found today. i.c..
they arc imolecular fossils in the sense described above.
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— _
RNA-binding domain Highly conserved proteins | References
O3 rold RpS17. AxpRS, LvsKS, Arnes and Cavarelh, 1997
PhelRS. AsnRS friani et af.. 1990
Rinp [2F-GL PhelRS Liljas and Garber., 1995
Masyak ¢f ul., 1995
Lelthanded fafd cross over Rp&SS, EI-G Stams ef af.. 1998
HU DNA-binding ke RpS7. Rpl.14 Draper and Reynaldo, 1999
| Novel a/f} fold [:RS. ProRS. ThrRS. GIVRS* Armes el al., 1995
! | Cusack ¢ al. 1998
Sankaranaravanan o al. 19949,
L Logal et ol 1995 S|

Table 1. RNA-bimding domains Tound in some ol the highly conscrved proteins.
*GIVRS (rom Thermies thermphiliy, Rp (nibosomal protem: RS (annnoacylARNA synthetase).

Onc cxample of such molecular fossit could be the ribosomal protcin S8 (RpS8). This
polypeptide is onc of the core ribosomal protcins [ binds to the 16/185 rRNA wilh
high affinity. and plavs a central role in the assembly of the 30S subunit of the
ribosome. The /. co/i RpS8 also regulates ils gene expression by binding o its own
IRNA_ thereby acting as translational repressor of the spe (spectinomycin-resistance)
operon. The spc operon includes the genes of the nbosomal proteins L14. L24, L, S14.
S8. L6, L8, S35, L30. and L15 (Mattheakis & Nomura, 1988). The RpS8 targel site on
the spc mRNA 1s sunilar to the [6S rRNA S8 binding site i both al primary and
secondary structure levels {Cerreti ¢f al., 1988, Gregory ef al., 1988).

The nibosomal protein S8 resulted from the fusion of two domains. Its N-lerminal
domain 1s similar {0 portions of the DNase [ and Haelll methyliransferase that bind lo
DNA (Davies, et al., 1996). The C-terminal domain seems to be an RNA-binding
domain found only in this protein. Mutants with only eight residues missing from the C-
termmunus exhibit significantly lowered RNA-binding properties (Uma ef al., 1995). The
level of conservation of the primary structure of the RpS8 across the three celiular
domains and of the spc operon in the two prokaryotic domains (Siefert ef al., 1997):
together with the fact that almost the same RNA structure is recognized by the protein
for its function on the rRNA and for its own regulation in the mRNA | strongly suggest
that this mechanisin of aulo-regulation of gene expression nay be amnong the oldesl
ones that evolved during the evolution of the protein biosynthesis.

Perhaps not surprisingly, sowne of the RNA-binding domains resemble DNA-binding
domains, such as the ETS DNA-binding motif-like of RpS4, or the helix-hairpin-helix
iotif of RpS13. It is possible that such domains would correspond to polypeptides with
functions already in the RNA-protein world, adapted to the DNA-RNA-protein world.

We are currently working on the construction of a catalog of RNA-binding domains.
Analysis of this dataset, is expected to provide insight into the characlenstics of which
may be some of the oldest polypeptides still recognizable today.
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1. Introduction

The recognition that different macromolecules may be uniquely suited as molecular
chronometers in the construction of nearly universal phylogenies has widened the range
of phylogenetic studies to previously unsuspected heights. In particular, the use of small
subunit ribosomal RNAs (16/18S rRNA) as molecular markers led to the construction
of a trifurcated, unrooted tree in which all known organisms can be grouped in one of
three major monophyletic cell lineages: the eubacteria, the archaebacteria, and the
eukaryotic nucleocytoplasm, now referred to as the domains Bacteria, Archaea, and
Eucarya, respectively (Woese et al., 1990). The construction of the rRNA tree showed
that no single major branch predates the other two, and all three derive from a commeon
-ancestor. It was thus concluded that the latter was a progenote, which was defined as a
hypothetical entity in which phenotype and genotype still had an imprecise, rudimentary
- linkage relationship (Woese and Fox, 1977). According to this view, the differences
found among the transcriptional and translational machineries of eubacteria,
archaebacteria, and eukaryotes, were the result of* evolutionary refinements that took
place separately. in each of these primary branches of descent after they have diverged
from their universal ancestor (Woese, 1987).

From an evolutionary point of view it is reasonable to assume that at some point in time
the ancestors of all forms of life must have been less complex than even the simpler
extant cells, but our current knowledge of the characteristics shared between the three
lines suggests that the conclusion that the last common ancestor was a progenote may
have been premature. Pending the issue of horizontal gene transport (Figure 1), a partial
description of the last common ancestor (LCA) of eubacteria, archaebacteria, and
eukaryotes may be inferred from the distribution of homologous traits among its
descendants. Ten years ago, the set of such genes that had been sequenced and
compared was still small, but the sketchy picture that had emerged suggested that the
' most recent common ancestor of all extant organisms, or cenancestor, as defined by
Fitch and Upper (1987), was a rather sophisticated cell (Lazcano, Fox and Or6, 1992)
with at least (a) DNA polymerases endowed with proof-reading activity; (b) ribosome-
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mediated translation apparatus with an oligomeric RNA polymerase; {c) membrane-
associated ATP production; (d) signalling molecules such as cAMP and insulin-like
peptides; (e) RNA processing enzymes; and (f) biosynthetic pathways leading to amino
acids, purines, pynmidines, coenzymes, and other key molecules in metabolism (cf.
Lazcano, 1995).

Recent results have confirmed the
above conclusions. These traits are 7 D>
far to numerous and complex to
assume that they  evolved
independently or that they are the
result of massive multidirectional
horizontal transfer events which
took place before the = earliest
speciation events recorded in each
of the three lincages. Their
presence  supgests  that  the
cenancestral population was not a
direct, immediate descendant of the
RNA world, a protocell or any
other pre-life progenitor system
(Lazcano, 1995). Very likely, the
LCA was already a complex
organism, much akin to extant

bacteria, and must be considered i LCA s defined
the last of a long line of simpler ~ Figure L. The gene complement of the LCA is defin

. . _.." by the intersection of the complete genomes of the three .
earl}er cel]§ for which no modern" 4 - The arows represent the horizontal gene
. equivalent is known. Moreover, the  (ransfer between cellular domains.

universal - distribution of the same

essential features of genome replication, gene expression, basic anabolic reactions, and
membrane-associated ATPase-mediated energy production in all kmown organisms not
only provide direct evidence of the monophyletic origin of all extant forms of life, but
also imply that the sets of genes encoding the components of these complex traits were
frozen a long time ago, i. e., major changes in them are very strongly selected against.

While trees based on whole genome information have confirmed at a broad level the
rRNA-based phylogenies (Sunel et al., 1999; Tekaia et al., 1999), it is also true that the
congruence between rRNA genes and other molecules is not always ideal. A large
vaniety of phylogenetic trees constructed from DNA and RNA polymerases, elongation
factors, F-type ATPase subunits, heat-shock and ribosomal proteins, and an increasingly
large set of genes encoding enzymes involved in biosynthetic pathways, have confirmed
the existence of the three primary cellular lines of evolutionary descenl (Doolittle and
Brown, 1994), but there is evidence of extensive horizontal trapsfer events that have
taken place in the past (Doolittle, 1999). In fact, in addition to lateral gene transfer
(Figure 1), insights into cenancestral states can be strongly hindered by inadequate
biodiversity sampling, polyphyletic gene losses, unequal rates of molecular evolution,
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convergence, polyphyly, and secondary loss of organelles. These factors clearly limit
our ability to recognize the extant molecular relics of the cenancestor.

1.1 THE SEARCH FOR THE ANCESTRAL NUCLEIC ACID POLYMERASE

Replication of genetic material must have been one of the oldest functions to evolve
(Figure 2). Ideally, abiotic laboratory polymenzation of nucleotides should provide
insights into the transition from the prebiotic broth to the extant enzyme-mediated
replication of nucleic acids.

Nucleotide polymerization

non-template template
Abjotic -

NH,-CN Zn"" & activated .

His-His nucleotides

Clays - :

Enzymatic
Ribonuclease A :
Polynucleotide phosphorylase
Poly (A) enzyme

Figure 2. The abiotic and enzymatic polymerization of nucleotides.

In principle, this could also explain the evolutionary development of polymerases, an
1ssue directly related to the chemical composition of the cenancestral genome. Since all
extant cells are endowed with DNA genomes, the most parsimonious conclusion is that
such genomes were already present in the cenancestral population. However, this
hypothesis has been contested by suggestions of an RNA- (Mushegian and Koonin,
1996) or even a mixed DNA-RNA genome for the LCA (Leipe et al., 1999). These
proposals are based, at least in part, on the low level of conservation of the primary
structure of DNA polymerases (Olsen and Woese, 1.996; Edgell and Doolittle, 1997), as
well as on the striking differences in their phylogenetic distribution compared with
rRNASs, aminoacyl-tRNA-synthetases, and other molecules involved in transcription
and trapslation. This has led to suggestions that DNA genomes, together with the
corresponding polymerases, may have been invented independently in the differeant cell
domains (Mushegian and Koonin, 1996; Leipe, et al. 1999).

Evolution of enzymes in biological systems often involves the acquisition of new
catalytic or binding properties by an existing protein scaffold. However, identification
of several pon-homologous classes of nucleic acid polymerases (primase, reverse
transcriptase (RT), RNA polymerase and DNA polymerase) shows that this is not the
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case for these enzymes, and demonstrates the polyphyletic origin of template-dependent
. enzyme-mediated synthesis of phosphodiester bonds (Steitz, 1999).

Based on sequence similarity and crystal structure analysis (Steitz, 1999) DNA
polymerases have been classified into five families (Table 1). Three dimensional
structures are available for the DNA polymerase families defined by the DNA pol I,
DNA pol a, RT, and rat DNA pol [} prototypes.

Family ) Representatives
DNA polymerase [ family (A polymerase family) - Klenow fragment of Escherichia coli DNA
polymerase [
- Klenow fragment of Bacillus DNA
polymerase |

Thermus aquaticus DNA polymerase
T7 RNA and DNA polymerases

' DNA polymerase o (B family DNA polymerase or | - All eukaryotic replicating DNA polymerases

family IT) (0,5,€)

- Phage T4 DNA polymerase

: - RB69 Phage polymerase

Reverse transcriptase family - HIV reverse transcriptase

- RNA -dependent RNA polymerase

- Telomerase
Rat DNA polymerase 3 - DNA polymerase [ (rat) _
Bacterial DNA polymerase 11 : - Bacterial DNA polymerase III, on the basis

of amino acid sequence comparisons.

Table 1. Classification of DNA polymerases into five families accordmg to sequence similarity and tertiary
structure criteria (cf, Steitz, 1999).

All DNA polymerases whose tertiary structure has been determinated appear to share a
common overall architectural feature comparable to a right hand shape. This structure is
not so evident, however, in the case of rat DNA pol 3 and its homologues. The structure
of the other polymerases has been described as consisting of “thumb”, “palm”, and
“finger” domains (Kohlstaedt, et al, 1992). Detailed analysis of the three dimensional
structure of DNA polymerases from the pol I, pol o, and RT families suggest that their
palm sub-domain has a single origin, i.e., it is homologous in all of them, while the
fingers and the thumb sub-domains are different in all four of the families for which
structures are known (Brautigam and Steitz, 1998). The complex evolutionary history of
nucleic acid polymerases, combined with the wide sequence space explored by these
enzymes during biological evolution, strongly hinders the identification of the ancestral
polymerase.

As argued here, the three-dimensional homology between the palm domains of DNA
polymerase I and DNA polymerases B, which includes all eukaryotic replicating DNA
polymerases (Steitz, 1999), can be extended to suggest that such domain, which
catalyses the phosphodiester bond, was already present in the cenancestor. As shown
here, the structural multiple alignment of the palm sub-domain of DNA polymerases
belonging to the pol I and pol o families from the tree cellular domains of life strongly
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suggests that this sub-domain is the most ancient protein segment found within these
enzymes and could have been present in the LCA.

2. Material and Methods

The crystal structures from the following DNA polymerases sequences were
downloaded from Protein Data Bank (www.rcsb.org/pdb/): DNA polymerases A family:
IKLN,  Escherichia coli; 1TAQ, Thermus aquaticus; 1XWL  Bacillus
stearothermophilus; and from DNA polymerases B family: 1TGO, Thermococcus
gorgonarius; 1D5A, and Desulfurococcus sp. Tok;.

The palm sub-domains of all of them, following the classification of CATH database
(www biochem.ucl.ac.uk/bsm/cath_new/index.html), were aligned manually using the .
program SPDBV (Guex, and Peitsch, 1997) (www.expasy.ch/spdbv/text/refs.htm) to
construct a structural multiple alignment. '

The sequence of the palm domain from 7. gorgonarius (1TGO) was used as a query
against the SwissProt database in the NCBI server (www.ncbi.nlm.nih.gov/BLAST/),
using Blast (Altschul, et al, 1997). Sequences from eukaryoticDNA polymerases thus
identified using this metod, were added to the structural multiple alignment using the
program ClustalX v1.81 (Thompson, et al, 1997).

The multiple structural alignment was performed by first aligning the two archaeal and
the three bacterial palm sub-domains separately, in order to identify the conserved
residues in each of the families. This was followed by the manual alignment of all
structures looking for the 3-dimensional conserved residues identified before.

3. Results

The multiple structural alignment of the primary structure of the different palm sub-
domains in, is shown in Figure 3.

The Blast search found eight eucaryotic DNA polymerases: DPOD_HUMAN DNA
polymerase delta catalytic subunit (Expect = 4e-04); DPOD_BOVIN DNA polymerase
delta catalytic subunit (Expect = S5e-04); DPOD_MESAU DNA polymerase delta
-catalytic subunit (Expect = 7¢-04); DPOD_RAT DNA polymerase delta catalytic
subunit (Expect = 8e-04); DPOZ_HUMAN DNA polymerase zeta catalytic subunit
(Expect = 9¢-04); DPOD_MOUSE DNA polymerase delta catalytic subunit (Expect =
0.001); DPOZ_MOUSE DNA polymerase zeta catalytic subunit (Expect = 0.001);
DPOD_SOYBN DNA polymerase delta catalytic subunit (Expect = 001).
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hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh_  ssssksss_ssss
>1KLN aaaeraaingpmggtaadiikramiavdawlgpeqprvymingvhdelv
_ hhhhhhhhhhhhhhhhhhhhhhhhhhhiznhhhhhhhh SSfssss_ssss
> 1 XWL fnvrsfaermamn:piqgsaadiikkamidlnarlﬁperlqahl lgvhdeli
hhhhhhhhhhhhhhhhhhhhhhhh  h_ sslssss_ssss
>1TAaQ mpvggtaadlmklamvklfprlee--mgarml lgvhdelv
hhhhhhhhhhhhhhhhhhhhhhhh SS[SSSSSSSSS
>17TGO kecaesvtawgrgyiettireieek--fgfkvilyadtdgff
hhhhhhhhhhhhhhhhhhhhhhhhl SSlESsS_Ssss
>1D5A reécaesvtawgrgyiettmreieek--fgfkvilyadtdgff
sssss___| hhhhhhhhhh sssssts__hhhh
>1KLN fevhkddydavakgihglmeénctrld----vpllvevgpsgenwdga
sssss__ | hhhhhhhhhhhhh ssssspgs__
>1XWL leapkeemerlcrlvpevmegavtlr----yvplkvdyhlygstwyda
sssss___hhhhhhhhhhhhh : sssssissssshhh
>1TAQ leapkeraeavarlakevmegvypla----vplevevgigedwlsake
ss I hhhhhhhhhhhhhhhhhh | SSSSSSSESS
>1TGO atipga-flaetvkkkakefldyinaklpglfleleyegflykxr
ss 1 hhhhhhhhhhh hhhh SSSsSsSss
>1DSA atipga-flaetvknkakeflnyinprlpgllleleyegf

Figure 3. Multiple structural alignment of the palm subdomains. Enclosed in boxes are the residues which are
structurally bomologous in all the domains studied here. The sequences are as follows: DNA polymerases A
family: 1KLN, Escherichia coli; | XWL Bacillus stearothermophilus; 1 TAQ, Thermus aquaticus; and from’
DNA polymerases B family: lTGO Thermococcus' gorgonarius; |DSA, and Desulfurococcus sp. Tok. Above
each sequence the secondary structure is shown: h, o-helix, and s, for B-strand.

4. Discusion and conclusions

Although the availability of completely sequenced cellular genomes has enhanced the
likehood of more accurate reconstructions of ancestral states, horizontal gene transfer
can strongly hinder our ability to understand the characteristics of the last common
ancestor. As shown by the current discussions on the chemical nature of the LCA
genome (Mushegian and Koonin, 1996; Leipe, ef al., 1999), our attempts to understand
- the distant past can also be limited by the polyphyletic origin of DNA polymerases,
whose classification into different families reflects a case of convergence. Nevertheless,
the evidence presented here clearly shows that the palm subdomains of the I and II



THE CASE OF NUCLEIC ACID POLYMERASES 229

DNA polymerase families, which are found in all three cell lineages, have a common
origin that has conserved the same tertiary structure and is thus an indication of the
monophyletic origin of these enzymes. The lack of a crystalized eukaryotic replicative
DNA polymerase has not allowed the recognition of the common origin of these
polymerases. As shown here however, their monophyletic origin is recognizable even at
the primary structure level (Blast search). The evolutionary conservation of this
subdomain, which is involved in the catalysis of the phosphoribosyl transfer reaction
(Steitz, 1999), is probably due to the central role it plays in the synthesis of
polynucleotides. :

On the other hand, the lack of homology between the other subdomains (i.e., the thumb
and finger) indicates the easyness by which nucleotide-binding motifs can evolve. A
possible evolutionary sequence of nucleotide polymerization agents, starting from the
prebiotic synthesis of phosphodiester bonds (and omitting the existence of possible
preRNA worlds) is shown in Figure 4. This scheme is based on Steitz (1999) suggestion
of a stepwise-emergence of functional peptides in an ribozymic replicase, and on the
evolution of polymerization agents discussed elsewkere (Lazcano et al., 1988).

A possible evolutionary sequence of nucleotide polymerization

Prebiotic polymerization of nucleotide-derivatives mediated by His-His, NH,CN, Zn"" (perhaps in chemically
active surfaces?)

\4
lon-dependent ribozymic RNA replicase

A 4

Appearance of protein synthesis leads to the development of RNA-binding peptides.

\4
Stepwise substitution of the ribozymic RNA scaffold by peptides

\ 4

Appearance of an ion-dependent proteinic ancestral polymerase (palm-subdomain?)

\{
Polyphyletic origin of extant polymerases

Figure 4. Possible evolutionary sequence of nucleotide polymerization agents, starting from the prebiotic
synthesis of phosphodiester bonds (and omitting the existence of possible preRNA worlds).

Given the lack of absolute chemical specificity that polymerases exhibit for both
template and substrate (Lazcano et al., 1988), it is quite possible that the conserved ion-
dependent palm-subdomain discussed here was part of an ancestral replicase and
transcriptase during the RNA/protein world stage (Figure 4). This possibility is
supported by the homology between the viral T7 RNA and DNA polymerase. However,
the highly conserved sequences of the § and B’ subunits of the DNA-dependent RNA
polymerase which are found in all three cellular domains, indicate that by the time the
LCA had evolved, a modern type of oligomeric RNA polymerase had already evolved.
Why polymerases have originated independently several times and why the level of
divergence within each family of DNA polymerases is so high, are still open questions
that deserve further attention.
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CHAPTER 3

The Nature of the Last Common Ancestor

Luis Delaye, Arturo Becerra and Antonio Lazcano

Introduction -
ntil the late 19705 cellular evolution was assumed to be a continuous, unbroken chain
| I of progressive transformations that begun with the emergence of [ife imself and contnued
unil the endosymbiotic origin of eukaryotes marked the major biclogical discontinu-
ity. This scheme was challenged when the comparison of small subunir ribosomal RNA (16/
188 rRNA) sequences led to the construerion of a trifurcated, unrooted tree in which all known
organisms can be grouped in one of three major monophyletic cell lineages, i.e., the domains
Bacreria (eubacteria), Archaea (archaeabacteria), and Eucarya {eukaryotes).! Information from
one single molecular marker does not necessarily yield a precise reconstruction of evolutionary
processes, bur as shown by numerous phylogenies constructed from other genes such as those
encoding polymerases, elongacion factors, F-rype ATPase subunics, hear-shock and ribosomal
proteins, the idendficarion of che chree major lincages is not an artiface based solely upon the
reductionist extrapolation of information derived from the (RINA tree, but a true reflection of
an ancient wifurcation. :

Cladistic analysis of rRNA sequences is acknowledged as a prime force in systematics, and
from its very inception had a major impact in our understanding of cellular evolution. As
shown by the unrooted rRNA trees, no single domain predates the other two and all three
derive from a common ancestor. Recognition of the significant differences that exist between
the transcriptional and translational machineries of the Bacteria, Archaea and Eucarya, which
were assumed to be the result of independent evolutionary refinements, led to the conclusion
thac the primary branches were the descendants of a progenote, a hypothetical biological entity
in which phenotype and genotype still had an imprecise, rudimentary linkage reladionship.?

From an cvoludonary point of view it is reasonable to assume that at some point in zme the
ancestors of all forms of life must have been less complex than even the simpler extanr cells
However, the conclusion that the last common ancestor (LCA) was a progenote was dispured
over ten years ago when the analysis of homologous traits found among some of its descendants
suggesred thac it was nor a direct, immediate descendant of the RNA world, a protocell or any
other prelife progenitor system. Under the assumption that horizontal gene transfer (HGT)
had not been 2 major driving foree in the distribution of homologous traits in the three do-
mains, it was concluded thar the LCA was a complex organism, much alike extant bacteria !
A decade ago the invenrory of such shared features was small, buc it was surmised char the
skeschy picture developed with the limited databases would be confirmed when completely
sequenced cell genomes from the three primary domains. This has not been the case: the avail-
ability of an increasingly large number of complerely sequenced cellular genomes has sparked
new debates, rekindling the discussion on the nature of the aneestral entiry.® This is shown, for
instance, in the diversity of names thar have been coined o describe ic prc:»gJ.-.notc,1 cenancestor,®
LUCA, last universal cellular ancesror,” and LCC, last common community,® among others.
These terms are nor truly synonymous, and rhey reflect the current controversies on the nature
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RNA-related
ORFs

Figure 1. Venn diagram scheme indicating the most parsimonious characrerization of the gene complement
of the last commeon ancestor (LCA). The inner subset corresponds mhigh]yconservcdRNAmctabolism-mlawd
sequences (see text), and the arrows indicate herizontal gene transfer (HGT) events, which is some cases
involved endosymbiotic events.

of the universal ancestor and the evolutionary processes that shaped it. In this chaprer we
survey some the difficulties encountered in the description of the last common ancestor, and
summarize ongoing discussions on its nature, reviewing briefly how this information can be
used to infer earlier steps in biological evolution.

Universal Phylogenies and the Search for the Cenancestor

The rraits shared by all known living beings are far to numerous and complex to assume
that they evolved independently. Minor differences in the basic molecular processes of the
three main cell lines can be distinguished, but all known organisms share the same geaetic code
and the same essenrial features of genome replication, gene expression, basic anabolic reactions,
and membrane-associated ATPase mediared enesgy production. The molecular details of these
universal processes nor only provide direcr evidence of the monophyletic origin of all extant
forms of life, but also imply that the sets of genes encoding the components of these complex
traits were frozen a long tiine ago, i.c., major changes in them arc scrongly selecred against.

The variations thar are observed in extant species can be easily explained as the outcome of
divergenr processes from an ancestral life form, fors et origo of all contemporary organisms. Of
course, no geological remains will bear testimony of its existence, as the search for a fossil of the
universal ancestor is bound to prove fruitless;® from a cladistic viewpoinr, the LCA is merely an
inferred invenrory of features shared among extant organisms (Fig. 1), all of which are located
at the tip of the branches of molecular phylogenies. However, if the term “universal diseribu-
tion” is restricted ro its most obvious sensc, t.¢., thar of traits found in all completely sequenced
genomes, then quite surprisingly the resulting repertoire is formed by relatively few fearures



and by incomplerely represented biochemical processes.'*'? Analysis of some of the most likely
a priori candidares for strict universality, such as those sequences involved in DNA replication,
haVl:lz’tll.lmCd out 10 be nor only poorly preserved bur also, in some cases, of polyphyletic ori-
gin."”

In principle, determination of the evolutionary polarity of character states in universal phy-
logenies should lead to the recognition of the oldest phenorype. Accordingly, the most parsi-
monious characterization of the LCA can be achicved by proceeding backwards and summariz-
ing the fearures of the oldest recognizable node of the universal cladogram, ic., rooting of the
universal tree would provide direct information on the nature of the LCA. However, the
plesiomorphic traits found in the space defined by rRNA sequences allow the construction of
topofogies that specify branching relationships bu not the position of the ancestral phenotype.
This phylogenetic cul-de-sac was overcomed by Iwabe'” er al and Gogarten'® et al, who ana-
lyzed paralogous genes encoding (a) the two elongation factors (EF-G and EF-Tu) that assisr in
protein biosynthesis; and (b) the o and B hydrophilic subunits of F-type ATP syntherases.
Using differenc tree-consrruccing algorichms, both reams independendy placed the root of the
universal trees beoween the eubacteria, on the one side, and the archaea and the eukaryoric
nucleocytoplasm on the other. By cooting deep phylogenies, ancient paralogous duplications
provide the means o place the LCA in the universal rree. The conclusion that Bactera are che
oldesr recognizable cellular phenotype, and the Archaea and Eucarya sister groups, is consisrent
\?'ldl sequence analyses that have shown that the eukaryotic genes involved in the transcrip-
ton/uznscriptional motecular machineries are closer to their archaeal counterparts than to the
eubacrecial ones. 720

However, the issue is far from solved, and has in fact been furcher complicated with che
advent of genomics. For instance, Philippe and Forterre7 have argued char the bacterial roor is
a long-branch atrraction artifacr due to the mutational saturarion of the more than 3.5 x 109
years-old marker sequences used in the construction of deep phylogenies, As part of an arrempr
to overcome this limiration, they have used a covarion-based phylogeny-building methodology
that allows for rate variation of conserved sites under varying consrraints, which led to cla-
dograms with an eukaryotic root,

This conclusion has been enthusiastically embraced by Penny and Poole,2! who in a num-
bC'r of publications have argued thar the eucaryal fragmented genome (as indicared by the
existence of separate chromosomes) and intranuclear RNA processing are evidence of the primi-
trveness of nucleated cell genomes, ie., thar the LUCA was a eukaryote, This hypothesis has
been presented, albeir with somewhar different emphasis, by others,**2 However, there are
several reasons thar Jead us to disagree with the proposal made by Penny and Poole (1999).7!
These include not only the presence of a widely distributed set of conserved set of DNA repair
enzymes that are present in the chree domains,™ which may be interprered as evidence of a
cenancestral DNA genome, bur also the following;

2 Alchough it is likely thar the segmented genomes found among certain RINA viruses repre-
senc an evolutionary strategy to overcome the Eigen error threshotd,? the average length of
eukaryotic chromosomes is in general well above the size of each viral RNA genomic seg-
ment. Moreover, multiple chromosemes and other rraits of eukaryoric genome architecrure
are not by themselves indicative of the antiquity of the eucaryal nucleocytoplasm; as sum-
marized by Bendich and Drlica,? yeast relomerase-defficienc cells are endowed with circu-
lar chromosomes, and other architectural fearures typical of eukaryotic genomes, such as
polyploidy, linear chromosomes, and very large amounts of DNA have also been described
in different prokaryotic species;

b. Intranuclear RNA processing is characrerized self-splicing reactions of the immature RNA
phosphodiester backbone, However, there is no conclusive evidence that intron self-splicing
and rbozyme-mediated RNA processing are truly primordial activiries: ribozymes with
ligase acrivity and self-cleaving RNAs ribozymes are extremely abundant, and distinct mecha-
nisms by which ediring can occur have been described. 2 These observations demonstrace
the polyphyly of riboryme-mediated processes, and imply thar not all of them are truly

s e e s

vestigial activities, i.¢., not all eukaryotic RNA processing is a relic of 2 preDNA/protein
world but may be in fact a later development; and

¢, Cholesterol and related sterels are hallmarks of nucleared cells. This is true even of anaero-
bic, amitechondrial ancient species such as Giardsa famblia, where cholesterol is furnished
by its host. Although eucaryal genome architecture and sterol biosynthesis are independent
features, the highly flexible eukaryotic internal membrane systerm which uaderlies the ea-
doplasmic reticulum and the nuclear membrane, which defines the environment where
RINA processing takes place, would not be possible in the absence of cholesterol. Since the
anzerobic biosynthesis of cholesterol is not feasible, this suggests that, in contrast 10 prokary-
ores, cukaryotes could have not appeared until free oxygen accumulared in the Precambrian
environment. This srrongly diminishes the likelthood of a eucaryal-like LCA.

Progenote Swarms or Prokaryote-Like Cenancestors

Analysis of an increasingly large number of genes and genomes has revealed major discrep-
ancies with the topology of rRNA trees. As summarized by Brown (this volume) veey often
these differences have been interpreted as evidence of horizontal gene transfer (HGT) events
between different species, questioning the feasibility of the reconstruction and proper under-
standing of early biological history.?” Depending on their different advocares, a wide spectrum
of mix-and-match recombinarion processes have been described, ranging from the lateral transfer
of few genes, to cell fusion events involving organisms from different domains. There is dear
evidence that genomes have a mosaic-like narure whose components come from a wide variery
of sources.”® However, noc all sequences have the same likelihood of undergoing horizonral
transfer events. Proteomic analysis of funcrional groups of sequences suggest that while house-
keeping genes are more prone to HGT, genes involved in transcription, ranslacion, and relared
process are less likely to be transferred.” On the one hand, these observations help to under-
stand the peculiarities of metabolic pene phylogenies?® and, on the other, the fact that even
rRNA can undergo HGT events®' supports contentions of a web-like pattern of early bio-
logical history.?” :

Reticulate phylogenies greatly complicare the inference of cenancestral traits, Driven in part
by the impact of lateral gene acquisition, as revealed by the discrepancies of different gene
phylogenies with the IRNA tree, and in part by the surprising complexiry of the universal
ancestor as suggested by direcr backurack characterizations of the oldest node of universal cla-
dograms, Woese?? proposed that the LCA was not a single organism, buc rather 2 highly diverse
pepulation of metabolically complementary, cellular progenotes endowed with multiple, small
linear chromosome-like genomes thar benefited from massive multidirectional horizontal transfer
events. According to this model, the essencial features of translarion 2nd the development of
metabolic pathways tool place before the earliesr branching event, but what led to the three
domains was not a single ancestral lineage, bue a rapidly differentiating communicy of genetic
entities. This communal ancestor occupied as a whole the node located ar the bortom of the
universal tree, in which the decrease of sequence exchange and increasing genetic isolation
would eventually lead to the observed tripartice division of the biosphere.

We have an alternative opinion. The genetc entiries that formed the communal anceseor
proposed by Woese® may have been extremely diverse, but an indication of their ultimare
monophyletic origin from a sole progenitor is provided by universally distributed fearures such
as the genetic code 2nd the gene expression machinery. Did this hypothetical communal
progenote ancestor diverged sharply into the three domains soon after the appearance of the
code and the establishment of translation? Not necessarily. The origin of the murant sequences
ancestral to those found in all extanr species, and the divergence of the Bacteria, Archaea, and

Eucarya were not synchronous events, i.¢., the separation of the primary domains rook place
lacer, perhaps even much later, than the appearance of the genetic components of their last
common ancestor. Moreover, by definition, the node locared at the bottom of the cladogram ks
the root of a phylogenetic tree, and cotresponds to the common ancestor of che group under
study. But names may be misleading. What we have been calling the root of the universal tree



is in fact the tip of its rrunk: inventories of LCA genes include sequences thar originated in
different precenancestral epochs.'! ¥+ ]

Universal gene-based phylogenies ultimately reach a single universal entiry, but the
bacterial-like LCA, which we favor, was not alone. Company must have been kept by its sib-
lings, a population of encicies similar to it that existed throughour the same period. They may
have not survived, but some of their genes did if they became integrated via lateral transfer into
the LCA genome. The cenancestor is one of the last evolutionary outcomes of a tree trunk of
unknown length, during which the history of a long but not necessarily slow” series of ances-
tral events including Jareral gene transfer, gene losses, and pa.raJ%%ous duplications probably
played a significant role in the accretion of complex genomes, >

It is currently difficult to propose a unifying hypothesis. However, the scheme oudined here
is supported by gene content rrees, which oxhibit an excellent broad-level agreement with
tRNA-based phylogenies.*™*? Such trees are not cladograms but phenograms, ie., they are
merely hicrarchical representations of similarities and differences in gene content, where the
presence or absence of a sequence is counted as a character. Since different lineages evolve at
different rates, such overall similarity may be an equivocal indicacor of genealopical relation-
ships. Nevertheless, these trees are consistent with tRNA phylogenies, and do nor support the
hypothesis of massive HGT between distant species. Comparisons of combined orthologous
protein data sets that exclude sequences that may have undergone lateral cransfer are equally

consistent with tRNA-based trees.'? The robustness exhibited by these different methodolo-

gies indicate thac although lateral gene ransfer has played major role in cellular evolution,
massive lateral transfer events berween distant groups has not taken place. This suggests not
only thar the carly history of life has not been completely obliterated by lateral transfer of
genes,* bur also that the role of rericulare evolution in defining the LCA as a progenote swarm
may have been overstated.

The Nature of the Cenancestral Genome: DNA or RNA

Since all extant cells are endowed with DNA genomes, the mosr parsimonious conclusion is
thar this genetic polymer was already present in the cenancestral population. Woese*** has
suggested otherwise, arguing for a progenote-like universal ancestor endowed with a rapidly
evolving genome formed by disaggregated, small-sized RNA molecules. This possibility was
supported at least in part by the findings of Mushegian and Koonin,*® who suggested that the
absence of cucaryal or archaeal homologs of key components of DNA replication and nucle-
otide biosynthesis in the minimal gene set which resulted from rhe comparison of the
Haemophilus influenzae and Mycoplasma genitalium genomes indicated that the cenancestor
had used RINA as penetic polymer. Such conclusion is weakened by the limited data-set ana-
lyzed, which consisted of only two parasitic bacterial genomes that have undergone extensive
polyphyletic gene losses.*” In a subsequent publication, however, Koonin and his collaborators
analyzed a lasge set of primases, replicative polymerases, and other proteins involved in DNA
replication, and have suggested an alternative scheme with a hybrid RNA/DNA cenancestral
genctic system whose complex replication cycle involving reverse transcripcion.

There are indeed manifold indicarions that RNA genomes existed duting early stages of
cellular evolution*” but, as argued belaw, it is likely thar double-stranded DNA genomes had
become firmly eseablished prior to the divergence of the three primary domains, The major
arguments supporting this possibilicy are:

a In sharp contrast with other energetically favorable biochemical reacrions (such as
phosphodiester backbone hydrolysis or the transfer of amino groups), the direct removal of
the oxygen from the 2°-C ribonucleoride pentose ring to form the corresponding
deoxy-equivalents is a thermodynamically much less-favored teaction, considerably reduc-
ing the likelihood of multiple, independent origins of biological ribonucleoride reduction;

b. demonstration of the monophyletic origin of ribonucleotide reductases (RNR) is greatly
complicated by their highly divergent primary sequences and the different mechanisms by
which they gencrate the substrace 3'-radical species required for the removal of the 2'-OH

group. However, sequence analysis and biochemical characterizarion of archaebacterial RINRs
have shown their similarities with their eubacterial and eukaryotic counterparts, confirm-
ing their ultimate monophyletic origin;**32 and

<. sequence similarities shared by many ancient, large proteins found in all three domains
supgest that considerable fidelity existed in the operative genetic system of their common
ancestot, but such fidelity is unlikely to be found in RNA-based genetic sysiems.?

While accepting a DNA component in the LCA genome, Leipe et al*® have underlined the
highly divergent character of the main components of the (cu)bacrerial replication machinery
when compared with their archaeal/eukaryotic counterparr. Although it is possible ro recog-
nize the evolutionary relatedness of various orthologous DNA informational proreins (ic.,
ATP-dependent clamp loader proteins, togoisomcmﬁ, gyrases, and 5'-3" exonucleases) across
the enrire phylogenetic spectrum,'*13*® comparative proreome analysis has shown that
{eu}bacterial replicative polymerases and primases lack homologues in the rwo other primary
kingdoms. As argued by Leipe et al*® these observations can be explained by assuming a dual,
independenr origin of the DNA replication machinerics of the Bacteria, on the one hand, and
of the Archaea/Eucaryal on rhe other. Further convolutions have been added to the plot by
Forterre,”® who argued thar the evolutionary separarion berween the replication components
resulted from rhe nonorthologous displacement by rapidly evolving viral ot plasmid-encoded
gene products soon after the divergence of the three primary domains, as well by Villarreal and
DcFilippis,* who in a similar vein have suggested a viral origin of nucleated cell DNA poly-
merases.

Evolution of enzymes In biological systems often involves the acquisition of new caralytic or
binding properties by an existing protein scaffold, This has not been the case for the major
types of polymerases, as shown by the idenrification of several nonhomologous classes of poly-
merases: primases, DNA polymerases, DNA-dependent RNA polymerases, replicases, and
poly(A) polymerase, among others.* The polyphyletic origin of different polymerases and the
large sequence space explored by DNA polymerases probably reflect the energetically favorable
character of the enzyme-mediated synthesis of phosphodiester bonds in the presence of a tem-
plare.

All DNA polymerases whose tertiary structure has been determined share a.common over-
all architectural feature comparable to a right hand shape. Derailed analysis of the
three~dimensional structures of the pol 1, pol ¢, and reverse transcriptase familtes have shown
that their palm subdomain, which catalyzes the formation of the phosphodiester bond, is ho-
mologous in all of them, while the fingers and thumb subdomains are different in all four of
the families for which structures are known.”® Homologous palm subdomains have also been
identified in the viral T7 DNA- and RNA polymerases,”® indicating thac it can caralyze the
remplate-dependent polymerization of ribo- and of deoxyribonucleotides (Fig. 2). More re-
cently, the construction of a darabase of aligned crystal structures of DNA pal families A and B
has allowed the precise identification of the conserved moifs described by Poch e al®” in the
catalytic palm subdomain of DNA polymerase families A(I) and B(IT), and leading to its iden-
tification in the eukaryotic DNA polymerase 8 and § subunits.”®

As summarized by Forterre,? a aucleic acid replication enzymatic machinery requires, at
the very least, a replicase, a primase, and z helicase, which are curreacly described as
nonorchologues berween the bacrerial and the archaea/eukaryotic branches. Given the central
role thar is assigned to nudleic acid replication in mainstrearn definitions of life,* the lack of
conservation and polyphyly of several of its key enzymatic components is somewhar surprisiog,
However, the ample phylogenetic distribution of the catalytic palm subdomain and the relative

“template- and substrate specificities of polymerases®®S! and helicases, suggest an explanation

for the evolution of the DNA replication machinery simpler thar those advocated by Leipe e
al," Forrerre,*? and Villarreal and DeFilippis,s"

Our scheme assumes that the conserved palm subdomain described above is one of the
oldest recognizable components of an ancestral cellular polymerase chat may have acred both as
2 replicase and a transcriptase during the RNA/protein world stage. Once the advent of
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Figure 1 Consereed catalyric paim ssbdomain of the family ] E. coli [INA pol I {a}, the bacreri
aje T7 DA pol ib) and DiA-dependent RMA polymerase (2}, and the ﬂr.;?ﬁzuu;ﬁnmm ﬁ
pol L 1) [Adapeed fvorm Brautigam and Soeire™ Cheetbam e al;*! [ensealen] gnd Steis™ end Zhao e al %)

deuble-sranded DMNA ook place, relatively Few mutasions would have been required for the
evolution of chis RMNA replicase into 2 DNA polymerase priar to che divergencs of the three
domains. Qur hypothesls implies thar chis progenitor INA polymersse was ariginally invalved
in the replicarion of the LCA genome, until it (eu)bacterial descendant (represented today by
repaic DIMNA pol 11} underwenr & nonarthologous displacement by che ancestor of dhe Escheri-
chia col replicarive DNA pal (11 {DMA pol ) and e homologs. The sruemral homology of
RNA- and DNA-helicase domains® sugpest, on the other hand, the possibility of 2 acnspe-
cific helicase inhesited from che RMA/protsin world thar may have operated in unwinding
double-smranded DMA unil che evolution of the exrant DMNA belicases.

By analogy with the yeast and animal misochondrial RNA palymeraser, which play a dual
rixle in transcription and in the inirdsl priming required for IINA replication,™ we propose that
the ariginal RMA polymerase described sbave carlyied the formation of dhe KNA primer
required for DINA replicarion, This hypothesis implies thar extant bacrerial and archaesl/ey-
caryode primases ars later independent evaludonasy develepments thar displaced the cenancestral
HMA polymetase from iss primase funcdon. As sugpested above, this ancestral polymerase may
have scted as a cranscriprase dusing the RMASprogein stagee, bt thee distribarion of the highly
consrved sequences of the olignmesic DNA-dependent RNA palpmersss indscate that by the
sime the cenancestor diverged. 2 modern rype of transeriprion JEirmlmj. Herw this complex
oligameric transcriprass came into being can only be surmised ar the time being,
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Some Like It Very, Very Hot

The roating of universal cladistic trees dexermines the directionality of evolurtionary change
snd allows rhe recognivion of ancescral from derived characters, e, primitive charscrers should
appeat b olded, basal branches than do their derived coun Determination of the raot-
ing point of a tree normally impans pobaricy 1o most or all characters.™ 1 i, however, impor-
@nt to distinguish beoween ancient and primitive coganisms, Crganisms locaced near the roat
of universal rEMA-based vrees are cladisrically ancient, bt teey are not endowed with a primi-
ove molecular genetic apparatus, nor seem oo be more primisive in cheir meabalic abilices
than their aerobic councerparns,

The sinmson is elighty differene regarding che phylogenssic dispibudion of byperthermaophily,
which sppesrs w be & vuly ancescral, priendtive trait. Examination of the tic branches
of unrooted tRMA trees had already suppesred char the ancesrors of eubgcreria and
archashacreria were extreme thermophiles, i, erganisms that grow optimally at temperatwres
i the range 70° Cand above. ™ Rooted wniversal phylogenies confirmed char byperthermophiles
are not randomly diswribured in the universal e, but are cearly located sowasds the lowest
portion of molecular (RNA-based ddadoprams.® It s sometimes overlooked that the bacterial
twocing of universal trees implies that hypertbermaphilic bacreria such as Thermomga and
Aquifex are claser co ehe LCA than the oldeir hyperthermophilic archaes, Including the
korearchaeors, which branch below the euryarchaeotalcrenarcharota split*® Some
bypenhermophile mquences are displaced from their basal positions f molecular markers ocher
than elongarion facrors or ATPase subunin are compared,™ bur the anriquiry of
hyperthermophiles appears 1o be well eseablished, 477 3y hae received additional suppert
From trees based oo combined protein daca sees from which sequences alignments dhat are
candidstes for HGT have been excluded,

Backward extrapolation of the basal posicdon of hyperthermophiles led mot only o the hy-
pothesis of 3 hear-loving LCA, bur also of a high-remperanure origin of 1ife,™ which according
w some wook place in exmeme environments puch a8 those found oday in desp-sea venu™ or
in other elves in which mineral sutfaces may have Fueled the appearance of primordial
chemoaualichoraphic biclogical s.].':n:m:.“ However, all thase views hove been contested tn
ane way of another, and are will open isswes.”™ For instance, It ke difficub to rake for granted che
possibilicy of hyperthermophilic univemsal ancestor endowed with a fragmened BMA genome
propased by Woese™ with the extreme thermal fragilicy of RNA malecules.

The recognition that the deepait branches b rooted wniversal phylogenies are oocupied by
hyperhermaphiles does not provides by ioelf conclusive proof of 2 heat-loving LCA. Analysis
of the correlation of the oprimal growdh emperanire of prokaryores and dhe GO nudeoods
content of 40 (RNA sequenced through a complex Markov model, has led Galrier er o™ 1o
eonduds thar the universal ancescor was o mesophile. IF chis is indeed the case, then the diseri-
bution of hyperthermophiles in rRMA-based phylogenies could be explained byt (2} laterl
transfer of thermoadaprarive traits;™ {b) hear as a relic from early Archean high-temperamure
regimes that may have resulied from a severe Impacy regime:™™ (c) assuming that
E-E:rlbﬂrmnphilna displaced elder mesophiles when they sdapred o lower razher

being che sole survivors of an impact event.™ Ir should be kept in however, that
singe the time dimension i absens from the low G+C rRMA valise inferred by Galsier 2t al™ ie
is possible thar it corrssponds no che cenencestor imelf, buc ro one of i evolutionary predeces-
sogs, locaied along the trunk of the niversal e,

Thus, although no mesophilic organisms olider than heat-loving bacteria have been discov.
ered, it is possible that hypershermophily & 3 secondary adsprasion that evalved in early geo-
legical cimmes, 814 H}'Pﬂ'dlﬂ'ID?Pl'l.l.l.l'_l ot only share the same basic fearures of the medecular
machinery of all other forma of life; they also tequire 4 number of specific biochemical adapta-
tions. Such adaparsons may indude histone-like protens, RNA modifying enzymes, and re-
WEEE EVERSE, :Jilﬂx.di:.r ATP-dependent enayme thar rwists DMA into a positive supercoiled
conformation,” Clus w the ongin of hypemhermophily may be hidden in chis lisy, and i



evolurionary analysis may contribute to the undersranding of the racher surprising ps)hyloge-
netic distribution of the immediare mesophilic descendants of hear-loving prokaryotes,” which
shows thar at least five independent abandonment events of hyperthermophilic craits ook
place in widely separated branches of universal trees, one of which corresponds to the eukary-
otic nucleocyroplasm.

Trimming the rRNA-Based Universal Trees

The conclusion that the LCA was a prokaryore-like organism similar to extanc (eu)bacreria
does not says much about its mode of energy acquisition and carbon sources. As sumenarized
by Stetter,” the basal position of universal rees are occupied by heterotrophic and autotrophic
hyperthermophtles, many of which live in sulphur-rich, extreme environments, with the deep-
est branches occupied by chemolithoautotrophs thar have aerobie and anaerobie respiration.
Direct extrapolation of these and other excremophile traits into the LCA has not been taken by
granted by all. On the other hand, the irregular distribution of merabolic pathways and the
large pool of sequences shared by extant species leads to a totipotent, phototroph LCA, unre-
alistically endowed with more biochemical aetributes than some modern prokaryotes.?8 How-
ever, if multiple copies of every major gene family are assumed to have been already presencin
the LCA genome, ™ then the observed complex distribution pacterns of bioenergetic and bio-
synthetic genes can be explained a5 the outcome of polyphyleric gene losses as the cenancestor
descendants adapted to a wide variery of environmenes under different selection pressures.®®?*

Although the dmescale separating the LCA from the possible emergence of life is not a
major problem given the rapid pace of prokaryotic evolution,?” characrerization of the
cenancestral metabolic abilities can be hindered by several major problems. These include the
horizontal acquisition of metzbolic pathways, a possibility enhanced by likelihood of LGT of
housekeeping genes,® and the fact that many open reading frames derived from complete
genome sequencing projects remain unidentified (30 to 50% depending cn the organism). Tt is
possible that some of these ORFs correspond to rapidly evolving sequences encoding missing
enzymes of incompletely reconstructed metabolic pathways.54®

The inadequare biodiversicy sampling that has shaped our current dacabases, which repre-
sent an extremely biased set of sequenced gene and genomes, also complicates our effores.
Quire understandably, medical and veterinarian interests have shaped the nature of exmnr ge-
nome databases from which many species are absent, perhaps even excluding members of every
major biolegical group. Although clearly incomplete, the adequacy of fully sequenced genome
databases for the reconstruction of anceseral states is probably greater than ir is generally real-
ized. There are, of course, many taxa we do not know about that are yet o be described.
However, in spite of this strong limitation and of the extraordinary diversicy of habitats and
lifescyles, organisms share a surprising amount of enzymatic activiries, mezabolic routes, and
basic biological functions, as reflected in genome replication, gene expressian, and metabolic
pathways. As the number of completely sequenced genomes hias increased, the idensification of
new genes and functions common to all living beings has not expanded ac the same rare (Fig.
3). The possibility that some of the enzymes of archaic pathways may have survived in unusual
organisms suggest that considerable prudence should be exerted when attempring to describe
the physiology of ancestral organisms. However, the sharp decline in the discovery of new,
universally discribured sequences, which would correspond to an almest complete inventory of
genes common to all living beings, should signal the approach o an almosr complete universal
set of genes (Fig. 3).

A more complicated issue is raised by the possibility that extant enzymes participated in
alrernative pathways which no longer exist or remain to be discovered,#” a possibility that has
begun to be explored by computer searches for alternative reaction pathways.® The discovery
that carbamate kinase, which participates in fermentarive ATP production, catalyzes the for-
mation of carbamoyl phosphate in the archaca Pyrococcus furiosus and P abyssi®” shows that
considerable attention should be given to the possibilicy thar significant variations of the basic
pathways may have exisred in the past. '

—r -

New hlochemical properties

4

Number of fully sequenced genomes

Figure 3.The discovery curve of universally distributed biochemical propertics as inferred from proteome
analysis. By analogy with the 5o called ¢ollecror curve employed in ccology, it quantifics the analytic cffort,
atsessed as the number of complerely sequenced genomes analyzed, against the idencification of additional
bicchemical features common ro all eellular genomes,

Conclusions and Qutlook

Understanding the biological amributes of the LCA and the evolutionary processes thac
shaped it has been defined as one of the major problems in evolucionary biology. This is not an
overstatement, since it will assist in the comprehensjon of one of the major divergence events in
the history of life, as well of paramounc significance in understanding the different degrees of
freedom thar have been explored in the sequence- and three-dimensional spaces by the molecu-
lar components of central biolegical processes. Of course, current descriptions of the LCA are
limited by the scant information available. It js hard, of course, to understand the evolutionary
forces thar acted on our distant ancestors, whose enviconments and derailed biological charae-
teristics are forever beyond our ken.

Nevertheless, understanding the characteristics of the LCA may assist us in describing the
entities that may have preceded it. Although we strongly favor an (eu)bacterial-like cenancestor,
It is clear thac biological evolution prior to the divergence of the three domains was not a
continuous, unbroken chain of progressive transformation steadily proceeding rowards the
LCA. No evolurionary intermediate stages or ancienr simpiified vession of the basic biological
Processes have been discovered in extant organisms. Did Woese's™ differenriating communal
progenote-like genetic entiies exisred during this period?

_ Molecular cladistics and comparative genomics may provide clues to the generic organiza-
ton and biochemical complexity of the earlier entities from which the cenancesror evolved
may be derived from the analysis of conserved ORFs. Genes involved in RNA merabolism, i.c.,
OREFs whose products synthesize, degrade, or interact with RNA, are among the most highly
conserved sequences common to all known genomes, and provide insights inro an early stage
in cell evolution during which RNA played a much more conspicuous biological role, !4
However, it is difficult 1o see how the applicability of molecular cladistics and comparacive
genomics can be extended beyond a thresheld that corresponds ro a period of cellular evolution
In which protein biosynthesis was already in operation. Older stages arc not yet amenable to
molecular phylogenetic analysis. Although there have been eonsiderable advances in the under-
stnding of chemical processes that may have raken place before the emergence of the first
living systems, life’s beginnings are still shrouded in mystery, A cladistic approach to this prob-



fem is not feasible, since all possible intermediates that may have once existed have long since
vanished. The wempration 1o do otherwise is best resisted. Given the huge gap existing in cur-
rent descriptions of the evolutionary trzasition berween the prebioric synthesis of biochemical
compounds and the cznancestor, it may be naive to acempt to describe the origin of life and
the nature of the first living systems from the available cooted phylogenetic mees.
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Abstract

The basic tenet of the heterotrophic theory of the origin of life is that the maintenance and reproduction of the
first living systems depended primarily on prebiotically synthesized organic molecules. It is unlikely that any sin-
gle mechanism can account for the wide range of organic compounds that may have accumulated on the primitive
Earth, suggesting that the prebiotic soup was formed by contributions from endogenous syntheses in reducing envi-
ronments, metal sulphide-mediated synthesis in deep-sea vents, and exogenous sources such as comets, meteorites
and interplanetary dust. The wide range of experimental conditions under which amino acids and nucleobases can
be synthesized suggests that the abiotic syntheses of these monomers did not take place under a narrow range de-
fined by highly selective reaction conditions, but rather under a wide variety of settings. The robustness of this type
of chemistry is supported by the occurrence of most of these biochemical compounds in the Murchison meteorite.
These results lend strong credence to the hypothesis that the emergence of life was the outcome of a long, but not
necessarily slow, evolutionary processes. The origin of life may be best understood in terms of the dynamics and
evolution of sets of chemical replicating entities. Whether such entities were enclosed within membranes is not yet
clear, but given the prebiotic availability of amphiphilic compounds this may have well been the case. This scheme
is not at odds with the theoretical models of self-organized emerging systems, but what is known of biology suggest
that the essential traits of living systems could have not emerged in the absence of genetic material able to store,
express and, upon replication, transmit to its progeny information capable of undergoing evolutionary change. How
such genetic polymer first evolved is a central issue in origin-of-life studies.
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1. Introduction

During a memorable 1939 lecture at the Royal Institution in London, wrote Max Perutz, the famous
John D. Bernal stated that “all protein that we know now have been made by other proteins, and these
in turn by others”. How did such process got started? When Bernal repeated the same argument in a
later discussion, Perutz [67] adds, “the physicist W. H. Bragg asked him where the first protein had come
form. Instead of replying ‘I do not know’, Bernal skillfully sidestepped Bragg’s awkward question”.

Perutz does not writes how Bernal avoided the issue raised by Bragg, but the story reveals the strong
scientific appeal that issues related to the nature of life and the origin of biological systems that has been
brewing among physicists since the pre-DNA double helix times. Such trend, which was highlighted
by Schrodinger’s 1945 seminal book What is Life?, continues to this day, as shown by the manifold
attempts to describe the emergence of life in terms of non-linear interactions and non-equilibrium con-
straints, the thermodynamics of irreversible processes, pattern formation, chaos, attractors, fractals and,
more recently, complexity theory. Such approaches should be seen as open invitations to develop multi-
disciplinary research programs but, as noted by Fenchel [16], in some cases invocations to spontaneous
generation appear to be lurking behind appeals to undefined “emergent properties” or “self-organizing
principles” that are used as the basis for what many life scientists see as grand, sweeping generalizations
with little relationship to actual biological phenomena.

The proposal of an heterotrophic origin of life is strongly supported by a number of rather successful
prebiotic simulation experiments, as well as By the characterization of organic molecules of biochemical
significance in meteorites and other extraterrestrial minor bodies rich in organic material. These results
lend strong credence to the hypothesis that the emergence of life was the outcome of a long, but not
necessarily slow, evolutionary processes. This conclusion is not at odds with the theoretical models of
highly complex functionally organized systems favored nowadays by some physicists, but as of today
none of these have provided manageable descriptions of the origin of life. Mainstream evolutionary
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biologists and prebiotic chemists tend to be wary of explanations that assume that the emergence of
life was the outcome of timeless mathematical or physical principles in which replication, selection, and
adaptation play no role. Such lack of interest does not implies, of course, a belief that the natural processes
that led to the first life forms were exempt from the constraints imposed by physics, or that explanations
on the appearance of life should reduce themselves to the issue of the emergence of nucleic acids or their
precursors. However, in spite of a number of mesmerizing theoretical and experimental analogs [39,94]
what is known of biology suggest that the essential traits of living systems could have not emerged
in the absence of genetic material able to store, express and, upon replication, transmit to its progeny
information capable of undergoing evolutionary change. How such genetic polymer first evolved is one
of the most basic questions in origin-of-life studies. Those involved in this field know they have plenty
to be modest about, and they tend to be. For most life scientists, research on the origin of life should
be addressed conjecturally, in an attempt to construct a coherent, non-teleological historical narrative
with and inquiring and explanatory character [36]. How the current information on the distribution of
abiotically synthesized organic compounds both in extraterrestrial environments and under simulated
laboratory conditions can be combined with the idea of an RNA world is discussed in this review.

2. The physical setting of the origin of life

It is unlikely that the paleontological record will provide direct data on how life first appeared. There
is no geological evidence of the environmental conditions on the Earth at the time of the origin of life,
nor any fossil register of the evolutionary processes that preceded the appearance of the first cells. Direct
information is lacking not only on the composition of the terrestrial atmosphere during the period of the
origin of life, but also on the temperature, ocean pH values, and other general and local environmental
conditions which may or may not have been important for the emergence of life. Moreover, the attributes
of the first living organisms are unknown. They were probably simpler than any cell now alive, and may
have lacked not only protein-based catalysis, but perhaps even the familiar genetic macromolecules, with
their ribose-phosphate backbones. It is possible that the only property they shared with extant organisms
was the structural complementarity between monomeric subunits of replicative genetic polymers able to
transmit to its progeny information capable of undergoing evolutionary change. Hence, caution must be
exercised in extrapolating molecular phyiogenies back into primordial times. Comparative genomics is
a blooming field that has an extraordinary potential for our understanding early cellular evolution, but
1t cannot be applied to events prior to the evolution of protein biosynthesis. Older stages are not yet
amenable to this type of analysis, and the organisms at the base of universal phylogenies are ancient
species, not primitive unmodified microbes.

However, the traits shared by all known living beings are far to numerous and complex to assume that
they evolved independently. Minor differences in the basic molecular processes of the three main cell
lines can be distinguished, but all known organisms share the same genetic code and the same essen-
tial features of genome replication, gene expression, basic anabolic reactions, and membrane-associated
ATPase mediated energy production. The molecular details of these universal processes provide direct
evidence of the monophyletic origin of all known forms of life, while their variations can be easily
explained as the outcome of divergent processes from an ancestral lifeform, fons et origo of all contem-
porary organisms. When and how did such ancestral form arise?



50 L. Delaye, A. Lazcano / Physics of Life Reviews 2 (2005) 47-64

It is not possible to assign a precise chronology to the appearance of life. However, in the past few
years estimates of the available time for this to occur have been considerable reduced. As shown by recent
debates. determination of the biological origin of what have been considered the earliest traces of life is
a rather contentious issue, an outcome of a scarce Archaean geological record with very few rocks older
than 3.5 billion years. Those that remain have been so extensively altered by metamorphic processes that
any direct life evidence of life predating this limit has apparently been largely obliterated, and most of
the rocks which have been preserved have been metamorphosed to a considerable extent [89].

Nevertheless, there is evidence that life emerged on Earth as soon as it was possible to do so. It has been
argued that the microstructures interpreted as cyanobacterial remnants in the 3.5 billion years-old Apex
sediments of the Australian Warrawoona formation [78] could be the outcome of abiotic hydrothermal
processes [6,24]. However, recent analysis of 3.4 billion years-old South African cherts indicates the
existence of photosynthetic microbial mats in ancient marine environments [87]. Such rapid development
speaks for the relatively short timescale required for the origin and early evolution of life on Earth, and
suggests that the critical factor may have been the presence of liquid water, which became possible as
soon as the planet’s surface finally cooled down.

Water provides the medium for chemical reactions to take place, and the polymers required to carry
out the central biological functions of replication and catalysis. How did it accumulate on the primitive
Earth? The depletion of rare gases in the Earth’s atmosphere compared to cosmic abundances shows
that any primary atmosphere, if the planet ever had one, was rapidly lost [38]. Moreover, it 1s unlikely
that water made its first appearance on Earth as a liquid. Soon after the Earth was formed, the release
of the volatiles trapped within the accreting planetesimals very likely lead to a secondary atmosphere.
Since current evidence suggests that the Earth’s core formed when accretion was taking place, removal
of metallic iron from the upper mantle must have lead to a highly reduced atmosphere of volcanic origin
containing chemical species such as CHy, NH; and H;. Due to the high surface temperature, however, the
bulk of the atmosphere would have consisted of superheated steam [38]. However, large impact events
such as the one that lead to the Moon’s formation would have eroded this primitive atmosphere, which
would have been replaced by further outgassing events.

Moon-forming impacts must have been relatively rare, but it is generally accepted that during the
latter stages of the accretion process the influx of comet-like bodies that originated from further out in
the Solar System impacting the primitive Earth must have been considerable and could have led to the
accumulation of significant amounts of water and other volatiles [64]. Cometary nuclei, which appear
to be the most pristine materials surviving from the formation of the Solar System, may have supplied
organic compounds that could played a role in the origin of life on Earth [1,7,8,64].

One reason for proposing an extraterrestrial origin of the components of the prebiotic soup is the
COs-rich model of the primitive Earth’s atmosphere [38]. Of course, the presence of an extraordinarily
complex array of organic molecules in meteorites, comets, interplanetary dust and interstellar molecules
argues for the robustness of organic chemistry in the Universe, but also raises the issue of their possible
role in the origin of life. As noted below, it is likely that exogenous sources of organic compounds
contributed to the synthesis of the primitive soup. The major sources of exogenous compounds would
appear to be comets and dust, with asteroids and meteorites being minor contributors. Asteroids would
have impacted the Earth frequently during the Hadean and early Archean, but the amount of organic
material brought in would seem to be small, even if the asteroids are assumed to be Murchison meteorite-
type object. Carbonaceous chondrites, a class of stony meteorites, are among the most primitive objects
in the Solar System in terms of their elemental composition. The most extensively analyzed meteorites
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for organic compounds include the Murchison and Murray meteorites, as well as the CI class Orgueil
meteorite. The Murchison meteorite contains approximately 1.8% organic carbon, but most of this is
a polymer, and there are only about 100 parts per million of amino acids (which represents, assuming
a void volume of 10% and a density of approximately 2.0, 0.10 gm/kg meteorite, or 2.0 x 107 M
of amino acids). The majority (up to 80%) of the soluble organic matter in meteorites is made up by
polycyclic aromatic hydrocarbons (PAHs), followed by the carboxylic acids, the fullerenes and amino
acids, which are about an order of magnitude less abundant [S]. The purines adenine, guanine, xanthine
and hypoxanthine have also been detected, as well as the pyrimidine uracil in concentrations of 200-500
parts per billion in the CM chondrites Murchison and Murray and in the CI chondrite Orgueil [84,85.
90]. In addition, a variety of other nitrogen-heterocyclic compounds including pyridines, quinolines and
isoquinolines were also identified in the Murchison meteorite [86], as well as sugar acids (polyols) [10]
and membrane-forming lipidic compounds [12].

Comets are the most promising source of exogenous compounds [66]. At summarized elsewhere [3],
it is reasonable to assume that the atmosphere that developed on the Earth over the period 4.4-3.8 billion
years ago was essentially a mix of volatiles delivered by bodies such as cometary nuclei, combined
with the products of outgassing processes from the interior of an already differentiated planet. This
atmosphere was probably dominated by water steam until the surface temperatures dropped to ~100 °C
(depending on the pressure), at which point water condensed out to form early oceans [93]. As the
Earth had cooled down and the influx of myriads of comets and asteroids had settled down, the reduced
chemical species, which were mainly supplied by volcanic outgassing and are very sensitive to UV
radiation that penetrated through the atmosphere due to the lack-of a protective ozone layer, were probably
destroyed by photodissociation, although there might have been steady state equilibrium between these
two processes that allowed a significant amount of these reduced species to be present in the atmosphere.

3. Primordial heterotfophy and the emergence of life

It is generally believed that after Louis Pasteur had disproved the spontaneous generation of microbes
using his famous swam-necked flasks experiments, the discussion of life beginning’s had been vanished
to the realm of useless speculation. However, scientific literature of the first part of the 20th century
shows the many attempts by major scientists to solve this problem. The list covers a rather wide range
of explanations that go from the ideas of Pfliiger on the role of hydrogen cyanide on the ongin of life,
to those of Svante Arrhenius on panspermia, and includes Leonard Troland’s hypothesis of a primordial
enzyme formed by chance events in the primitive ocean, Alfonso L. Herrera’s sulfocyanic theory on the
origin of cells, Harvey’s 1924 suggestion of an heterotrophic origin in a high-temperature environment,
and the provocative 1926 paper that Hermann J. Muller wrote on the abrupt, random formation of a
single, mutable gene endowed with catalytic and autoreplicative properties [43].

In spite of their diversity, most of these explanations went unnoticed, in part because they were in-
complete, speculative schemes largely devoid of direct evidence and not subject to fruitful experimental
testing. Although some of these hypotheses considered life as an emergent feature of nature and attempted
to understand its origin by introducing principles of historical explanation, the dominant view was that the
first forms of life had been photosynthetic microbes endowed with the ability fix atmospheric CO, and to
use it with water to synthesize organic compounds. A major scientific breakthrough occurred, however,
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when Oparin [60] suggested a hetrototrophic origin of life that assumed that prior to the emergence of
the first cells a prebiotic synthesis of organic compounds led to the accumulation of the primitive broth.

Such ideas were supported not only by the evidence of organic compounds in meteorites, but also by
the striking 19th experimental demonstrations that biochemical compounds such as urea, alanine, and
sugars could be formed under laboratory conditions, as had been demonstrated by Wohler, Strecker and
Butlerow, respectively. Oparin’s proposal, which was based on his Darwinian credence in a gradual, slow
evolution from the simple to the complex, stood in stood in sharp contrast with the then prevalent idea of
an autotrophic origin of life. Since a heterotrophic anaerobe is metabolically simpler than an autotrophic
one, the former would necessarily have evolved first. Thus, based on the simplicity and ubiquity of
fermentative reactions, Oparin [60] suggested in a small booklet that the first organisms must have been
heterotrophic bacteria that could not make their own food but obtained organic material present in the
primitive milieu.

Careful reading of Oparin’s [60] pamphlet shows that, in contrast to common belief, at first he did not
assume an anoxic primitive atmosphere. In his original scenario he argued that while some carbides, 1.e.,
carbon-metal compounds, extruded from the young Earth’s interior would react with water vapor leading
to hydrocarbons, others would be oxidized to form aldehydes, alcohols, and ketones (such as acetone).
These molecules would then react among themselves and with NH3 originating from the hydrolysis of
nitrides (nitrogen-metals), to form “very complicated compounds”, as Oparin wrote, from which proteins
and carbohidrates would form. These ideas were further elaborated and refined in a more extensive book
whose English translation was published in 1938 [61]. In this book Oparin’s original proposal was re-
vised, leading to the assumption of a highly reducing milieu in which iron carbides of geological origin
would react with steam to form hydrocarbons. Their oxidation would yield alcohols, ketones, aldehydes,
etc., that would then react with ammonia to form amines, amides and ammonium salts. The resulting
protein-like compounds and other molecules would form a hot dilute soup, in which would aggregate to
form colloidal systems such as coacervates, from which the first heterotrophic microbes evolved. Like
many others at the time, Oparin did not address in his 1938 book the origin of nucleic acids, because
their role in genetic processes was not even suspected. Because of this, inheritance of primordial genetic
information was assumed by Oparin to be the result of growth and division in the coacervate drops he
advocated as models of precellular systems.

4. Pyrite and the origin of life

Although by the late 19th century an autotrophic origin of life was part of mainstream biologi-
cal thought, currently the best known alternative to the heterotrophic theory stems from the work of
Wichtershduser [92]. According to this hypothesis, life began with the appearance of an autocatalytic
two-dimensional chemolithotrophic metabolic system based on the formation of the highly insoluble
mineral pyrite. The synthesis in activated form of organic compounds such as amino acid derivatives,
thioesters and keto acids is assumed to have taken place on the surface of FeS and FeS; in envi-
ronments that resemble those of deep-sea hydrothermal vents. Replication followed the appearance of
non-organismal iron sulfide-based two-dimensional life, in which chemoautotrophic carbon fixation took
place by a reductive citric acid cycle, or reverse Krebs cycle, of the type originally described for the
photosynthetic green sulphur bacterium Chlorobium limicola. Molecular phylogenetic trees show that
this mode of carbon fixation and its modifications (such as the reductive acetyl-CoA or the reductive
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malonyl-CoA pathways) are found in anaerobic archaea and the most deeply divergent eubacteria, which
has been interpreted as evidence of its primitive character [51]. This assumes, however, that the root of
molecular phylogenetic trees can be extrapolated down to the very origin of life which, as argued below,
1§ a rather conlentious issue.

The reaciion FeS + H,S = FeS, + H- is a very favourable one. It has an irreversible, highly exergonic
character with a standard free energy change AG"” = —9.23 kcal/mol, which corresponds to a reduction
potential % = —620 mV. Thus, the FeS/H,S combination is a strong reducing agent, and has been
shown o provide an effictent source of electrons for the reduction of organic compounds under mild
conditions. Although pyrite-mediated CO, reduction to amino acids, purines and pyrimidines is yet to be
achieved, the FeS/H,S combination is a strong reducing agent that has been shown to reduce nitrate and
acetylene, as well as to induce peptide-bonds that result from the activation of amino acids with carbon
monoxide and (N1, Fe)S [34,51]. Acetic acid and pyruvic acid have been synthesized from CO under
simulated hydrothermal conditions in the presence of sulfide minerals [9,33]). However. the empirical
support for Wichtershiuser’s central tenets is meager. Life does not consist solely of metabolic cycles,
and none of these expenments proves that enzymes and nucleic acids are the evolutionary outcome of
multistep autocatalytic metabolic cycles surface-bounded to FeS/FeS; or some other mineral. As argued
elsewhere [3], expeniments using the FeS/H,S combination are also compatible with a more general,
modified model of the primitive soup in which pyrite formation is recognized as an important source of
electrons for the reduction of organic compounds.

5. Prebiotic syntheses of amino acids and nucleobases: an optimistic assessment

The hypothesis that the first organisms were anaerobic heterotrophs is based on the assumption that
abiotic organic compounds were a necessary precursor for the appearance of life. Experimental evidence
in support of Oparin’s proposal of chemical evolution came first from Harold C. Urey's laboratory, whom
had been involved with the study of the ongin of the Solar System and the chemical events associated
with this process. Urey had also considered the origin of life in the context of his proposal of a highly
reducing terrestnial atmosphere [88]. The first successful prebiotic amino acids synthesis was carried
out with an electric discharge and a strongly reducing model atmosphere of CHy4, NH3, H,O, and H,
[52]. The result of this experiment was a large yield of a racemic mixture of amino acids, together with
hydroxy acids, short aliphatic acids, and urea. One of the surpnising results of this expenment was that
the products were not a random mixture of organic compounds; rather, a relatively small number of
compounds were produced in substantial yield. Moreover, with a few exceptions, the compounds were
of biochemical significance.

The mechanism of synthesis of the amino and hydroxy acids formed in the spark discharge expeniment
was investigated [52,53]. The presence of large quantities of hydrogen cyanide, aldehydes and ketones
in the water flask, which were clearly denived from the methane, ammonia, and hydrogen onginally in-
cluded in the apparatus, showed not only that the amino acids were not formed directly in the electric
discharge, but were the outcome of a Strecker-like synthests that involved aqueous phase reactions of
highly reactive intermediates. Detailed studies of the equilibrium and rate constants of these reactions
demonstrated that both amino- and hydroxy acids can be synthesized at high dilutions of HCN and alde-
hydes in a simulated primitive ocean. The reaction rates depend on temperature, pH, HCN, NHs, and
aldehyde concentrations, and are rapid on a geological time scale; the half-lives for the hydrolysis of
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the intermediate products in the reactions, amino- and hydroxy nitriles, are less than a thousand years at
0°C. and there are no known slow steps [56].

A few years after the Miller experiment, Juan Or6, who had been studying the synthesis of amino acids
from an aqueous solution of HCN and NHs, reported the abiotic formation of adenine [63]. The synthesis
is indeed remarkable. If concentrated solutions of ammonium cyanide are refluxed for a few days. ade-
nine is obtained in up to 0.5% yield along with 4-aminoimidazole-5 carboxamide and the usual cyanide
polymer [63,65]. This reaction, proceeds through the self-condensation of HCN to give diaminomale-
onitrile, which according to [65], then reacts with formamidine to give adenine. Although in principle
adenine may be consider as a mere pentamer of HCN, under dilute aqueous solutions adenine synthesis
involves the formation and rearrangement of other precursors such as 2-cyano and 8-cyano adenine [91].

In the scheme suggested by Oré [63], the limiting step is the reaction of diaminomaleonitrile with
formamidine, but as demonstrated by Ferris and Orgel [18], this can be bypassed by a two photon pho-
tochemical rearrangement of diaminomaleonitrile that proceeds readily with sunlight to give high yields
of amino imidazole carbonitrile. An additional possibility is that tetramer formation may have occurred
in the primitive Earth in an eutectic solution of HCN-H,O, which could have existed in the polar regions
of an Earth of the present average temperature. High yields of the HCN tetramer have been reported
by cooling dilute cyanide solutions to temperatures between —10 and —30°C for a few months [74].
Production of adenine by HCN polymenization is accelerated by the presence of formaldehyde and other
aldehydes, which could have also been available on the prebiotic environment [91].

The prebiotic synthesis of guanine, the other major purine present in extant living systems, was first
studied in an experimental setting involving high concentrations of a number of precursors, including
ammonia [75]. It has been proposed that together with guanine, other purines including hypoxanthine,
xanthine, and diaminopurine could have been produced in the primitive environment by variations of the
adenine synthesis using aminoimidazole carbonitrile and aminoimidazole carboxamide [76]. A reexam-
ination of the polymerization of concentrated NH,CN solutions has shown that in addition to adenine,
guanine is also produced at both —80 and —20°C [47]. Tt is probable that most of the guanine obtained
from the polymerization of NHyCN is the product of diaminopurine, which reacts readily with water and
undergoes a hydrolytic deamination to give guanine and some isoguanine. The yields of guanine in this
“one-pot” reaction synthesis of purines yields are 1040 less than those of adenine, guanine, and a simple
set of amino acids dominated by glycine have also been detected in dilute solutions of NH4CN which
were kept frozen for 25 years at —20 and —78 °C, as well as in the aqueous products of spark discharge
experiments from a reducing experiment frozen for 5 years at —20°C [48]. Moreover, formamide, which
is an hydrolytic product of HCN and is formed abundantly from the pyrolytic decomposition of HCN
polymers, has been shown to react with HCN to produce adenine and formylpurine derivatives [72]. This
reaction, which is enhanced in the presence of mineral catalyst, including silica, alumina, zeolite, and
kaolin, is also known to yield cytosine and 4-hydroxypyrimidine [71,73].

The abiotic synthesis of cytosine in an aqueous phase from cyanoacetylene (HCC--CN) and cyanate
(NCO™) has been described [19,74]. Cyanoacetylene is abundantly produced by the action of a spark
discharge on a mixture of methane and nitrogen, and cyanate can come from cyanogen (NCCN) or from
the decomposition of urea (H;N-CO-NH,) However, since it is rapidly hydrolyzed to CO; and NHs. the
high concentrations of cyanate (>0.1 M) required in this reaction may be unrealistic.

Orotic acid, which is a biosynthetic precursor of uracil, was identified, albeit in low yields, among the
hydrolytic products of hydrogen cyanide polymers [21]. On the other hand, the reaction of cyanoacetalde-
hyde, which is produced in high yields from the hydrolysis of cyanoacetylene. with urea, first studied
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by Ferris et al. [20], produces no detectable levels of cytosine. However, when the same non-volatile
compounds are concentrated in the laboratory modelling of “evaporating pond” conditions simulating
primitive evaporating lagoons or pools on drying beaches on the early Earth, surprisingly high amounts
of cytosine (>50%) are observed [68]. A related synthesis under evaporating conditions uses cyanoac-
etaldehyde with guanidine, which produce diaminopyrimidine [20] with very high yields [69]. Although
itis unlikely that high amounts of diaminopyrimidine were present in the primitive Earth, both uracil and
very low yields of cytosine result from its hydrolysis. The effectiveness of formamide as a prebiotic pre-
cursor of a mixture of both purines and pyrimidines in the presence of TiO, [71,73] suggest that in such
environments simple minerals could have also promoted the synthesis of nucleobases in the primitive
environment from hydrolytic products of HCN and other reactants that may have been easily available.
It is unlikely that high amounts of diaminopyrimidine were present in the prebiotic environment. How-
ever, a wide variety of other modified nucleic acid bases may have been available in the early Earth. The
list includes isoguanine, which is a hydrolytic product of diaminopurine [47], as well as other modified
purines which are the outcome of side reactions of both adenine and guanine with a number of different
amines under the concentrated conditions of a drying pond [46], including a number of methylated bases.

6. How did organic compounds accumulate in the prebiotic soup?

The easiness of formation under reducing conditions (CH4 + N2, NH3 + H,0, or CO; + H; + N») in
one-pot reactions of amino acids, purines, and pyrimidines strongly suggest these molecules were present
in the prebiotic broth. Experimental evidence suggests that urea, alcohols, sugars formed by the non-
enzymatic condensation of formaldehyde, a wide variety of aliphatic and aromatic hydrocarbons, urea,
carboxylic acids, and branched and straight fatty acids, including some which are membrane-forming
compounds, were also components of the primitive soup. The remarkable coincidence between the mole-
cular constituents of living organisms and those synthesized in simulation experiments is too striking to
be fortuitous, and the robustness of this type of chemistry is supported by the occurrence of most of these
biochemical compounds in the 4.5 x 10° years-old Murchison carbonaceous meteorite, which also yields
evidence of liquid water in its parent body [14].

These results are extremely encouraging, but it should be emphasized that the atmospheric composi-
tion that formed the basis of the Miller—Urey experiment is not considered today to be plausible by many
researchers. Although it is generally agreed that free oxygen was absent from the primitive Earth, there
is no agreement on the composition of the primitive atmosphere; opinions vary from strongly reducing
(CH4 4+ N,, NH; 4+ H,0, or CO, + H; + N) to neutral (CO; + N, + H,0). In general, non-reducing
atmospheric models are favoured by planetary scientists, while prebiotic chemists lean towards more
reducing conditions, under which the abiotic syntheses of amino acids, purines, pyrimidines, and other
compounds are very efficient.

Although Miller and Urey originally rejected the idea of nonreducing conditions for the primitive at-
mosphere, a number of experiments were later on carried out in his laboratory using CO and CO; model
atmospheres [77]. It was found that not only were the yields of the amino acids reduced, but that as the at-
mosphere became less reducing and more neutral, the yields of synthesized organic compounds decreased
drastically and glycine was basically the only amino acid synthesized [56]. The presence of methane and
ammonia appeared to be especially important for the formation of a diverse mixture of amino acids. The
main problem in the synthesis of amino acids and other biologically relevant organic compounds with
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nonreducing atmospheres is the formation of hydrogen cyanide (HCN), which is an intermediate in the
Strecker pathway and an important precursor compound for the synthesis of nucleobases [21,63]. How-
ever, localized high concentrations of reduced gases may have existed around volcanic eruptions and in
these localized environments reagents such as HCN, aldehydes and ketones could have been produced,
which after dissolving into the primitive oceans could have taken part in the prebiotic synthesis of organic
molecules.

Because of problems associated with the direct Miller-Urey type syntheses on the early Earth, dif-
ferent hypotheses for the abiotic synthesis of organic compounds has been proposed. One possibility
that has been suggested resulted from the discovery of hydrothermal vents, which have been proposed
as the site where prebiotic synthesis took place and life originated [11,32]. A further refinement of this
hypothesis has led Everett Shock and his coworkers to argue, based on calculations of thermodynamic-
based equilibria. that such environments favor the formation of compounds such as amino acids at high
temperatures [81], especially in vents associated with off-axis systems [40].

As recognized long ago by Harvey [29], a major advantage of high temperatures is that the chemical
reactions would go faster, and the primitive enzymes, once they appeared, could have been less efficient.
However, the price paid is manifold: such high-temperature regimes would lead to (a) reduced concen-
trations of volatile intermediates, such as HCN, H,CO and NHj; (b) lower steady-state concentrations
of prebiotic precursors like HCN, which at temperatures a little above 100 °C undergoes hydrolysis to
formamide and formic acid and, in the presence of ammonia, to NH4HCO,; (c) instability of reactive
chemical intermediates like amino nitriles (RCHO(NH,)CN), which play a central role in the Strecker
synthesis of amino acids; and (d) loss of organic compounds by thermal decomposition and diminished
stability of genetic polymers [4,54,55].

Survival of nucleic acids is limited by the hydrolysis of phosphodiester bonds [50], and the stability
of Watson—Crick helices (or their pre-RNA equivalents) is strongly diminished by high-temperatures.
For an RNA-based biosphere the reduced thermal stability on the geologic timescale of ribose and other
sugars is the worst problem [42], but the situation is equally bad for pyrimidines, purines and some amino
acids. As reviewed elsewhere [55], the half-life of ribose at 100 °C and pH 7 is only 73 min, and other
sugars (2-deoxyribose, ribose-5-phosphate, and ribose 2,4-biphosphate) have comparable half-lives [42].
The half-life for hydrolytic deamination of cytosine at 100 °C lies between 19 and 21 days [25,45,80],
although at 100 °C the half-life of uracil is approximately 12 years [45]. At 100 °C the thermal stability
of purines is also reduced: between 204 to 365 days for adenine [23,45,79], with comparable values for
guanine [45]. These results imply that if the origin of life was sufficiently long, all the complex organic
compounds in the ocean, whether derived from home-grown synthesis or from exogenous delivery, would
be destroyed by passage through the hydrothermal vents. It is thus possible that hydrothermal vents are
much more effective in regulating the concentration of critical organic molecules in the oceans rather
than playing a significant role in their direct synthesis.

The difficulties involved with the endogenous synthesis of amino acids and nucleobases have led to the
development of alternatives. It is likely, for instance, that geological sources of hydrogen, such as pyrite,
may have been available; in the presence of ferrous iron, a sulfide ion (SH™) would have been converted
to a disulfide ion (S?7), thereby releasing molecular hydrogen [51]. In addition, an analysis of Oro’s
1961 suggestion on the role of cometary nuclei as sources of volatiles to the primitive Earth, has lead
to the reassessment of the proposal that the exogenous delivery of organic matter by asteroids, comets
and interplanetary dust particles (IDPs) could have played a significant role in the prebiotic accumulation
of the compounds necessary for the origin of life [8]. If this idea is correct, impacts on the early Earth
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could have led to devastating conditions which made it difficult for life to originate, but also delivered
the raw malerial necessary for setting the stage for the origin of life. It is also possible that the impacts of
iron-rich asteroids enhanced the reducing conditions, and that cometary collisions led to localized envi-
ronments favouring organic synthesis. Based on what is known about prebiotic chemistry and meteorite
composition, if the primitive Earth was non-reducing, then the organic compounds required must have
been brought in by interplanetary dust particles, comets, and meteorites, a hypothesis that requires that
a significant percentage of meteoritic amino acids and nucleobases could survive the high temperatures
associated frictional heating during atmospheric entry, and become part of the primitive broth.

This eclectic view in which the prebiotic soup is formed by contributions from endogenous syntheses,
extraterrestrial organic compounds delivered by comets and meteorites, and pyrite-mediated CO reduc-
tion does not contradict the heterotrophic theory. Even if the ultimate source of the organic molecules
required for the origin of life turns out to be comets and meteorites, recognition of their extraterrestrial
origin is not a rehabilitation of panspermia (e.g., the hypothesis that life existed elsewhere in the Uni-
verse and had been transferred from planet to planet, eventually gaining a foothold on the Earth), but an
acknowledgement of the role of collisions in shaping the primitive terrestrial environment.

7. Prebiotic polymers and the RNA world

Regardless of its ultimate sources, the organic material that may have accumulated on the early Earth
before life existed very likely consisted of a wide array of different types of compounds, including many
of the simple compounds that play a major role in biochemistry today. How these abiotic organic con-
stituents were assembled into polymers and then into the first living entities is currently one the most
challenging areas of research in the study of the origin of life. There is no evidence of abiotically pro-
duced oligopeptides or oligonucleotides in the Murchison meteorite, but condensation reactions clearly
took place in the primitive Earth. Synonymous terms like ‘primitive soup’, ‘primordial broth’, or ‘Dar-
win’s warm little pond’ have led in some cases to major misunderstandings, including the simplistic
image of a worldwide ocean, rich in self-replicating molecules and accompanied by all sorts cf bio-
chemical monomers. The term ‘warm little pond’, which has long been used for convenience, refers to
parts of the hydrosphere where the accumulation and interaction of the products of prebiotic synthesis
may have taken place. These include not only membrane-bound systems, but also oceanic sediments,
intertidal zones, shallow ponds, fresh water lakes, lagoons undergoing wet-and-dry cycles, and eutectic
environments (e.g., glacial ponds), where evaporation or other physicochemical mechanisms (such as
the adherence of biochemical monomers to active surfaces) could have raised local concentrations and
promoted polymerization [3].

Simple organic compounds dissolved in the primitive oceans or other bodies of water would need
to be concentrated by some mechanism. Selective adsorption of molecules onto mineral surfaces could
have promoted their polymerization, as suggested by laboratory simulations using a variety of simple
compounds and activated monomers [17,30,31]. The potential importance of mineral assisted catalysis
is demonstrated by the montmorillonite promoted polymerization of activated adenosine and uridine
derivatives producing 25-50-mer oligonucleotides [17], the general length range considered necessary
for primitive biochemical functions.

Since absorption onto surfaces involves weak non-covalent van der Waals interactions, the mineral
based concentration process and subsequent polymerization would be most efficient at cool temperatures
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[49,82]. However, as the length of polymers formed on mineral surfaces increases, they become more
firmly bound to the mineral [22,62]. In order for these polymers to be involved in subsequent interactions
with other polymers or monomers they would need to be released. This could be accomplished by warm-
ing the mineral although this would also tend to hydrolyze the absorbed polymers, or by concentrated salt
solutions [30], a process that could take place in tidal regions during evaporation or freezing of seawater
and that would have led to the release of polymers.

As summarized elsewhere [2], direct concentration of dilute solutions of monomers could also be
accomplished by evaporation and by eutectic freezing of dilute aqueous solutions. The evaporation of
tidal regions and the subsequent concentration of their organic constituents has been proposed in the
synthesis of a variety simple organic molecules [57]. Salty brines may have also been important in the
formation of peptides and perhaps other important biopolymers as well. As summarized by Rode [70],
salt-induced peptide formation reaction may provide an abiotic route for the formation of peptides di-
rectly from amino acids in concentrated NaCl solutions containing Cu(Il). Yields of di- and tripeptides in
the 0.4-4% range have been reported using starting amino acid concentrations in the 40-50 mM range.
Clay minerals such as montmorillonite apparently promote the reaction, which could have taken place in
evaporating tidal pools and where the required concentrated salty brines would have been easily avail-
able. It has been shown that the freezing of dilute solutions of activated amino acids at —20°C yields
peptides at higher yields than in experiments with highly concentrated solutions at 0 and 25 °C [49], and
recent studies have shown that eutectic freezing is especially effective in the non-enzymatic synthesis of
oligonucleotides [37].

[t is very unlikely, however, that the RNA world would have arisen from such process. How the ubiqui-
tous nucleic acid-based genetic system of extant life originated is one of the major unsolved problems in
contemporary biology. The discovery of catalytically active RNA molecules gave considerable credibil-
ity to prior suggestions of that the first living organisms were largely based on ribozymes, an hypothetical
stage called the RNA world [27,35]. This possibility is now widely accepted, but the chemical lability
of RNA components suggests that this molecule was not a direct outcome of prebiotic evolution, but
may have been one of the evolutionary outcomes of what are now referred to as pre-RNA worlds. How-
ever, the chemical nature of the first genetic polymers and the catalytic agents that may have formed the
pre-RNA worlds that bridged the gap between the prebiotic broth and the RNA world are completely
unknown and can only be surmised. Modified nucleic acid backbones have been synthesized, which
either incorporate a different version of ribose or lack it altogether. Experiments on nucleic acid with
hexoses instead of pentoses, and on pyranoses instead of furanose [15], suggests that a wide variety of
informational polymers is possible, even when restricted to sugar phosphate backbones. One possibility
that has not been explored is that the backbone of the original informational macromolecules may have
been atactic (e.g., disordered) kerogen-like polymers such as those formed in some prebiotic simulations.
There are other possible substitutes for ribose, including open chain, flexible molecules that lack asym-
metric carbons. One of the most interesting chemical models for a possible precursor to RNA involves
the so-called peptide nucleic acids (PNAs), which have a polypeptide-like backbone of achiral 2-amino-
ethyl-glycine, to which nucleic acid bases are attached by an acetic acid [58]. Such molecules form very
stable complementary duplexes, both with themselves and with nucleic acids. Although they lack ribose,
their functional groups are basically the same as in RNA, so they may also be endowed with catalytic
activity.

Identification of adenine, guanine, uracil and other nucleobases in the Murchison meteorite supports
the idea that these bases were present in the primitive environment. However, it is likely that other hetero-
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cycles capable of forming hydrogen bonding were also available. The Watson—Crick base-pair geometry
permits more than the four usual nucleobases, and simpler genetic polymers may not only have lacked
the sugar-phosphate backbones, but may also have depended on alternative non-standard hydrogen bond-
ing patlerns. The search for experimental models of pre-RNA polymers will be rewarding but difficult;
it requires the identification of potentially prebiotic components and the demonstration of their non-
enzymatic template-dependent polymerization, as well as coherent hypothesis of how they may have
catalyzed the transition to an RNA world.

8. The transition towards a DNA/RNA/protein world

RNA molecules adsorbed onto clays such as montmorillonite, which can catalyze the formation of
RNA oligomers, can be encapsulated into fatty acid vesicles whose formation in turn is accelerated by
the clay. By incorporating additional fatty acid micelles, these vesicles can grow and divide while still
retaining a portion of their contents needed to support RNA replication. In this manner, some of the basic
machinery needed for RNA self-replication could have been compartmentized tnto proto-type cells [28).

As hypothesized elsewhere [2], it is possible that by the time RNA-based life appeared on Earth,
the supplies of simple abiotic organic compounds derived from the sources discussed above had been
greatly diminished. Many of the components of the primordial soup may have been extensively con-
verted into polymers including those associated with living entities, and the raw materials needed to
sustain life may have been largely exhausted. This implies that the origin of simple metabolic-like path-
ways must have been in place in order ensure a supply in the ingredients needed to sustain the existence
of the primitive living entities. In this case, some metabolic pathways needed to produce essential com-
ponents required by primitive living entities were perhaps originally non-enzymatic or semi-enzymatic
autocatalytic processes that later became fine tuned as ribozyme-mediated and protein-based enzymatic
processed began to dominate [44].

All known organisms share the same essential features of genome replication, gene expression, basic
anabolic reactions, and membrane-associated ATPase mediated energy production. The molecular details
of these universal processes not only provide direct evidence of the monophyletic origin of all extant
forms of life, but also imply that the sets of genes encoding the components of these complex traiis were
frozen a long time ago, i.e., major changes in them are very strongly selected against and are lethal.
No ancient incipient stages or evolutionary intermediate of these molecular structures are known but, as
discussed below, in some cases the existence of graded intermediates can be deduced.

[tis possible that the invention of protein synthesis and the encapsulation of reaction machinery needed
for replication may have taken place during the RNA world [2]. The fact that RNA molecules are capable
of performing by themselves all the reactions involved in peptide-bond formation suggests that protein
biosynthesis evolved in an RNA world [95], i.e., that the first ribosome lacked proteins and was formed
only by RNA. This possibility is supported by the crystallographic data that has shown that ribosome
catalytic site where peptide bond formation takes place is composed solely of RNA [59]. As underlined
by Kumar and Yarus [41], four of the central reactions involved in protein biosynthesis are calalyzed
by ribozymes, and their complementary nature suggests suggestive that they may have first appeared in
the RNA world. If this was the case, then the origin of a primitive nucleobase code used for protein
biosynthesis had its origin in the RNA world although the bases used in the early code could have been
different from the ones used today [68].




60 L. Delaye. A. Lazcano / Physics of Life Reviews 2 (2005) 47-64

Clues to the genetic organization of primitive forms of translation are also provided by paralogous
genes, which are sequences that diverge not through speciation but after a duplication event. For instance,
the presence in all known cells of pairs of homologous genes encoding two elongation factors, which are
GTP-dependent enzymes that assist in protein biosynthesis, provide evidence of the existence of a more
primitive, less-regulated version of protein synthesis took place with only one elongation factor. In fact,
the experimental evidence of in vitro translation systems with modified cationic concentrations lacking
both elongation factors and other proteinic components [26,83] strongly supports the possibility of an
older ancestral protein synthesis apparatus prior to the emergence of elongation factors.

The same is true of other enzymes. The high levels of genetic redundancy detected in all sequenced
genomes imply not only that duplication has played a major role in the accretion of the complex genomes
found in extant cells, but also that prior to the early duplication events revealed by the large protein
families, simpler living systems existed which lacked the large sets of enzymes and the sophisticated
regulatory abilities of contemporary organisms. The variations of traits common to extant species can
be easily explained as the outcome of divergent processes from an ancestral lifeform that existed prior
to the separation of the Bacteria, the Archaea and the Eucarya, i.e., the last common ancestor (LCA) or
cenancestor. Universal gene-based phylogenies ultimately reach such single universal entity, which very
likely was part of a population of similar entities existed throughout the same period. They may have not
survived, but some of their genes did if they became integrated via lateral transfer into the LCA genome.
As reviewed elsewhere [13], the cenancestor should be seen as one of the last evolutionary outcomes of
a series of ancestral events including lateral gene transfer, gene losses, and paralogous duplications that
took place before the separation of the three major cell lineages. Recognition that cellular genomes are
historical documents recording at least part of past evolutionary events has allowed important insights
into simpler biological systems that appear to have lacked DNA genomes, but that can be considered ba-
sically RNA/proteins cells far removed, if not time, at in complexity with respect the first living systems.

9. Conclusions

The understanding of the origin of life requires, wrote John D. Bernal several decades ago, requires a
scientist with a deep knowledge in geology, chemistry, biology, astrophysics, theoretical physics, paleon-
tology and philosophy. Since such polymaths are rare, we must either work in multidisciplinary teams or
focus our attention in a particular issue within the framework and methodologies of one of these fields. It
is true that physical and biological sciences should be seen as conceptual allies. However, Darwinism has
successfully resisted reduction to physics, and the development of complex system systems dynamics
advocated by many theoreticians has failed to provide manageable descriptions of the origin of life. The
emergence of life may be best understood in terms of the dynamics and evolution of sets of chemical
replicating entities. Whether such entities were enclosed within membranes is not yet clear, but given the
prebiotic availability of amphiphilic compounds this may have well been the case.

As implied here, the most successful applications of physical sciences in the understanding of pre-
biotic evolution have resulted from those areas directly related to the reconstruction of the primitive
environment, i.e., astrophysics, planetary sciences, and the like, as well as those pertaining the formation
and stability of monomers and polymers of biochemical significance, including the physicochemistry of
membrane-forming compounds. As emphasized in this review, the study of the emergence of life remains
a chemical problem in which the transition from the results of purely physical and chemical processes
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on the synthesis, accumulation and stability of simple biochemical monomers and polymers gave rise in
still poorly understood processes to replicative systems capable of undergoing natural selection.

It s likely that no single mechanism can account for the wide range of organic compounds that may
have accumulated on the primitive Earth, and that the prebiotic soup was formed by contributions from
endogenous syntheses in a reducing atmosphere, metal sulfide-mediated synthesis in deep-sea vents, and
exogenous sources such as comets, meteorites and interplanetary dust. Of course, not all prebiotic path-
ways are equally efficient, but the wide range of experimental conditions under which organic compounds
can be synthesized demonstrates that prebiotic syntheses of the building blocks of life are robust, i.e., the
abiotic reactions leading to them do not take place under a narrow range defined by highly selective
reaction conditions, but rather under a wide variety of experimental settings. Our ideas on the prebiotic
synthesis of organic compounds are based largely on experiments in model systems. The robustness of
this type of chemistry is supported by the occurrence of most of these biochemical compounds in the
Murchison meteorite. This makes it plausible, but does not proves, that similar synthesis took place on
the primitive Earth. For all the uncertainties surrounding the emergence of life, it appears to us that the
formation of the prebiotic soup is one of the most firmly established events that took place in the primitive
Earth.

Thus, if convincing processes can be demonstrated for the origin of life on Earth, then it is reasonable
to conclude that life is the natural outcome of an evolutionary process, and that it may have appeared
elsewhere in the Universe. Although we do not know how the transition from the non-living to the living
took place, most of the modern scenarios start out with relative simple organic molecules, now known to
be widely distributed, which are readily synthesized, and hypothesized to undergo further evolutionary
changes leading into self-maintaining, self-replicative systems from which the current DNA/protein-
based biology resulted.
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Abstract

Twenty completely sequenced cellular genomes from the three major domains were analyzed using twice one-way
BLAST searches in order to define the set of the most conserved protein-encoding sequences to charactenize the gene
complement of the last common ancestor of extant life. The resulting set is dominated by difterent putative ATPases,
and by molecules involved in gene expression and RNA metabolism. DEAD-type RNA helicase and cnolase genes,
which are known to be part of the RNA degradosome, are as conserved as many lranscription and translation genes.
This suggests the early evolution of a control mechanism for gene expression at the RNA level, providing additional
support to the hypothesis that during early cellular evolution RNA molecules played a more prominent role. Conserved
sequences related to biosynthetic pathways include those encoding putative phosphoribosyl pyrophosphate synthase
and thioredoxin, which participate in nucleotide metabolism. Although the information contained in the available
databases corresponds only to a minor portion of biological diversily, the sequences reported here are likely to be part
ol'an essential and highly conserved pool of proteins domains cosmmon to all organisms.

Key words: last cornmon ancestor, cenancestor, RNA/protein world, progenote
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1. INTRODUCTION

One of the major acluevements of molecular cladistics has been the evolulionary comparison of small subunit
nbosomal RNA (rRNA) sequences, which has allowed the construction of an unrooled tree in which all known
orgarusms can be grouped in one of three major (apparently) monophyletic cell hineages: the eubacleria, the
archaebacteria, and the eukaryotic nucleocytoplasm, now referred to as new taxonomic calegories, 1.e., the domains
Bacteria, Archaea, and Eucarya, respectlively (Woese et al., 1990). The vanations of traits common lo these major
groups can be easily explained as the outcome of divergent processes from an ancestral liteform that existed prior 1o the
separation ol the three major biological domains, ie., the last common ancestor (LCA) or cenancestor (Fitch and
Upper, 1987). No paleontological remains will bear testimony ol its existence, as the search for a fossil of the
cenancestor is bound to prove [ruitless. However, insights on its nature can in principle be deduced from the molccular
reeord.

Fromn a cladistic viewpout, the LCA is merely an inferred inventory of features shared among extant organisms, all of
which are located at the tip of the branches of molecular trees. From an evolutionary poiut of view, however, it is
rcasonable to assume that at some point in time the ancestors ol all forms of life must have been less complex than even
the sunpler extant cells. However, the conclusion that the LCA was a progenote, 1.e., a hypothetical biological entity in
which phenotvpe and genotype still had an unprecise, rudimentarv linkage relationship (Woese and Fox, 1977). was
disputed some time ago when the analysis of homologous traits found among some of its descendants suggested that it
was not a direct, unmediate descendant of the RNA world, a protocell or any other pre-life progenitor system. Under
the implicit assumption that lateral gene transter (LGT) had not been a major driving torce in the distribution of
homologous traits in the three domains, it was concluded that the LCA was a complex organism, much like extant
bactena (Lazcano et al., 1992; Lazcano, 1993).

A decade ago miany were convinced that the LCA was very much like extant prokarvotes, but the mventory ol shared
traits based on sequence comparisons was small. It was surmised that the sketchy picture developed with the limited
data bases would be contirmed by completely sequenced cell genomes from the three primary domains. This has not
been the case: the availability ot an increasingly large number of cotupletely sequenced cellular genomes has sparked
new debates, rekindling the discussion on the nature ol the aucestral entity (Doolittle 2000). This 1s shown, for
nstauce, in the diversity o names that have been coined to describe it: progenote (Woese and Fox, 1977), cenancestor
(Fuch and Upper, 1987). LUCA, a term first coined to describe the last universal comunon ancestor (Philippe and
Forcerre, 1999). and then as an acronym for the last wiversal cellular ancestor (Forterre, 2002), and LCC., last conunon
commumty (Line, 2002), among others. These terms are not truly synonvmous, and they reflect the current
controversies ou the nature of the universal ancestor aud the evolutionary processes that shaped it.

Latcral gene transfer and the reconstruction of early cell evolution

In the past lew years the analysis of an increasingly large number ol completely sequenced cellular genomes has
revealed major discrepancies with the 1opology of fRNA trees. Very oflen these differences have been inferpreled as
cvidence ot lateral gene transfer (LGT) events between widely separated species, questioning the leasibility ol the
reconstruction and proper understanding of early biological history (Doolittle, 1999, 2000). There 1s clear evidence that
genonics have a mosaic-hke nature whose components may come from many different phylogenetically separated
donor species (Ochman et al., 2000; Zhaxybayeva and Gogarlen, 2004, Zhaxybayeva et al., 2004). Depending on their
ditferent advocales, a wide spectrum of nux-and-match recombination processes have been described, ranging trom the
lateral transter of few genes via conjugation, transduction or transfornation, to cell fusion events involving organisms
{rom the sawe or even diflerent domains (Rivera and Lake, 2004).

Delining the nature of LCA is one ol the central goals of the study of the earlv evolution of life on Earth, and several
attenpts have been made in this direction. Proper description of the LCA is still an unfinished task, mainly because ol
the complexity ol the evolutionary process that connect extant organisms with it, the lack of a full understanding of the
major evolutionary events that have taken place along the history of life on Earth. and the lmutations inherent ol the
melhodologival allempts to reconstruct its nature. In this paper, we survev some ol the difficulties encountered in the
characlerization of the last comunon ancestor. and summarize ongoing discussions on its nature. We also attempl a
reconstruction ot the gene complement of the LCA based on the conservation ol proteins in a database of twenty
completely sequenced cellular genomes trom the three najor domains, from which endosymbionts and obligate
parasiles were excluded.



3. MATERIAL AND METHODS

To avoid biases in the backtrack characterization of the LCA due to secondary gene losses, a sample of compieie
profeomes from the three domains of life fram non-endosymbiotic or non parasitic species was downloaded from the
Kvoto Fncvclopedia ol Genes and Genoines KEGG data base (p:/ttp.genome.ad.jp/pub/kegg/) (Kanchisa et al.,
2000). ‘IThe Iollowing species were analized: Bacteria, Bacillus subtilis, Streptococcus  pneumoniae,
Thermoanaerobacter tengcongensis (IFirmicutes), Escherichia coli K-12 (Proteobacteria), Fusobacterium nucleatum
(Fusobacteria), Synechocystis sp.  (Cyanobacteria), Aquifex aeolicus (Aquificae), Deinococcus radiodurans
(Deinococecus-Thermus),  Archaea, Archacoglobus fulgidus, Methanococcus jannaschii,  Halobacterium  sp.,
Thermoplasma acidophilum, Pyrococcus horikoshii (Euryarchaeola), Aeropyrum pernix, Sulfolobus solfataricus,
Pvrobaculum aerophilum (Crenarchaeota), and Eucarva, Caenorhabditis elegans (Animalia), Saccharomyvces
cerevisiae, Schizosaccharomyvees pombe (Fungl), Arabidopsis thaliana (Plantae).

[n order to construct the set of the most conserved set of proteins common 1o these proteomes, a one-way BLAST
search strategy was performed using BLAST algorithm (Altschul, et al., 1997) as summarized in Figure 1. The eflicacy
of this analysis depends on the ability of each BILAST search to find all homologs of the query sequence A. Ajthough
this methodology may miss homologs common to all three lineages, it has the advantage of constructing a census ol
onlv the most couserved sequences, or ol the most conserved domains in proteins. The order in which these genomes
were {irst analyzed by one wav BLAST scarch was as follows: A. aeolicus, A. fulgidus, A. pernix, A. thaliana, B.
subtilis, C. elegans. D. radiodurans, E. coli. I¥. nucleatum, Halobacterium sp., M. jannaschii, P. aerophilum, P.
horikoshii, S. cerevisiue, S. pnenmoniac, S. pombe. S. solfataricus, Synechocystis sp., T. acidophilum, T.
Tengcongensis. A second one way BLAST search was then performed in opposite direction. Only one false negative
sequence was identified, b1740, that corresponds to a NAD synthetase (glutamine-hvdrolysing). Since domnains are the
structural and cvolutionary units of proteins, we have extracted the highly conscrved sequences from E. coli, AL
Jannaschii and S. cerevisiae. which arc among the most well-studied organisms, and identified the protein domains
conserved between ecach group of homologous sequences using the Pfam database (Bateman et al,, 2004)
(http://www.sanger.ac. uk/Sottware/Pfam/). This allowed the identification of multidomain proteins while avoiding the
problem of false positives. o avoid the dilTiculties with sequences thal can be classilied under multiple categories,
such as cnolase (i.c., sugar metabolism or as a component of the degradosome), Table 1 follows, only in part, the
cellular functional classes described bv KEGG, with emphasis.on a broad-scale description ol sequences that interact
with RNA.

4. RESULTS

Because our interest is centered on the construction of a census ol the most conserved proteins, only the genomes ot E.
coli. S. cerevisiae and AL, jannaschii were analvzed in detail. The sequences in the resulting set have been classified
according to [lunctional categories which we have modified from those used i KEGG to avoid diluting sequences
involved in RNA metabolisin among other categories (Table [). There are 283 highly conserved proteins from S.
cerevisiae, 245 [rom E. coli. and 145 from M. jannaschii. This sel represents the most conserved sequences common 10
all genomes studied here. As shown i Tabie [, the [ist ol highly conserved mofecujar traits includes sequences refated
to informational process like transcription and translation and several kinds of metabolic enzymes.

As expected from previous studies, different groups of genes involved in ditTerent RNAs (Klenk et al., 1993) and
translation (Olsen and Woese; 1997; Koonin, 2003; Harris et al., 2003) exhibit a high level of conservation, while the
only replication-reiated conserved ORF's are the bacterial clamp-loading protein complex (Edgell and Doolittle, 1997)
(dnaX, b0470), and its archaeal/eukarvotic homologs (replication factor-C, MJ1422, MJ0884, YJR068W, YNL290W,
YOLO94C), which belongs (o the AAA (ATPases Associated with diverse cellufar Activities) family (Tabie ). As
shown in Table [, the set of sequences compiled using the methodology outlined here is overwhelmingly dominated by
(a) molecules related to translation, RNA synthesis (i.e, transcription), translation and degradation; and (b) proteins
with ATP-binding and hydrolyzing activities which can be grouped in relatively tew discrete sets (ABC transporter
subunits, RNA DEAD helicases, AAA-type ATPases, and HIT superlamily ot nucleotide-binding proteins). Given the
ubiquity and diversity of these difterent proteins with ATPase activity, it is perhaps not surprising that the sequences
encoding the hydrophilic subunits o’ F-type ATP synthases and their homologs 1 the three domains are also highly
conserved.

As reported by others (Mushegian and Koonin, 1996; Koonin, 2003; Harris et al, 2003) the resulting repertoire
includes few isolated sequences lrom incompletely represented basic biological processes, such as energy metabolism,
nucleotide and amino acid biosynthetic pathwavs, transcription, translation, and lolding of proteins, as well as some
sequences related to replication, repair, and cellular transport. As discussed below. this patlem ol primary sequence
conservation can be explained by manifold processes that include polyphvietic losses, the metabohic 1hosynerasies of
diverse species, and different rates of molecular evolution.



5. DISCUSSION

The methodological approach developed here is straightforward: we searched for sequences present in all genomes
analyzed that-have changed slowly enough 1o be still recognizable using the onc-way BLAST sirategy described above,
Because a simple BLAST search may not lind all possible homologs ol a given sequence, the results shown here
represent a first approximation ot the gene complement of the L.CA as deseribed Llrom the standpoint ol S. cerevisiae,
[i. coli and M. jannaschii, three species that have been selected because of the considerable information that exists on
their biology. A more complete census of highlv conserved traits would require a detaifed analvsis ot cach set ol
homologous proteins using more sensitive approaches like prolile-based methods and, eventually. information derived
from tertiary structure databascs.

Reconstructions ol gene complements ol dislant ancestors are mere statistical approximations ol biological pasl, since
their accuracy depends on manifold factors including the possible biases in the construction of genome databases, the
levels of horizontal gene transter, the significant variations in substitution rates ot diflerent proteins, and the degree of
secondary looses, as well as methodological caveats. As argued here, in spite of these limitations the available data
provides significant insights into {a) the existence of an ancient RNA/protein world; (b) the biological complexity of
the LCA: and (¢) and evidence pertaining to the chemical nature of the cenancestral genome (1.e. RNA or DNA).

The high proportion of cenancestral RNA-related ORFs suggest the prior-existence of an RNA/protein world

[n order to avoid the bias itroduced by secondarv gene losses (Becerra et al., 1997), we have not meluded 1 our
analysis genomes {rom obligate parasites or endosvinbiotic oreanisms, which would lead to an underestimation ol the
number ot genes inherited from the LCA. As demonstrated by other analyses, proleins that interact with RNA m one
way or other arc among the most highly conserved sequences (Delave and Lazcano, 2000: Anantharaman ct al., 2002).
This 15 shown in Figure 2, where more than 80% of the conserved domains correspond to proteins that iteract directly
with RNA (such as ribosomal protcins, DEAD-tvpe helicases, aminoacyl (RNA synthetases, and efongation {actors,
ainong others), or take part in RNA and nucleotide biosvntheses, including the DNA-dependent RNA polymerase 3
and " subunts, dimethyladenosine transterase, adenyl-succinate lyases, dihydroorotate oxidase, and ribose-phosphate
pyrophosphokinase, among manv others (Table I). This percentage includes sugar metabolisin-related sequences (see
below).

Nonetheless, lew metabolic genes are part of the conserved ORF product set. These include many sugar melabolism-
related sequences, such as the enolase-cncoding genes noted above, as well as homologs ol thioredoxin (11xB, mj1336),
phosphoribosyl-pyrophosphate synthase (prs. b1207), and UDP-galactose 4-epimerase (gall, b739) eenes. Very
likelv, the evolutionary conservation of the r7xB and prsA genes is best understood in terms of the keyv roles they play in
nucleotide biosynthesis. The role ol UDP-galactose 4-epimerase in complex carbohvdrate svnthesis via the
interconversion of the galactosvl and glucosyl groups is well-known. Although the uniqueness of the enzyme
mechanism has been acknowledged, it is possible that the conservation ol UDP-galactose 4-epimerase is duc 1o an
undescribed participation in other basic processes, as in the case ol enolasc.

ATP-dependent RNA helicases are universally-distributed, highly conserved proteins which participate in a variety of
cellular functions involving the unwinding and rearrangement of RNA molecules, including translation initiation, RNA
splicing, ribosome assembly, mRNA nucleocvtopiasmic transport, and degradosome-mediaicd mRNA decay (Schmid
and Linder 1992). The degradosome is a multienzymatic complex imvolved in mRNA processing and breakdown, that
includes polynucleotide phosphoryvlase (which shares an RNA-binding domain with RNAse E). polyphosphate kinase
(PPK). ATP-dependent DEAD/II-type RNA helicase (RhIB), and enolase, a glvcolvlic enzyvme that catalyzes the
conversion of 2-phosphoglycerate to phosphoenolpyruvate and water (Blum et al., 1997). Reports showing that PPK is
not essential tor £. cofi survival and may be a later evolutionary addition involved in degradosome regulation (Bium et
al., 1997) are consistent with the absence ot the corresponding gene trom the set of highly similar ORF's.

Although RNA hydrolysis 15 an exergonic process, degradosome-medialed mRNA tumover plays a kev role as a
regulatory mechanism for gene expression in bolh prokaryotes and eukaryoles (Blum et al, 1997). A possible
explanation for the conservation of DEAD-type RNA helicases may lie in their role in protein biosvnthesis and in
mRNA degradation. This possibility is supported by the phylogenelic relatedness ol the RhIB and DeaD sequences
(Schmid and Linder, 1992) and by (he surprsing conservation ol the emo-like sequences. [17 Lis interpretation is
correct. Lhen it could be argued that degradosome-mediated mRNA (umover is an ancient control mechanisnt at RNA
tevel that was established prior to the divergence of the three primary kingdoms. Together with other lines ol cvidence,
meluding the observation that the most highly conserved gene clusters in several (cu)bactertal genomes are regulated at
RNA-level (Stelert et al., 1997). (he resulls reported here are tully cousistent with the hypothesis that during carly



The LCA, a progenote or a bacterial-like cenancestor?

Our ability to reconstruct the gene complement of the LCA depends in part on the levels of lateral gene transfer durg
early cell evolution, as well as on the degree of differential gene Josses across ecllular Jineages (Beeerra et al, 1997). It
lateral gene transter was rampant during early evolution, then there is a risk of overestimating the number o genes of
the LCA. The opposite outcome can be expected il, on the other hand, dilterential losses have been much more
common in evolution.

Analysis of an increasingly large number ol genes and genomes has revealed major discrepancies with the topology of
IRNA trees. As summarized by Brown (2003), very oflen these dilferences have been mterpreted as evidence ol LGT
events between different species, questioning: the feasibility of the reconstruction and proper understanding ol carly
biclogical history (Deolittle, 1999). There is evidence thal genemes have a mosaic-like nature whese componenls come
from a wide variety ol sources (Ochman et al.; 2000). However, not all sequences are equally prone to such
phenomenon, nor has the evolution ol all prokarvotic species been cqually atlected by LG (Zhaxybayeva et al., 2004).
Most transters take place between closely related species, and interdomain LGT events are quite rare. Accordingly, it
the species that carries the ancestral sequence was not the organismal ancestor itselt, then verv likelv was its closc
relative (Zhaxybaveva and Gogarten, 2004).

Driven in part by the impact of lateral gene acquisilion as revealed by the discrepancies of different gene phylogenies
with the rRNA tree, Woese (1998) proposed that the LCA was not a single organism, but rather a hughly diverse
population ol metabolically complementary, cellular progenotes endowed with multiple, small linear chromosoime-like
genomes that benetited from massive multidirectional horizontal transter events. According to this idea, which is
reminiscent ol a siular hvpothesis proposed independently by Kandler (1994), the essential [eatures ol translation and
the development of metabolic pathways took place before the earlicst branching event, but what led to the threc
domains was not a smgle ancestral lincage, but a rapidly diflerentiating community of genctic entities. This conununal
ancestor occupied as a whole the node located at the bottom of the universal tree, wn which the decrease of sequence
exchange and increasing genetic isolation eventually lead to the observed tripartite division ol the biosphere.

We suggest a ditterent scenario. The LCA was of course not alone: company must have been kept by its siblings, a
population of entities sinilar to it that existed throughout the same period. They may have not survived, but some of
their genes did it they becanie integrated via lateral transter into the LCA genome. The cenancestor 1s one of the last
evolutionary ottcomes ot a (ree trunk of unknown length, during which the historv ot a long but not necessarily siow
(Lazcano and Miller, 1994) scries of ancestral events including lateral gene tanster. gene losses. and duphications
probably played a significant role in the aceretion of complex genomes (Lazcano et al., 1992: Castresana, 2001: Snel et
al., 2002).

The gene complement ol the LCA can also be considered a mosaic in that not all universallv distributed genes are ol
equal antiquity. For 1ustance, the evidence suggesting that DNA evolved aller RNA and proteins (Lazcano et al., 1988:
Freeland et al, 1999) implies that the translational machinerv is older than nbonucleotide reductases or DNA
polvinerases. However. the extraordinary similarity of the basic traits shared by all extant cells suggest that they must
have been integrated by the time of the LCA.

The genetic entities that formed the communal ancestor proposed by Woese (1998) may have been extremely diverse, |
but an indication of their ultimate monophvletic origin trom a sole progenitor is provided by wwversallv distributed
features such as the genetic code and the basic features of the gene expression machinery. Did this hypothetical
communal progenote ancestor diverged sharply into the three domains soon afler the appearance ol the code and the
establishment of translation? Not necessarilv. The origin of the mutant sequences ancestral to those found in all extant
species, and the divergence ol the Bacteria, Archaea, and Eucarya were not synchronous eveuts, i.e., the scparation of
the primary domains took place later, perhaps even much later, than the appearance of the genetic components of their
last common ancestor. Moreover. bv definition, the node located at the botlom of the cladogram is the root of a
phylogenetic tree, and corresponds to the common ancestor of the group under study. But names may be nusleading.
What we have been calling the root ol the universal tree is in fact the tip of its trunk: inventories of LCA genes miclude
sequences thal originated in dillerent pre-cenancestral epochs (Delaye and Lazcano, 2000; Becerra-Bracho et al., 20002
Anantharaman et al., 2002). As noted by Fox et al (1982), a major phylogenetic issue is the relationship between the
timing ol the transition trom the age of progenotes and the branching order between the three cell domains. The gene
complement of the LCA descnibed here corresponds to a cellular entity that evolved atter the age of progenote had
come to an end, but prior to the divergence ol the Archaea, Bacleria and Eucarya.

It 15 currently ditficult 1o proposce a unitving hypothesis. However, the scheme outlined here is supported by gene
content trees. which exlibit a broad-level agreement with rRNA-based phylogenies (Fitz-Gibbon and House, 1999:
Sncl ctal., 1999; Tekaia, et al., 1999). Such trees are not cladograms but phenograms, 1.¢., thev are merely hierarchical
representalions of simlaribes and differences in gene conlent, where e presence or absence of o sequence 1s counied
as a character. Since different lincages evolve al different rates, such overall sinularity may be an equivocal indicator of
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gencalogical relationships. Nevertheless, these trees are consistent with TRNA phylogenies, and do nol support the
hypothests of massive LGT between distant specics. The robustness exhibited by these different methodologics
indicates that although LGT has played an important role i ccllular evolution, it has not obliterated the carly historv of
life (Glansdortf 2000), and that the role of reticulate evolution in defining the LCA as a progenole swarm may have
been overstated.

The LCA, a DNA or a RNA genome?

Since all extant cells are endowed with DNA genomes, the most parsimonious conclusion 1s that this genetic polvmer
was alrcady present i the cenancestral popudation. Woese (J983, J987) has suggested oltherwise, arguing lor a
progenote-like universal ancestor endowed with a rapidly evolving genome tonned by disageregated, sinall-sized RNA
molccules. Thus possibility appeared to be supported by the findings ol Mushcgian and Koonin (1996), who argucd
that the absence ol cucaryal or archacal homologs ol key components of DNA replication and nucleotide biosynthesis
in the minimal gene set which resulted from the comparison of the Haemophilus influenzae and Mycoplasma
genitalium genomes suggested that the cenancestor had used RNA as genctic polvmer. Such conclusion is weakemned by
the himited data set analyzed, which consisted of only two parasitic bacterial genomes that have undergone extensive
polyphyletic gene losses (Becerra et al,, 1997). In a subsequent publication, however, Koonin and his collaborators
analyzed a large set of primases, replicative polymerases, and other proteins involved in DNA replication, and
suggested an alternative scheme with a hybrid RNA/DNA cenancestral genetic system whose complex replication cycle
involved reverse transcription (Leipe et al. | 1999).

The 1dea that RNA preceded DNA as cellular genetic maternial has been proposed independently by many authors (sex,
for instance. Oparin, 1961: Rich, 1962; Haldane, 1965; Reanney, 1979). However, it 1s likelv that double-stranded
DNA genomes had become tirmly established prior to the divergence of the three primary domams. The major
arguments supporting this possibility are: )

(a) in sharp contrast with other energetically lavorable biochemical reactions (such as phosphodiester backbone
hvdrolysis or the transter ol amino groups), the direct removal of the oxygen Irom the 2'-C rbonucleotide pentose ring
to lorm the corresponding deoxy-equivalents is a thermodvnamically much less-tavored reaction, considerably
reducing the likelihood of multiple, independent origins of biological ribonucleotide reduction:

() demonstration of the monophyletic origin of ribonucleotide reductases (RNR) is greatly complicated by their highly
divergent primary sequences and the different mechanisms by which they generate the substrate 3 -radical species
required for the removal of the 2°-OH group. However, sequence analysis and biochemical charactenzation of
archaebacterial RNRs have shown their similarities with their eubacterial and eukarvotic counterparts, suggesting that
the most distributed enzvines are ol monophyletic origin (Tauer et al., 1996 Riera et ul., 1997, Frecland et al., 1999).
and

{(¢) sequence similanitics shared by many ancient, large proteins found in all three domains suggest that considerable
ldelity existed mn the operative genetic system of their common ancestor, but such tidelity is unlikely to be found in
RNA-bhased genetic svstems (Lazeano et al., 1992).

While accepting a DNA component in the LCA genome, Leipe et al., (1999) have underlined the highly divergent
character ol the main components ol the (eu)bacterial replication machinerv when compared with their
archacal/cukarvotic  counterpart. Although it is possible to recognize the cvolutionary relatedness of  various
orthologous DNA intormational proteins (i.e., ATP-dependent clamp loader proteins, topoisomerases, gvrases. and
57-37 exonucleases) across the entire phylogenetic spectrum, comparative proteome analysis has shown that (eu)
bacterial replicative polymerases and prunases lack homologues in the two other primary kingdoms. As argued by
Leipe et al.. (1999) these observations can be explained by assuming a dual, independent origin ot the DNA replication
machineries ot the Bactena, on the one hand, and ol the Archaea/Eucarval on the other.

We think this is unlikely. Nucleic acid replication enzymatic wachinery requires, at the very least, a replicase, a
primase, and a helicase (Fortene, 1999), which are currently described as non-orthologues between the bacterial and
the archaea/eukarvotic branches. Given the central role that is assigned to nucleic acid replication in mainstream
defimtions of lite (Koshland 2002), the lack of conservation and polyphyly ol several ol its key enzymatic components
15 somewhat surprising. However, we believe that there may be an explanation for the evolution ot the DNA replication
machineny simpler that the one advocated by Leipe et al., (1999). Our hypothesis implies that this progenitor DNA
polymerase wus otiginally involved in the replication of the LCA genomne, until its (cubacterial descendants undenwvent
a non-orthologous displacement by the ancestor ol the fischerichia coli replicative DNA pol 11 (DNA pol C) and its
homologs. Based on Lhe conservation and versatily of [unctions ol the palm domain ol DNA polvmerase 1l and ils

homologs, we suggest that the Archacal-Fucaryal replication machinery ts in fact older than the current Bactenial ouc.



Conclusions and outlook

The variations of traits common o extant species can be casily explained as the oulcome ol divergent processes irom:
an ancesiral Iife form that existed prior 1o the separabion of the three major biological domains, j.c., lhe lasi commor.
ancestor (LCA) or cenancestor. However, 1f the tenn “universal distribution™ 1s restncted to its most obvious sense, i.€.,
that of traits found in all conpletely sequenced genomes, then quite unexpectedly the resulting repertoire is formed by
refatively few features and by incompletely represented biochemical processes (Tatusov et al., 1997, Tekaia ct al.,
1999 Brown ct al., 2001; Delaye ¢t al., 2002). Quite surprisingly, some ol the most likely a priori candidates for strict
universality, such as those sequences involved in DNA replication, have also turned out 1o be not only poorly
preserved but also, in some cases, ol polvphyletic origin (idgell and Doolitile, 1997: Olsen and Woese 1997; Bohlke et
al.. 20003,

The traits described here as inherited Itom the LCA represent only those sequences thal can be 1dentified at the primary
structure fevel. Because it is known that tertiary structure level is more conserved across cvolutionary distances,
attempts (o reeonstruct the LCA gene complement using a fold-recognition algorithm may enhance the census of such
cenancestral inolecular traits. For instance, the lack ol detection ol the complete set of sequences encoding IF-lype
ATPases does not indicate these multimernic enzymes were absent in the LCA (Gogarten and Taiz, 1992; Castresana ct
al.. 1994), but should be interpreted instead as an indication of the dillerent rates ol evolution ol the sequences and the
fimits ol the methodologies descnbed here. Nonetheless, the fact that are no major inconsistencies between the data
presented here and those reported by other authors who have used dillerent methodologies (elave and Lazcano, 2000:
Anantharaman ct al., 2002: Hams et al., 2003; Koonin, 2003; Delave et al., 2004) underlines the robustness ol our own
results.

The datasct reported tn Table [ includes (a) genes that have undergone lateral transter and (b) sequences that although
lighly conserved, have originated in dillerent evolutionary epochs. However, the over-representation ol highly
conserved sequences related to RNA metabolism, i.e.. ORFs whose products svithesize, degrade, or inleract with
polvribonucleotides (Table [). 1s best understood in tenus ot an early evolutionary period during which RNA played a
more prominent role in biological processes, i.e., an RNA/protein world. Degradasome componerts (DEAD helicase
and enolasc) arc as Jughly conserved as molecules involved in RNA biosyithests. It can also be argued that the
conservation ol enolase and DEAD-tvpe RNA helicases discussed here constitutes additional evidence ol the early
development ol gene expression control mechanisms at the RNA level. These conclusions, however, do not imply that
the cenancestor was endowed with an RNA genome, nor support the possibility ol'an RNA-based origin of lue. Indeed.
the conservation ol  genes mvolved in ribonucleotide reduction such as 1B, combined with other independent lines of
evidence, argues lor the presence ol a IDNA genome in the [,CA.

The analysis ol the dataset reported here 1s consistent with a prokarvotic root of universal phylogenies, and indicates
that the cenancestor was much more complex that expected for a progenote. There 1s no contradiction between this
conclusion and the relatively [ew metabolic genes thal are conserved. In tact, most of them syvnthesize or interact with
ribonucleotides or sugar compounds. Conserved sequences related 1o mctabolic pathways include homologs of
phosphoribosyl pyvrophosphate synthase and thioredoxin, among others, which are involved i nucleotide biosynthesis.
Although the wlonnation contained in the available databases corresponds only to a munor portion ol biological
diversity, the sequences reported here are hikely to be part of an essential and highly conserved pool of proteins
conunon (o all organisms.
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Figure captions

Fig. 1. The one way BLAST search (a) a given sequence (while vircle) is considered as ughly conserved 1611 has
Jeast ene homnlog (gray circles) in al) genomes (o) i our dafasel. Dyvorgens homologous sequences {black circles)
mayv be mismatched or remain unidentified. Sequences detecled as highly conserved (FHC)Y by the BLAST scarch (-
value <0.0001), are represented by grav circles, are nol used as query sequences in additional searches ence they have
becn identified as HC: (b} in some cases, a previously undetecled homelog will be matched agan willy the same famly
ol homologous sequences To avord this kind of redundancy, visual mspection was perlommed 1o merge all e
corresponding sequences i one singie famlv. (¢) due o protemn domain [usious. in some cases lalse [1C protein
famtlics wall be constructed. A Plan protein domawn analysis was perlormed m £, coli, M. jannaschii and 8. corevisiae
lo identily them and elminale the tulsé HC landlv from the Jinal dataset, and (d) simple BLAST scarches are likelv o
tiss some homologous sequences. [n order 10 muhe a more comprehensive search, 11 would be necessary o use more
sensitive melhods |ike prolile-based algorithms or three-dimensional struclure comparisons, which are not [easible tor
the time being. As described in the test to construct {he datahase reported here. sleps (@), (b) and (¢) were applied

Fig. 2. Prevalence ol highly conserved sequences and protein domams related to RNA nclabohsm in the datusel
estnated here

Table L List of lnghly conserved genes i E. coli, M. janascliy and S cerevisioe genomes. Seguences invelyed
nucleotide-. sugar-. or nucleic acid metabolistn are located in the shaded part of the table. Conserved Pram domains in
the three genomes are shown. Sequences wilh the same domam organization and lunction are underhned. Sequences
are grouped according lo single functional ¢alegories. *Dilferent groups of homelogous are joined in a single
lunetional category. ** Hypothetical ORF.



Description Pfam domain E coli
Transcription T
gNA polymerase NA_pol_Rpb2_1; 7

RNA_pol Rpb2_2:
RNA pol_Rpb2_3;
[ NA_pol_Rpt2_6;
NA_pol_Rpb2_7
NA polymerase B’ NA_po) Rpb1_1, @g
NA_pol_Rpbi_2;
NA_pol Rpb1_3, |
NA_pol_Rpb1_4; |
NA pol Rpb1 5
[Translation

minoacyl-IRNA synihelasesiRNA-sym_1c,
lassl RNA-synl_ic_C:
Arg_IRNA_syn( N;

| RNA-syn|_1d,
RNAsyn_1d_C,
IRNA-syn(_1
minoacyl-IRNA syn(hetasesJRNA-sym_2d:
lass() RNA_anli;
! RNA-synt_2:
' RNA-synl_2b;
GTP_anlicodon,
RNA-synt_2c;
DHHA1
JRNA pseudaundine 56 TuB_N
synlhase
dimethyladenosine ‘leaAO
Iransierase |
elongation faclors ;GTP_E FTU;
(EG-G, EF-Tu.and oiher  GTP_EFTU_D2.

GTP bnding proteins) 1

"'melhloalne aminopepldase Peplidase_M24

tibosomal-prolen-alanine tyllrans(_1

acetyltransferase

Suab, RNA-binding ‘Suas_vcio_wdc
acal dilterent RNA- 1

binding proleins conlanining

the S% domain

fibosomal proleins

f(smnll subunit) =

Ribosomat_S5:
ibosomal_§5_C.
lbosomat §2:

2
g-'bosomal_S:!_C :
S4,

' ibosomal_S7;
| éibosomal_sa:
ibosomat_S9;

Ribosomal_S10,

ibosomal_S114;

Ribosomal_S12,

ibosomal_S13;

ibosomal_S19

ribosomal proteins
large subunil) »

(bosomal L1,
Ribosomal_L2;
fibosomal L2_C:
gibosomol_LGZ

ibosomal L11_N.
Ribosomal_L11;
ikhbosamal_l.i

ibosomal_L5_C:

. Ribosomal_L14

Table [.

2400, b0 144, b1876,
384, b2114, b0642,
6, b4258, 50526

1714, 1713, 60930,
1866, b4129. b0BI3,
184, b2697, b2890,
H415S, b1719, 52514

. b3680,

, D275

. 03847,

296, bA341, b3306,
230, B3321, b3297,
p3342, b3298, 3316

§303. b0163. 63314,

984, 63317, b3305,
3983, b3308, b0

.b3a71, |

M. jannaschii

MJ1040, MJ1041
1

3042, MU1043

1377, M30237, MJ1415,
1263, MJ0947, MJ1007,

J0633

0487, MJ1108, MJ15S5,
J1077. MI0S64, MJ1238.
0228, MJ1187. MJ1000

J 1048, MJ0324, MJ0495,
0262, MJ1261, MJO32S

J0475, MJ0S82, MIO46 L,
J0190. MJ1047, MJI0470,
0195, MJO322. MJO19Y,
1046. MJ0 189, MJD180

J0510, MJ0179, MID176,

JO47

. MJ0469, MJ0466

S. cerevisiar

YOR151C, YOR207C, YPRO10C

YDL140C, YOR116C, YORIIW

|

NOLO3AW, YGL245W. YOR168W,
L’DR}HC, YHROS1C, YDR268W.,
OL097C, YGR264C, YGR171C,
YPLO4OC, YBLOTEC, YGRO94W,
MLR382C, YPL16OW. YNL24TW

VFLO22C, YPRO4TW, YLROSOW.
YHRO19C, YLLOT8C, YCRO24C,
YPL104W, YDRO2IW, YHRD1TW,
IYKL184C, YOR3ISC, YNLO4OW,
YDRO37W, YNLO73W. YERO8TW,
ivu.a;sw. YHRO20W, YPRO33C

YNL2G2W, YLR17SW

HPLZGGW

YORIBSW, YOR 133W, YBR118W,
PROBOW, YLROGST, YJIL102W,
(YOR18TW, YNL183C, YKLI73W,
[YDR172W, YKRO84C. YLR289W,
IYALO3SW, YOLO23W, YERO25W,
LR244C. YALO91C, YERO7SC.
YEROOBW
YHR013C

YGL169W

YJROOTW, YMR229C

i

NYGLI23W, YBR25IW, YLROASW,
GR214W, YHLO04W, YNL178W,

WPLOS IV, YBR189W, YNL137C,
HR 148V, YJR123W, YIL190C,

IYLR367W, YOLOS3C, YMR143W,

:YBRMBW_ YHLO15W, YIL1SIW,

[YCRO3IC, YNROISC, YGR118W,

YPR122W_ YDR4SOW, YMLO26C,

¥NLOS1C, YOLOKDC, YNROATC

l

GLAISW, YPL220W, YELOS0C,
gFROMC-A‘ YILO18W, YGR220C,
[YNLOSTW, YGL147C. YDR237W,
[YGRDBSC, YPR102C, YKLI7OW,
(YBLOBTC, YER117W



Description ‘Pfam domain
Metabolism -
ihymidylate kinase hymidylate_kin
[EC:2.7.49)

I1:[ihy{'JrcK)rota!(:.‘ oxidase HO_dh
[EC:1.3.3.1]

orolate ribosyltran
phosphoribosyltranslerase

[EC:2.4.2.10]

‘aspartate [EC:2.1.3.2] and TOTCaoefN:
benithine [EC:2.1.3.3] OTCace

I |
catbamoyl- Iranslerase 1
catalytic chain

icarbamovl-phosphate LPSase_sm_chain;

synthase small chain ATase
{EC6.3.5.5]

ibose-phosphate ribosyltran
pyrophosphokinase

'{EC:Z, 7.6.1)

MP dehydrogenase MPDH (1rst. hall);

|EC:1.1.1.205] and
hypotheleal proleins

CBS, CBS;
IMPDH (2nd. halfy

1

adenylo suctinale lyase
{EC:4.3.2.2]
amidophosphoribosyltransier GATase_2;

yase_1

hse [EC:2.4.2.14] Pribosyliran
‘pyruvale kinase PK;

[EC2 7.1.40] PK_C
thioredoxin reductase and rPyr_redox
olher reductases ‘
[EC11.819) ‘
glucosamine—frucicse-6- ATase 2,

phosphate aminotransferase SIS; SIS
Yisomerizing) (EC:2.6.1.16)
metal depandent hydrotase  |Amidohydro_1

superfamily [EC:3.5.-.+]
DP-galaciose d-epimerase Epimerase
EC:5.1.3.2] and others
nu¢legtidyliranslerase
aclivity [EC:2.7.7.4]
hypothetical nucleoside-
iriphosphalase [EC:.3.6.1.15)
;enolase [EC:4.2.1.01] 1

NTE leanslerase,
exapep
amip_like

nolase_N;

YT T

Enolase C
‘phosphoglycerate kinase GK
JEC:2.7.2.3|
‘phosphomannomutase iPGMfPNm.LI;
[EC:5.4.2.8] GM_ P )
M_Ph_IIL;
PGM_PMM_IV
pugar transferages iycos_(rans(_1

sugar franslerases lycos_trans(_2
nucleohide-binding proteins  HIT
phosphoglycerate -Hacid dh,
Jehydrogenase [EC:1.1.1.952-Hacid dh C:

) ACT

NAD synihetase [EC:6.3.1.5. NAD_synthase
3351 |

flavoprolein enzymes Flavoprotein
UPP synlhelase [EC:2.5 1.-] Prenyltransf

ryplophan synthase IPALP
(f-chain) [EC:4 2.1 20) }T

tryptophan synthase Tp_synlA
(e-chainy [EC:4 2.1.20]
‘tislidinol-phosphate rmunolran_1_2
aminclransierase

[EC:2.6.19]

Polypreny} syntheiase palyprenyl_synt
IEC: 2.5.1] 1

probable glyoxylase i Laclamase_B
JEC 3.1.2.8)

‘neobale peroxiredoxin lAhpC—TSA
{EC:164.-| ]

Table I. (continnation).

. coli M. jannaschit
b1098 MJ0293
b0945, b2147+ 0654
b3642 1109, MI1655
bd245, 4254, b0273, MJ1581, MJOEE1

b2870"

2, b3360, b2507,

. MU0238, MJ1575,

. MJ0188, MI1232,
- MJO100, MJ1225,
| MJ0392, MJDEES,
L MI0S56
. MJOT9

00. b0304, b3962,
65, b2711, b2763,
2542

3729, b3371"

2873

0759, 63619, b2041,
3788

2039, b3789, b1236.
12042, 53730, b3430
2954~

2779

2044, b3631

2254, b2351, b0363,

1022, b3615
11037
2913, b1380, b3553,

2320, b1033

1740

b1261, b3117, bz2421,
b3772, b2B71, b2414

b0927*, bO212

!hOGUS. b2480

, MJ0G49, MJOS551

. MJ1116

L MUTaSS

L1234

. M30196°"

. MJO299

 MJ1178, MU1059,

. MJ0544

J0955, MJOOO1, MJ1391,
JO6B4, MJ1479

S. cerevisiar
Y JROSTWY
YKLZI6W

[YML106W, YMR271C

YJL130C, YJLOBBW

[rJL130C, YORIOIW, YKL211C,
WMR217WY

YERQ9SC, YBLAGSW, YHLO11C,

EKL181W, YOLOSIW

ARQ73W. YHRZ16W, YMLOS6C

YLRISHW, YPL2GIW
YMR30DOC

[YALOIBW, YOR3IATC

YHR108W, YDR353W, YFLOTAC,
YPLOSTW. YPLOTTC, YJR137C

brKL104C, YMROBSW, YMROSAW

'YIR02 c

BRO1SC
DLOSSC, YDR211W

JROB9C

GR254W, YHR174W, YMR323W,
OR393W, YPL281C

CRO12W

R278W, YMR105C, YKL127W

’Epu 75W

PL227C, YPR1B83W

DL125C, YDR305C
ERQ81W. YILO74C, YCR328C,
[YNL274C, YGL185C, YPL113C

|
YHRO74W
KLOBBW, YKROT2C, YOR0S4C

MR101C, YBROO2C
[YGLO26C, YCLO64C, YKL218C,

IYGR159W, YEROBEW, YGRO12W
YGLO26C

%u_naw. YJLOBOW, YDR111C,
{YLROBIC

I
Y JLIBTW. YPLOEIC, YBROOIW

|
YDR272W/

YILO10W, YBLOBAC, YMLO2BW,
YDRA53C

i



S. cerevisiae

YJL13BC, YKROSOW, YDRO21W,
PL119C. YOR204W, YGLO78C,
NL312W, YDLI16OC, YLLDOSW,

YHROB5C, YDLOBAW, YHR 165W,

IYJLOZIW, YDR243C, YORMEC,

YBR23TW. YMR290C, YGLITIW,

YFLOO2C, YDLO31W, YDR194C.

YLR276C, YBR142W, YKRD24C,

YGLOBAT. YNROIEW, YORZNWY,

YGL251C, YER172C, YMR190C.

YGR271W

Description Pfam domain E. coli M. Jjannaschii
'PEAD helicases “DEAD; 797, 03162, b1343, MJ0G69, MJ1401_ MJI1574,
elicase C 780, b2576, b3822. . MJ0383. MI1124
1653 i
| |
| | |
| |
)
BYP synthesis (alpA, 2ipB) ATP-synl_ab _N. 3734, b3732, b1941 MJ0217, MI0216
TP-synl_ab; I
| - ) _ATP-synl_ab C |
Replication. recombinatiory ’
and repair factors [ —
TPase lamily proteins r\AA B0470, b3178, 50892, MJ1422, MJIOBEA, MJIT156,
felamp-loading. y v subunits) MJ1176 MJ144
| |
1
|
1
I
|
|
fribonuclease Hil RNase HI_ ~ bDI&3 MJ0I35
kndonucleasae il HhH-GPD (irsl. halfy, D1633, 52561 MJ1434, MID613
MM,
hH-GPD (2nd_half); |
DNA Iopsisomerase } and NI [Toprim, b1274, b1763 MJ1652, MJ1512
opoisom_bac

ABC transporters WBC tran
' b1498,
b1756.
b40SE.
b0127,
b262,
b04$0,
0652,
0808,
b0BSS,
b08886,
0933,
br126,
1318,
bid84,
b1900.
b2149,
b24a22,
b3201,
.D:MSO'
bl463,
b3s540.
b3725,
b4087.
ba223,

Qroteln'd{anagemenl T L
ignal recognilion particle  ISRPS4_N; b2610,
%lotein ﬁRPS-d:

! RP_SPB

chaperonin Cpn60 rpnso_TCM b4143

Table L. (continuation).

b1682,
b2201,
4098,
bO151,
b0366,
b0495,
b0760,
%0820,
0864,
0887,
00949,

512486,
bi4aay,
01513,

01917,
b2180,
02547,
b3271,
£3454,
b3480,

b3541,
b3749,

64097,
D4287.

03464

b1709. MJ1267. MJ1367. MJI1508,
h3479, MJ1572. MJ1662
bOCES,
b0199.
b0449,
bOSA8, |
b0794, !
b0829,
50879, |
b9 14,
b7,
b1247,
01483,
51858,
b2129,
623086, |
b2677,
p3352,
53455,
b3486,
b3567,
b4035,
b4106,
b4391 |

%OiOI.MJOZ‘N

YBLO9SW, YIR121W, YDL185W,

YBR127C

YJROGSW . YNL290W, YOLDS4C.
YMRO89C. YERO17C. YDL126C
YEROSOZ, YPRO2AW, YGRLION .
YPR173C, YKL145W, YGLO48C,
YOR259C, YOLOO7W, YOR117W,
YOR394W, YLR3IOIC, YNLI2SC,
YLLO34C, YKL197C, YGRO28W,
YPLO74W, YER047C. YDRI7SC,
Y8R186W

"YNLOTZW B
“YALOI5C. YOL043C

YLR234W

- ,Loua. 01290, 51281, MJ1023, MOT108B, MJ1242,  YKRA04W, YLLD15W, YNRO7OW,

YORO11W, YORI28W, YPLOSEC,
YPL147W, YCRDIIC, YDRCS1C.
YFROOSW, YGR28 (W, YHLO35C,
YXL20SC, YLLC4&C. YLR188W,
YLR240W, YMRJ0IC, YNLDI4W,
YOLO75C. YOR153W, YPL226W,
YPL270W

YPRO88C, YDR292C

YLR2S9C, YJROSAW, YIL11IW,
YOL 143W. YIL142W. YOR188W,
YJLO14W, YDR212W, YILODSC

|
']
|
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Abstract

Recognition of the sensing properties of RNA molecules involved in the control of several major metabolc routes.
including biosynthesis of purines, vitamins and amino acids, have been inferprefed as evidence ol regulaiory
mechanism in the RNA world. Alarmones. on the other hand, are modified ribotides that form part of regulatory -
systems that are activated when cells sense stress conditions. The chemical nature of alarmones and their relatively
simple biosynthetic pathways, which involve nucleotide-modifying enzymes, suggest that some of them like cyclic
AMP and ZTP may have appeared in an RNA/protein world, prior to the evolutionary development of DNA genomes.
This suggests an early start for intra- and extracellular chemically-based communication systems based on cAMP and
other alarmones. The phylogenetic distribution of alarmones and their biosynthetic enzymes suggest a complex
evolutionary history that includes the independent emergence of signal molecules. However, prolile-based computer
searches have demonstrated the presence of its adenylyl cyclase 2 (AC2) homologs in the three major biological
lineages (Bacteria, Archaea and Eucarya), suggesting that this cAMP-synthesizing enzyme was already present in the
last comunon ancestor of all extant lifeforms. Biochemical studies and genomic analysis have failed to identify ppGpp
and pppGpp and their biosynthetic enzymes in Archaea. These results, combined with the diversity of non-homologous
eubacterial ACs, indicate that Bacteria have explored the widest range of alarmone biosyntheses and utilization.



l. Introduction

Living beings do not five in blissful 1solation. They arc constantly cxchanging matter and cnergy with their
strroundings and wilh olher organisms, whether of their same species or nof, with whom they share their environments.
Such nleractions involve a wide arrav ol dillerent sensory systeins and signaling mechanisms, which in some cases
partake not only in extracellular responses but also in the regulation of metabolic processes withn cells. While the
cvolutionarv history ol animals and plants wears testimony to a nwber of major mmovations that have shaped their
different sensory svstems, there is also conclusive evidence that many diflerent traits of their sensory systems,
including cell-to-cell signaling, were asseribled [rom components that originated 1 the prokaryotic ancestors of
nucleated cells.

The traditional depiction ol bacteria as mere inlectious agents and their 19" century classitication as thallophyla, i€,
lower plants. coneeived them as passive microbes with little or no abilities to pereeive ther surroundings and to
respond to outside stimuli. Although this simplistic scheme has been challenged by an acknowledgement ol the
unparaltel metabolic diversity of prokaryotes and their surprising geographical distribution, it 1s often not realized that
they are also endowed with claborate sensory systems that allow them to monitor and respond to thewr environment. It
is rcusonable to assume that early litetorns must have developed very rapidly receplors capable ol sensing thetr
cnvironment, taking cues from intra- and extracellular chemical signals. This possibility is supported by the existence
ol naturally occurring mechanisms for transcription control that depend solety on the sensing of small molecules by
RNA and natural metabolite-responsive ribozymes, i.e., riboswitches. Characterization ot these riboswilches, which are
known o be present in the three major biological domains, has demnonstrated the existence ol regulatory properties in
RNA molecules and the possibility ol the development of sensing abilities prior to the emergence of proteins (Winkler
et al, 2004).

Stress conditions are also sensed by alarmones (alarm + hormones, ¢t Watson el ab, 1987), which are.small signal
metabofites that are rapidlv synthesized when speciiic intracellular starving conditions develop due to (ack ol amino
acids or sugars. or in response to environmental msulls such as heat, ethanol and a wide vanely of oxidants. Alarmones
are modilied purine-ribolides (Figure 1) and nclude cychic AMP (cAMP, adenosine 37,5 -cvclic monophosphate),
¢cGMP (guanosine 375 -cvelic monophosphate), AppppA (diadenosine tetraphosphate), ZTP (3-amino- 4-imidazole
carboxamide niboside 5’-triphosphate), which signals Iolate deliciency (Bochner and Ames, 1982). as well as ppGPP
(guanosine tetraphosphate) and pppGpp (guanosine pentaphosphate), which plav a dircet role in the whibition of stable-
RNA svnthesis in Bacteria, (Stephens et al., 1975). As-argued here, the chemical nature of some alarmones hke cAMP,
its hiological distribution, and mode of action all support the possibifily thal they are past ol a stress-sensing regufatory
svslem estabhished i RNA/proten world prior to the evolutionarv development of DNA genomes (Figure 2).

IL. The evolutionary history of chemical signals and scnsory svstems:
some cautionary notes

The awareness that gencs and genomes are extraordinarily rich historical docunents from which a wealth of
evolutionary inlormation can be retrieved has widened the range ol phyvlogenetic studies to previously unsuspected
heights. The development of elticient nucleic acid sequencing techmques, which now allows the rapid scyuencing olf
complete cellular genomes. combined with the simultaneous and independent blossoming ol computer science, has led
not onlv to an explosive growth ol databases and new sophisticated tools for their exploitation, but also 1o the
recognition that ditTerent macromolecules mav be uniquely suited as molecular chronometers m the construction of
nearly umversal phviogenies. This is particularly true of rRNA. Companson ot small subunil ribosomal RNA (16/185
rRNA) sequences led to the construction of a trifurcated, unrooted tree in which all known organisiis can be grouped
n one ot three major monoplwletic cell lineages (Woese and TFox, 1977), now referred 1o as the domains Baclena,
Archaca, and |Zucarva (Woese et al., 1990).

Analvsis ol an increasingly large number of completely sequenced cellular genomes has revealed major discrepancics
with the topology of rRNA trees. There are manifold reasons for such discrepancies, including inadequate biodiversity
sampling, polvphyletic gene losses, convergence and polyphilv, and unequal rates of evolution, among others.
[Howcver, verv often these diflerences have been interpreted as evidence of horizontal gene transter (HGT) events
between difterent species, questioning the feasibility of the reconstruction and proper understanding of early biological
hwstory (Doolittle, 1999). There is clear evidence that genomes have a mosaic-like nature whose components come
from a variety ol sources (Ochman et al., 2000). Depending on their ditlerent advocales, a wide spectrum ol mix-and-
match recombination processes have been described, ranging lrom the lateral transter ol tew genes via conjugation,
trausduction or transformation. to cell fusion events involving organisms trom dillerent domains.

Neverlheless, there is evidence that the historical record ol past cvolutionary events has nol been completely lost.
Comparisons ol combined ortholoe protein data sets that exclude sequences that mav have undergone lateral transter
are consistent with rRNA trees (Brown el al., 2001). Genomice trees also exhibit an excellent broad-level agrecment



with rRNA-based phylogenies (Fitz-Gibbon and House, 1999; Snel ct al , 1999; Tekaia ct al., 1999). Genomic wrees are
not cladograms but phenograms, i.¢.. thev are hierarchical representations ol similarities and ditlerences m geue
content, where the presence or absence ol a sequence 1s counted as a character. Since dillerent lincages cvolve at
different rales, such overall similanily may be an equivocal mdicator of genealogical relationships. The robusiness
cxhibited by these different methodologies indicates that although lateral gene transter has played major role in cellular
evolution, massive lateral transter cyvents between distant groups has not completely uprooted the tree of lile.

Because ol their chemical nature, alarmones cannot be used to construct such phylogenies. Nonetheless, important
insights on their evolutionary history can be accomplished by comnparing the phylogeny and genomic distribution ot the
enzymes imvolved in their biosyntheses. Ol course, reticulate phylogenies greatly complicate the understanding ol the
evolubion of sensory systems 11 has been argned that a signilicant number ol the genes involved 11y anunal cell-lo-cell
signaling, which is essential in the nervous, neuroendocrine and immune systems, have undergone massive horizontal
transter (lyer et al., 2004), and there is evidence of lateral transler between Gram positive bacteria and Archaea ol the
chemotactic sensory system (Faguy and Jarrell, 1999). Sequences involved in alannone biosvnthesis have not escaped
this fate. However, it appears that the last conunon ancestor (LCA) of all extant lifeforms, i.e., the cenancestor (Figure
2) was a modern-type ol prokaryotc alreadv endowed with alannones and claborate sensory svstems. This conclusion 1s
supported by the evolutionary conservation ol the intracellular distribution ot methyl-accepting chemotaxic proteins,
which partake in the chemotactic response system of prokaryoles, and which concentrate in the cell poles ol an
evolutionarv diverse array of bacterial and archaeal species (Gestwicki et al., 2000), When and how did these molecular
sensory and regulatory systems Lirst evolve?

I11. The evolution and phylogenetic distribution of alarmones

The presence of alarmones has been reported in all three primary biological lineages. Current evidence indicates that
their highest struchural and finctiona) diversity is Tound in the Bacieria (Table 1). It is Jikely that this conclusion 15 nol
shaped by inadequate biodiversity sampling of the Archaea and the Fucarva, or by our incomplete knowledge ol the
-basic biochemical processes ol these groups. The biosynthesis ol guanosine 3 -diphosphate 3 -diphosphate (ppGpp or
guanosine tetraphosphate), and guanosine 3 -triphosphate 3’-diphosphate (pppGpp, guanosine pentaphosphate), which
act as general signals tor amino acid starvation conditions by adjusting the rates of’ rRNA and (IRNA svntheses
(Stephens ct al., 1975). is nediated by GTP pvrophosphokinase (Table 1). This is a diphosphotransterase encoded by
the reld gen, which was [irst described in enterobacteria. Biochemical analysis tailed to idenutv ppGpp and pppGpp
among Eurvarchaeota and Crenarcheaota (Cellini et al., 2004), suggesting that thev are a typical eubactenal orait. The
search tor rel4 homologs using a BLLAST analysis (Atschul et al, 1997) has contirmed this result (data not shown), as
no related molecules are found in the completely sequenced archaeal genomes available as of August 2004, The
presence ol reld-related sequences in red algae Cvanidioschyzon merolae and n Arabidposis thaliana may be due to
lateral gene transfer, as no other eukaryotic homologs have been tound. Diadenosine tetraphosphate (AppppA, or
diadenosine 3°,57-P! P-tetraphosphate), which accumulates in the presence ol a bacteriostatic quinone and other
oxidizing agents (Lee et al., 1983) cau be synthesized by aminoacvl-IRNA synthase (Lee et al., [983) and by ATP
adenylyl transterase. A BLAST search (Atschul et al, 1997) using as guery sequence the Saccharomyees cerevisiae
ATP adenylyl transferase, however, indicated the preserice of homologs only among cvanobacteria, ascomyceltes, the
red algae C. merolae and the slime mold Dictvostelum discoideum (Table 1),

By contrast, ApppA, which is synthesized by diadenosine triphosphatase 5°,3°-P' P*-tnphosphatase, appears to be onc
ol the most widely distributed alarmones, as suggested by the presence of the corresponding gene in the three primary
domains. The same may be true ol Z/I'P (Figure 1), which has been implicated in folate starvation signaling (Bochner
and Ames, 1982). [ts biosynthesis involves the transter of a pyrophosphate group of’ 5-phosphoribosyl-1-pyrophosphate
to the nboside monophosphate by 3-phosphoribosyl-i-pyrophosphate synthetase, i.c., PRPP synthetase (Sabina et al.,
1984), an almost universally distributed, highly conserved enzyme that plavs a key role m purine and histidine
blosyntheses (Figure 3). The search tor homologs in all completely sequenced cellular genomes indicated that it is
absent 1n the chlamydial and rickettsial genomes, a result which can be explained as one of of the many secondary
losses that these parasitic species have undergone.

Cyclic AMP appears to the most widely distributed alarmone (Table 1). This ubiquity probably retlects both its
antiquity and the polyphyletic origin of adenylyl cyclase (AC) enzymes involved in its biosynthesis (Danchin, 1993).
ACs have divided on the basis ol conserved motifs into scveral classes. which include cGMP -biosvathetic enzymes
(Sismeiro et al., 1998; Baker and Kclly, 2004), which appear (o be descendants of ACs (Shenoy and Visweswariah,
2004). Structural analysis of class 11l ACs have led to their classitication mto six dilterent families ol proteins, with 1o
sequence similanties among them (Shenov and Visweswanal, 2004). Class [ adenylvl cvclases are also known as the
universal clasg, but this name is not reflected in their biological distribution. As sunmarized by Shenoy and
Visweswanah. (2004), they arc absent Irom several major Bacteria clades (the Bacillus:Clostridium and the
Deinococeus groups, from the Chlunwdiae, and the e- and 8-proteobactena). Highly divergent class 1 ACs are present



in few methanogenic euryarchaeota (Aethanosarcina acetivorans strain C2A, AMethanopvrus  kandleri.  and
Methanothermobacter thermoautotrophicunt), bul otherwise thev are absent from the Archaca, (Table 1.

Biochemical reports ol the eccurrence of cyelic AMP in archaca (Leichthin et a)., 1986) very hikely rellected the activiny
of adenvlyl cyclase 2 (AC2). Sequence analysis demonstrated that this ¢nzvme, lurst desenibed o the bactenia
Aeronomonas hvdrophila, has no sequence similanity to previously reported ACs (Sismciro el al., 1998). Analysis ol
protein databases revealed the existence of AC2-related sequences in Afethanoccocus jannaschii, Afethanobacterium
thermoautotrophicum and Archacoglobus fulgidus, which lead to suggestions that its presence i . fndrophila was
due to lateral gene transfer Irom a methanogen (Sisineiro et al., 1998). A protile-based scarch (PFam) in a datasct that
includes approximately 140 completely sequenced cellular genomes (data not shown) suggests otherwise. As
summanzed in Table 1, with lew exceplions, which include hrec euryarchacal species (Themoplasma acidophilun, 7.
volcanium, and Picrophilus torridus) and lhe episymbiotic archaeon Nanoarchacum equitans, AC2 sequences are
universally distributed. This ubiquity suggest that the last common ancestor (1LCA) ol all extant hictorms, i.c., the
cenanceslor, was already endowed with AC2 signal molecules.

IV. Sensing in the RNA world

Since all extant cells are endowed with DNA genomes, the most parsimonious conclusion is thal this genctic polyimer
was already present in the cenancestral popilation. Since the late 196(°s, however, Woese (1967), Crick (1968) and
Orgel (1968) argued independently that RNA had preceded not only DNA but also proteins (Figure 2), a slage now
relerred o as the RNA world (Gilbert, 1986, Joyce, 2002). As reviewed elsewhere (Lazcano ct al., 1988), the
possibility that RNA played a much more conspicuous role in early biological evolution is strongly supported by (a)
the genetic nformation storage capacity off RNA molecules, (b) the central role that different RNAs i protein
synthesis: (¢) the evidence thal many coenzvmes are in fact ribonucleotide derivatives: (d) that fact that wath few
exceptions, all cellular and most viral DNA genomes require RNA primers for their rephcation; (¢} the evidence that
ribonucleotides are metabolic precursors ol deoxvribonucleotides; and () the increasingly large nuinber ol reported
calalvtic activities of RNA molecules. which include their direct involvement in ribosome-mediated svnthesis of
peptide-bonds (Nissen et al., 2000),

The roots of cAMP utilization might he in the RNA world. The existence of naturally occurring mechanisms for
transcription control that depend solelv on the sensing of small molecules bv RNA and natural metabolite-responsive
ribozymes, Le., riboswitches (Winkler et al |, 2002; Vitreschak et al., 2004). demonstrate that RNA molecules are
endowed with regulatory properties which mav have [unctioned as metabolite sensors prior to the emergence ol
proteins (Winkler et al., 2004). [n vitro selection of aptamers, which bind to the adenosine moiety ol’ ATP. NAD, and
acetvl-CoA (Sassanflar and Szostak. 1993; Burgstaller and Famulok, 1994: Burke and Gold, 1997), as well as the
existence of cAMP-. ¢cGMP- and cCAMP-responsive ribozymes (Koizumi ct al., 1999) suggest that cyclic AMI” may
have been part of the RNA world. ‘These results, combined with the engireening of hammerhead nibozvines that self-
destruct by selt-cleavage reactions in the presence of cAMP or ¢cGMP (Koisunu et al, 1999b), give additional
credibility to the possibility of an ancestral all-RNA-based mctabolisin with regulatory mechanisims based on binding
ol cvelic nucleotides and other etiector molecules. Since the intramnolecular cvclization reaction required tor cAMP
trom its AMP precursor is mechanistically equivalent to polynucleotide elongation, it could have been catalyzed in an
RNA world devoid of proteins by a ribozyme with polymerizing abilities.

V. Alarmones and the RNA/protein world

Comparalive genotnces does not provide direct evidence ot an RNA world or its sensing abilities. However. at the time
being phylogenetic analysis of some molecular markers can be extrapolated 1o a period of celluwlar evoluiion i which
protein biosynthesis was alreadv in operation, ie., an RNA/protein world. Older stages are not yet amenable to
molccular phylogenctic analvsis, but clues of the RNA/protein world stage can be inferred when whole genome,
analvsis 1s performed. ORFs whose products svnthesize, degrade, or interact with RNA, are among the nost highly
conserved sequences comumon to all known genomes. Their conservation strongly validates the 1dea of an RNA/protein
world that existed prior to the extant DNA-encoding ceils, and provide insights into an early stage in cell evolution
during which RNA plaved a much wore conspicuous biological role (Tekaia et al., 1999; Delaye and Lazcano, 2000;
Anantharaman ct al., 2002). The divergence of AC2 homologs puts them apart {rom this set of highly conserved
sequences. Nonctheless, the prolile-based searches (PFam) reported here (Table 1) suggest that AC2 may have been
part ol the catalytic repertoire of the last conunon ancestor, and mav have evolved amoung its ancestors in the
RNA/protein world. The hypothesis of pre-DNA AC2s in RNA/protein cells is consistent with its use ol a
ribonucleotide as a substrate, which may be interpreted as a vestige lrom an cra when RNA and ribonucleotides played
a more conspicuous role in biological processes. This hvpothesis is supported by the intrinsic simplicity of the
mtramolcecular evelization reaction required lor cAMP [rom its AMP precursor, which is involves a nucleophilic attack
ol the 3°-OH nbose moiety associated with pyrophosphate release.



The structural homology between the class Il baclerial cAMP-synthesizing adenylyl cvclases and the universally-
distributed highly conserved palm domain of manifold polymerases (Artymiuk et al., 1997; Bryant et al., 1997: Aravinc
“and Koonin, 1999), could also be interpreted as evidence that these enzyines also evolved in the RNA/protein world
(Figure 4). This raises the possibility thal the LCA endowed with two phylogenetic unrelated cAMP-synthesizing
enzymes. ‘[his hypothesis, however, is at odds with the phylogenetic distribution of class I ACs, which, with the sole
exception ol fow methanogens, are not found in Archaea. [t could be argued that absence of these set of enzymes in the
Archaea is due to a secondary loss that took place soon afler their divergence trom the Bacteria and the Eucarya. We
[avor an alternative, less-parsimonious explanation, according to which class 1II* AC resulted from the evolutionary
recruitment of a polymerase palm domain homolog in the line leading to Bacteria. This hypothesis is consistent with
the surprising diversily of non-homologous baclerial adenylyl cyclases (Lable 1), that demonstrates the polyphyletic
origin of enzymes involved in the intramolecidar cyclizations reactions required for cAMP biosynthesis

V1. Conclusions

Although how the transition from the non-living to the living took place is not yet known, there is strong evidence
" suggesting that the RNA world may have been the first organized biological world. The evolutionary advantages that
the early emergence of simple sensing mechanisms and RNA-based control mechanisms, specially once spatial
scparation appeared, are easy to undersiand, and may explain the existence of naturally occurring mechanisms for .
transcription control that depend on riboswitches.

As argud here, its is possible that cAMP and perhaps other alarmones are fossils of an inlermediate stage in the
evolution ol chemical signaling and metabolite sensing that lollowed the RNA-dependent sensing mechanisms that
may have existed in the RNA world.  This hypothesis implies an early start lor ntra- and extracellular chemically-
based communication systems dependent on cAMP and other alarmones. |.ike nucleic acid polymerases, ACs appear to
be of polyphyletic origin. It is likely thal this reflects the pervasive roles of nucleoides and their availabilily in the
intracellular environment. It is somewhat surprising, however, (hat pyrunidine-ribotides are not part of the inventory of
mtra- and extracellular alannones. It has been proposed that the reverse cyclase reaction may generate ATP from
cAMP (Barzu and Danchin, 1994). It is also p0551ble however, that the abundance ol purine moieties in alarmones
(Table 1) reflects the mtrinsic chemical stability ol purines as compared to pyrimidines. .

The presence of cAMP and the widely distributed AC2s found in all three major biological domains (Bactena,
Archaea, and Eucarya) demonstrates Lhat cvelic AMP has been conserved across prokarvotes and nucleated cells. The
lact that more than one biosvnthetic enzyme to cAMP have been identitied emphasizes the fact that cyclic AMP has .
been selected as a secondary messenger by manifold convergent processes. ‘The phylogenetic distnbution of ACs defies
a sumple explanation. The available information indicates that the genes involved in cAMP synthesis have undergone
branch-specitic gene duplications, lateral transter events, and secondary losses, and appear to be of polyphyletic origin.
Such diversity and unequal distribution indicates not only the need lor more detailed studies of alarmone evolution, but
also points out to the wide diversity of sensing strategics and signal mechanisms that the biosphere has successlully
explored during four billion vears of constant change.
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Figure captions

Figurc 1. Alarmones are modilied nbolides, and include cyclic AMP (cAMP. adenosine 37,5 -cyclic monophosphate),

ZTP (5-amino- 4-imidazole carboxamide riboside §’-iriphosphate), ApppA (diadenosing 57,5377-1' P* inphosphate),
and AppppA (diadenosine 5°,5777-PL P tetrahosphate)

Figure 2. Origin and early evolution of lite. Adenyiyl cyclase 2 is hypothesized to be the oldest alarmoue-synthezing
enzvine whaeh first evolved in the RNA/prolein stage.

Figure 3. Biosvnthesis ol purines, histidine, and Z'TP. The diagram cmphasizes the kev role of PRPP synthetose

Figure 4. Biological distribution ol the DNA polvmerase 3 palin dowain and its homologs.
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Alarmone

Enzyme

First characterized

/1 AC*T class | (enterobacierial) Escherichia cal
AC class Il (calimodulin-aclivated) Baciilus anthracis
AC ciass lll (palm domain) Rattus norveglcus
cAMP <
AC class |V (AC2) Agromonas hydrophila
AC class V Pravoteila ruminicola
N AG class VI Rhizobium etii
ZTP PRPF synthetase _ T Homo sapiens
s (5 -phosphoribesyl-1-PPsynthetase) - o
ppGpp GTP pyrephosphokinase Salmonella thiphimurium
ApPpPRpA ATP adenylyltransferase Sacharomyces cerevisiae
“ApPPA

Diadenosine 5, 5-P1, P2triphosphatase

Sacharomyces ceravisige

Bacteria
y-Proteohacteria

Phylogenetic distribution

Archaea

Proteobacteria, and

one Firmicules

Several Bacteria™

Several Bacleria™

P. rurminicola
{Bacteroides)

2

5

a-Protecbacteria, few

__Spirochaetes
Most Bacteria

Several bacteria*®

Cyanobacleria

Mosl Bacteria

Most Archaea

‘Mozl Archaea

Few Euryarchaea™

x5
Several Archaeas

_Eucarya

Several Eucarya*

- .7
Several Eucarya

Most Eucarya

A. gambiae, red algae
and planls'g

Ascomycetes, red
algae and slime moid
Most Eucarya

Table 1. Phylogenetic distribution of alarmone synthesizing enzymes. Red alga refers to Cvanidioschyzon merolae; slime mold refers
to Diciyosteliunm discoidewm. *'AC: adenylate cyclases. **Cyanobacteria, Actinobacteria, Proteobacteria, Planctomycetes, Spirochaetes.
Not present in BaciltusiClosiridium, Deinococcus, Chlamidiae, and g- and 8-Proteobacteria (Shenoy, et al, 2004). *‘Present in
Methanosarcina acetivorans str. C2A, Methanopyrus kandlery, and Methanothermobacter thermoautotrophicus (Shenoy, et al., 2004).
*Lacking in A. thaliana. ** Cyanobacteria, Actinobacteria, Bacteroidetes, Proteobacteria, Planctomycetes, Spirochaetes, Firmicutes,
Bacillales ** AC2 is not present in the Archaeas Thermoplasma acidophilum, T. volcanium and Picrophilus (orridus. *'Metazoa,
Mycetozoa, Diplomonadida and Viridiplantae (lacking in Fungi). **Aquificae, Actinobacteria, Deinococcus-thermus, Bacteroidetes,
Proteobacteria, Spirochaetes, Firmicutes, Cyanobacteria, Thermotogae, Fusobacteria, Chlorobi. **Anapheles gambiae, Diptera.
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Abstract

RNA-binding protcin domains arc some ol the oldest polypeptides we can recognize. Among them. there is evidence off
some of the ofdest process that shaped carly cell evolution. These meludes gene duplications, gene fusions, patchwork
evolution m ribosome assembiv and an ancient mechanism ol gene regulation.

Fasts ol abbreviations:
Jast common ancestor (LCA®

RNA first, DNA last and the RNA/protein world

The theory ol the RNA-world suggest that this biomolecule played a pronunent roll during the hirst sieps of the
evolution ol hle on Farth. functioning as both an information carrier polymer and a catalvtic ribozyme || |. Based on
the following lunctional and historical arguments [2] it has been argued that proteins and not DNA evolved directly
[ron the RNA world: a) (he sullur-based biochemistrv of nbonucleotide reduction that involves a free-radical may be
out of the scope of RNA biochemistry (although it has been proposed that RNA could have used another mechanism of
ribonucieotide reduction, such as an attached purine lollowed by acid-catalysed elimination of the ribose 2° -hydroxyl
]3] b) despite the high number ol divergences between families of nbonucleotide reductases, all ol themn share the
same basic brochemistry, suggesting that this is the only mechanism nature has found lor nbonucleotide reduction; ¢)
proteins are svnthesized mainly by RNA (the cell machinery respousible ol synthesizing proteins is basically made ol
functional RNA molecules such as the ribosome and the (RNAs), while DNA 1s svnthesized basically by proteins
(ribonucleotide reductases, thvinidilate svuthases, and DNA polvmerases, to nanme a few). A pattern that strongly
sugeest that proteins are the direct invention of the RNA world, while DNA evolved {rom protein biochemistry.

The RNA-protem world stage of cellular evolution began with the origin ol the genetic code and the lirst ribosome
svuthesized polvpeptides. and ended with the synthesis of the lirst DNA genomes. Several umportant aspects of extant
cells. like the structure ol the genetic code, the topologies ol the irst proteins, or verv ancient biochemical pathways
with universal distribution. presumably evolved during this stage ot evolution. The ltirst cells capable ol synihesizing
ribosome mediated proteins had an enorinous selective advantage over those cells which lacked that biochemical ability
mainly tor: 1) their superior catalvtie capacities as compared 1o those ot RNA. 11) their capacily (o tunction as very
stmple transmembranal transporters of ancient cell membranes, iii) or their capacity 1o bind to the RNA molecule in
order (o stabilize its structure. as still happens with ribosomal proteins in the ribosome. Although 1t is not clear at all
which of the previous functions the first coded proteins had, it is likely that the tunction of the translation machinery
mproved as more RNA-binding protein domains were added to 1t thus extending the evolutionary capabihties ot cells.

[t has been previously suggested that extant RNA-binding protein domains widelv conserved in the three main cellular
Imcages are among the anciest polypeptides still recognizable [4].[5]. Here we discuss some recently discovered
aspeets ol the carly evolution of this protein domains.

Ancient RNA-binding protein domains and their mode of evolution

Protein domam boundaries and phylogenetic relationships between domains are best identitied at the third structure
level, In Table 1 we show the structural classilication at the [amilv level according to Structural Classification of
Proteins (SCOP) database [htip://scop.nuc-lmb.cam.ac.uk/scop/| of 68 different RNA-binding protein domains with
known structure, along with its phylogenetic distribution. Clearly, RNA binding activity has evolved several imes, and
dilferent protein topologies are suitable tor this function (i€, sccondary structure composition can be all beta, all alpha
as well as alpha/beta). According to its phylogenetic distribution [S] 35 of this RNA-binding domains were inherited
from the last common ancestor (Figure 1). Very [ikelv, some of then may predate trom the RNA-proteini world. This
sel 1s composed by ribosomal proteins. anticodon binding dowmains from aminoacyl-tRNA synthetases, domains from
[F-G and EF-Tu. protein secretion domains (Fth), IRNA modilication domains, regulation ol transcription, and general
RNA-binding domains like the KH domain. There are some likely cases of domains present in representatives rom
Archaca, Bactena and Cucarva because ol horizontal gene transler. RNA-binding protein domains widely distributed in
one or two lineages but present in small number in the other(s) lineage(s) likely represent cases of horizontal gene
transler cvents. For example: cold shock protein B that is widely represented in Bacteria, but only present in
Halobacterium sp. within the Archaea.

According to SCOP, all the prolein domains classified in the same Familv have a clear evolutionary relationship, while
protein domains classilied w the same Swperfamily have a very probable common evolutionary origin. As long as a
sinilar Told at the domam struciure level retlects common ancestry between proteins. a clear pattern is the origin of
new lunctions doven by the tusion ol pre-existing protein domains (Figure 2). This is clearlv the casc ol ribosomal
protein $3 (RpS3). Composed ol two dillerent domains, one siimilar to the double stranded RNA-binding doinain [rom
Stauicn protem, and the othwr similar to domain (V" &rom fZiongation facior G. A simiiar paitern 1s shown for £i-G a
multi-domain protein where two ol its donains are howmologous 1o ribosonal proleins (ribosomal protein L3 and
ribosomal protein S5 lor domatus M and [V of EF-G respectively). Also, the anticodon nucleic acid binding domain of



Aspartyl IRNA synthetase (NORB) belongs to the superlamily of Nucleic acid-binding proteins trom SCOP that includes
ribosomal proteins S12 and $17 and are likely homologous. The fact that all these domains have an universal
distribution suggest that these domains originated by duplications of pre-existing domains prior the existence of the last
common ancestor (LCA). According 1o the concepl of evolulion by linkering |6, evolution proceeds by the use and
recombination ol pre-exisling clements in order to generate evolutionary innovations. The outcoine ol this process is
thought to be highly dependent on historical contingences. The patiem ol domain [usion here described suggest that
evolution by tinkering was active during the very early steps ol lile on Liarth. This evolutionary mechanism is clearly
consistent with the notion of domains as the structural and evolutionary units ol protemns | 71.

According to the paichwork hypothesis, primordial biosynthetic pathwayvs were assembled by the recruitment of slow,
ineflicient enzymes of broad substrate speciicity |8). The paichwork hypothesis preiends to explam not the orgin of
protein stnucture by the Tuston ol ditlerent domains, but the origin ol biochemical pathways by recruitiment ol enzymes
ol dillerent evolutionary origins. Ribosomal proteins S12p and S17 that belong to the SCOP lamily of coid shock
DNA-binding domain like, and ribosomal proteins S5 and S9 that belong to the SCOP tamuly ol translation machinery
components arc an example ol this mode of evolution. Although those proteins do not participate directly in a
metabolic pathway, thev do participate in the assembly of the SSU rRNA (Figure 31, Specifically, ribosomal protein
S17 is one of the siy primary rRNA-binding proteins necessary to start the assembly ot the SSU rRNA. Ribosomal
proteins 85 and S9 are both secondarv proteins in the assembly process, but are still umportant oncs as can be deduced
from its universal phylogenetic distribution.

(1 1s known that some ot the ribosomal proteins adopt strategies sunilar tor RNA-binding to other non-ribosomal RINA-
bindiug proteins [9]. It has been argued that once the 3D structures ot several RNA-binding domains including
ribosomal and non-ribosomal proteins becanie known, it would be possible o know 1t some ol extant RNA-binding
domains cvolved (rom ribosomal RNA-binding proteins [ (0]

This is perhaps the case tor some ot the domains of the SCOP Supertamily ol “Nucleic acid binding proteins™
According to SCOP database, ribosomal proteins S12 and S17, the C-terminal domam ol ell'-3a, and the cold shock
proteint 13 (espB). belong all 1o the tamily of “Cold shock DNA-binding domain-like™ and are likely homologous to the
anticodon binding domain of aspartyl-IRNA synthetase (all belong to the sume superfamily). Wlhile the ribosomal
protems and the anticodon binding domain have a universal distribution. the elF-3a C-termwmal domain and the cspB
are restricted to the Archaca-Fucaiva and Bacleria clades respectively. This suggest that the Tast two domains were
derived from the ribosomal proteins by duplication afler the separation of cellular lineages.

We obscrve a similar pattern in the N-terminal domain ol ribosornal prolein S5 that has universal distribution, while
ithe double stranded RNA binding domain (dsRBD) ts restricted o Bacteria and Eucarva. Perhaps this domain
originaled I Bactena by duplication trom the ribosomal protein, and then was transterred to Eucarya through
endosymbiosis. Also, RNaase P protein may have originated trom tanslation nachinery afler the divergence of
Bacteria [11]. This protein has a distribution restricted to Bacteria while its homologous. the domain IV of EF-G, the
C-terminal domain of ribosomal protein $3. and the ribosomal protein SY have an universal distribution.

The KOW domain (named alter Kyrpides, Woese and Ouzounts, [12[) mav be another case ot a domain that has its
origin in ribosomal proteins. This domain has an universal distribution (Figure 1) and is present in a wide nurnber ol
different proteins. This doman is present in ribosomal protein L24p, ribosomal protein L27¢ [13], bacterial
transcription elongation factor NusG [12], and in the eucarvotic initiation factor Sa N-lerninal domain. Because
ribosomal protein L24p is the only with an universal distribution among the previous proteins, and because it has an
essential function in ribosome asseinbly process ol the LSU rRNA [14] it is very likely that this protetin is the anciesl
from which the other members of this family evolved by duplications atter the divergence ot the main cetular lincages
from the LCA.

A modcl for carly regulation of protein expression

Ribosomal protein S17p pertorms several functions in £. coli. First as a translational repressor protein by regulating the
expression ol the sir operon by binding 1o its own mRNA. Second, it i3 one of the primary rRNA binding proteins
binding directly to 16S rRNA where it nucleates the assembiy ol (he head domain ot the 30S subunit. Third, it probably
blocks the exit of the E-sile (RNA [ 15]. This ribosomal protein is also universally conserved (Figure 1), thus it may
predate (rom the RINA-protein world. ¢ is (ikely (hat its mode of gene reguiation represent the mode of gene expression
ol some of the lirst coded proteins. Such relatively multifunctional enzyines might represent a mechanism by which
primitive cells with small RNA genomes could overcome their limited coding abilities. This is consistent with the
nolion ol a less accurate, error prone primordial primitive translational apparatus svnthesizing small “statistical”
enzvines | 16|

A chimerical nature for the origin of Eucaryots
It 1s anferesting (0 see fom igure | that whide the interseetons of Sacteria and Fucarsa (B-E), and Archaca and
llucarva (A-T0) share RNA-binding domains, the intersection ol Bacleria and Archaca is empty. [ts has been sugpested

>yl



that Eucaryots evolved via symbiogenesis by an Archaea (Thermoplusma-like) and a Bacteria (Spirochaeta-like) [17]
The pattern of conservation at the fundamental level o RNA-binding proteins domains is what we mav expecl it
Liucaryots had a chimeric origin between an Archaea and a Bacteria. 1t would be interesting to see il Lis patiem
extends 1o other(s) funcliona) class(es) of prorcins.

An analysis o the phylogenetic distribution using BLAST [18] and ORFandDB (Falta retcrencia ORFandDB) [19] of
RNA-binding  domains  together  with  domains  deluntions  can be  downloaded from
[hitp://bacteria. feiencias.unam mx/RNAbinding/ |.
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Table 1. Structural classification of 68 RNA-binding proteins domains. Domains are classilicd according to cellular
iunction. Domain delinition is according (o SCOP dalabase. Sccondary structure composilion is given according 1o the
class level m SCOP classification.. Gray colored cells in “Phvlogenctic disiribubon™ column with LCA represenls
Jomams widely distrihuted in Archaea, Bacteria and Eucarya, thus inlerred fo be present in ihe Last Common
Anceslor,

“SWISSPROT source: htipi/fea.cxpasy.org/sprot/ [13].

Figurc | Overview of the phylogenctic distribution of 68 RNA-binding domains Prolemn domains widely
conserved w cellular proleomes (romn Bacteria, Archaea and Eucarva are asswned 10 be present in the LCA. HGT
(LCA) are domains that are suspected o be present in the Lhree lineages because of horizonlal gene transier. *LCucaryal
nibosomal prolems shared with Bacleria and not with Archaea are of organelle ongin

Figure 2. Evidence of evolution of domain fusion in some of the universally conserved RNA-binding proteins
Agpartyl IRNA synthetase share an homologeus RNA-binding domain with nbosomal proteins S12 and S17. EI-G
share RNA-binding domains with ribosomal protein 85 and L3, and also has an ilemal duplication.

Figure 3. Homologous proteins in the assembly map of the 308 ribosomal subunit from £ coli. Ammows belween
proteins indicate the faciivating elfect of one protein on the binding of another A ek arrow indicales a ajor
lacilitaling cltecl. The thick arrows [tom 163 RNA 10 $4, S8, 513, S17. and $20 indicates thal each ol these proteins
binds dhrectlv to rRNA in the absence of other proteins. Ribosomal proleins in grav are conserved 1 Baclena, Archaca
and Fucarva. Proteins $12 and $17 belong to the SCOP tamily of Cold shock DNA-binding doinain hke, sl prolems
S5 and 39 10 the SCOP tanlv Translation machinery components. Modilied trom Nofler and Nonwra [14].



Large subunit ibosomal protein domains

L7f12. Cterminat
daman (L12p lamily]

C-terminal domain (SCOP
tamily)

Algha and beta proteins
{a*h)

binding af transiation faclors,
stimulabing factor-depandem

GTF nydralysis

Eucaryolic
organeles

RNA-binding domain Oomain definition Secondary structure Informationffunction of the Phylogenetic Crystal structure
composition™ protein distnibution reference
Fibosomal prolein L11, | Ribosomal prolan Ltt, C. All alpha proleins Recognizes and hinds hghtly to a LCA [20]
C-erminal domain tetmunal domain (SCOP highly conserved 58 nucleotide
L (L11p farmly) lamiiy) domain of 23 5 nbosomal RNA
Ribosomal proten L13 Ribosomal protein L13 | Algha and beta proteins Inleracts sutistantially wath LCA (21
{L13g family) (SCOP lamily) {a/d) domaun Vi of 235 (RMNA and
participates in the protein cluster
composed of L3 L8, L13,L14
and L24¢ that 15 founa clase o
the factor binding site
Ribosomal protein L 14 Ribasomal proten L14 All beta protems Occupres a cenlral location LCA 22
(LV4p family) (SCOP lamily) between lhe peptdyl transferase
and GTPase regions of the large
ribosomal subumt
Ribosomal prolein L18 Ribosomal proten L19 All alpha proteins (nteracts substantially with Archaea and [21]
___{L19e family} (L19e) {SCOP family) domain |, 1 and IV of 235 rRNA Eucarya
Ribosomal preten L21e | Ribosomal proteins L24p All bata protens Attaches to helix 3 and helix 2/3 Archaea and (211
(L21e family, and L21e (SCOP family) of 55 MMA and domans Il and V Eucaiy2
Sh3-like t-barrel) of 233 IRNA
Fibosomal protein L22 Ribozomal grotein L22 Alpna and bela pioteins | s one of five proleins necessary LCA (23]
{L22p lamily) (SCOP family) (a+D) for the formaton of an early
tolding intermediate of the 23S
RNA 3and inlefacks with ail six
domains cf 23S RINA
Ribosomal proten L23 L23p (SCOP Jarmuly; Alpha and beta proteins Interacts substantially with LCA [29)
{L238 lamily) (a+b) domain |Il_of 235 IRNA
Ribosomal protein L24e Ribesomal proten L2de Small pretains lateracts substantially with Arzhaea and 24
{L2de family) (SCOP family) domarn W1 of 235 rRNA and Eucarya
parucipales in the pioten cluster |
composet of L3 L6 L3, L14
and L24# that s tound dose to |
he factor binding site ]
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Abstract

Nucleie acid polvimerization 1s onc of the most ancient functions and is central to all forms of hfe on Larth. In extant
cells, polymenzation 1s performed by a plethora of enzymes from different phylogenctic ongins. Although all present
Jav organisms have DNA based genomes, there has been substantial discussion regarding the chemical nature of the
genome of the Last Common Ancestor (LCA), (whether it had DNA or RNA), mainly because of the lack of
conservation ol the central replicative DNA polymerase in the tree cellular lineages (Archaea, Bactena and Eucarya).
Flere we review the phylogenetic distribution, the complex domain structure and some aspects ol the general pattern ol
the evolution of nucleic acid polvmerases. We show that the evolution of nucleic acid polvimerization function has been
shaped in several cascs by convergences and non-orthologous gene displacements. We suggest that this mode of
evolution could explain that the lack of conservation of the central DNA replicative enzyme between present day
organisms, a proposal that is in concordance with the most parsimomous scenano, a LCA with a DNA based genoine.
We also show that the catalvtic domain, the so called “palm”™ dowmain, is associated to polymerases from different
famihes having all the [unctions necessaries to understand the transition lrom an RNA-protein world to the present day
DNA-RNA-protein world (these are RNA polymerases, Reverse transcriptases, and DNA polymerases), thus, it is
likely that this domain can be traced back to the ancestral replicase of the RNA-protein stage ol evolution.

Introduction.

Polvmerization ol genetic material is one ol the central process to all lile on Earth. Its onigin is intimately coupled with
the appearance ol hfe and the beguming ot Darwinian evolution. The evolution ol genetic material itsel, is somehow
coupled to the evolution of the molecules implicated on nucleic acid metabolisin, being polvmerases one of the central
CIZVINES,

fn extant biological systems, nucleic acids are polymerized by a plethora o’ enzymes. This enzymes are in some cases
clearlv homologous, or related because they share homologous domains, mainly the catalytic ones. But in another
cases, the polymerases are definitively unrelated, as long as enzymes having ditferent lolds have different evolutionary
origins. The functions that nucleic acid polytuerases perform in cells are also extremely varied, going from template
dependent replication of genetic material during replication, DNA repair, transcription of ditTerent kinds of RNA,
retrotranscription (by retroviruses), template independent polvinerization of CCA  onto the 3" termmnus of immature
IRNA, polyadenylation of pre-mRNA, generation ot diversity in the vertebrate immune svstem, transter of a nucleotide
{o a non-nucieic acid moiecufes invoived in several metabofic pathways, or antibiotic resistance In bacteria, between
others. Clearly, some of these functions are more ancient than others.

Due to the antiquity and relevance of the process of DNA replication, it was reasonable to expect that the enzymes
responsible ol such nucleic acid polvmerization, had to be well conserved across the three main cellular lineages.
Archaea, Bacteria and Eucarya, as is in fact the case of transcoption and translation cell machinery. But quite
surprisingly this happens not to be the case, cellular lineages ditter in the kind ot enzvimes used to polvienze nucleic
acids, in such degree that, excluding the main ceffular RNA transcriptase B and B’ there is no nucleic acid polymerase
that 1s conserved across the broad phylogenetic spectrum of the three main cellular lineages (Archaea, Bactena and
Eucarya). As reviewed by Olsen and Woese (1997), Bacteria use one kind of polymerase known as DNA polymerase
LT, while Archaea and Eucarya use DNA polymerases from lamily [1 as their main replicative enzymes, (although it is
possible that Eurvarchaea uses another kind of DNA polymerase called polymerase D as its main replicative enzyme
(Cann et al, 1998, Bohlke. et al 2002)). Several hypothesis has been proposed to explain this pattern. Edgell and
Doolittle (1997) suggested that the LCA had a DNA genome and proposed three (not mutually exclusive) possibilities
to explain the fack of conservation of the central replicative enzymes: (i} different repliicating proteins are in fact
homologous but we are unable to recognize the phylogenetic relationship due to extreme sequence divergence between
extant enzymes, (i) the last common ancestor (LCA) or cenancestor contained both systems (Bacterial and Archaea-
Eucaryotic, perhaps one for reparation and the other for replication) and different components were lost after
divergence, (111) non homologous proteins were recruited into replication function in one or the other lineages,
replacing cenancestral components.

An other hypothesis based on the idea of a higher rate of horizontal gene transfer during the early evofution of {ife and
the observation of the ditlerent degrees of conservation of different components of the cell machinery (e,
transcription and translation versus replication machinery), was proposed by Woese (1998) who has suggested that
during primeval stages ol’ the evolution of lite, the notion of cellular ancestor had no physical meaning, because
biological entities, at that tiine, behaved nore like an evolving community, coupled bv intense horizontal transfer, in
such a way that we can not reconstruct the gene complement ofa single cell or population of cells because they didn’t
exist as such. He suggested that the most conserved proteins in the cellular lineages are the ones that belong to systems
that ‘crystallized” fiest (thetr ndividual components began to be vertically gitented rther that lorizontatly transtemed



more often). In this way, translation function was onc of the firsts systems to ‘crystallize’ while replication function
‘crystallized” later on, so generating the pattern that we see today. But, it is also likely that bv the time of the
cenancestor this model of annealing massive horizontal gene transfer (it it existed at all) wasn’t as intense as suggested
by Woese (1998), and the differences in the pattems of conservation between different parts of the cell machinery
- (replication versus transcription) are due to a plethora of different reasons.

A different proposal, based on an exlensive sequence analysis of the enzymes involved in DNA replication (Leipe et
al, 1999), concluded that the most parsimonious explanation was that the cenancestor had a retrovirus-like genetic
system, and modern DNA replication was invented twice, once in the Bacterial lincage, and once in the Archaeal-
Eucaryal lineage. In this cellular ancestor, DNA was retrotranscribed from RNA by a reverse transcriptase. According
1o Leipe el al, (1999), once DNA polymerases DNA dependenis evolved, selection favored eliminalion of
reversetranscriptase enzymes lo prevent ‘backward’ propagation of dainage to RNA onto DNA. The latter model may
be important because at some stage in the evolution of life, cellular genetic systems based on RNA had to be somehow
retrotranscribed onto DNA without loosing coded genetic intormation, although it is also likely that due to replicases
with fow discriminatory power between ribonucleotides and desoxyribonucleotides a cellular stage in which a reverse
transcriptase played a central role in genome replication, may not be necessary. This means, that it is likely that some ol
the extant genes predate from an evolutionary stage where the sole informative biomolecules were RNA and protein
and there was no DNA. Anyway, the lack of conservation of the enzymes participating in a particular cellular tunction
(in this case, DNA polvmerization) can still be explained by one of the proposals made by Edgell and Doolittle (1997),
specially if we find the biological reasons for the extreme divergence of the proteins involved in the function, or the
process that had replaced DNA replicating proteins so frequently and intensely, specitically in the divergence between
Bactenal and Archaea-Eucaryal lineages.

Recently, Forterre (1999) has suggested a mechanisim that could explain the lack ol conservation ol DNA replication
related enzymes. He proposed that non-orthologous gene displacement (in which viruses and phages played are a
bountiful source ol displacing proteins), could account for the lack ol conservation of DNA polymerases and other
protems of the replication apparatus and the puzzling phylogenetic patterns. Viruses and phages could have played
either, as vehicles for transportation and moditication of proteins from one cellular lincage to another, or as a source of’
proteins from viral origin. He also suggested that proteins related to the translation apparatus haven’t sulfered fromn this
process because viruses can not be a source of new genes involved in protein synthesis (except for a tew regulatory
protcins). Latter on, he went lurther (Forterre, 2002), and proposed that DNA was indeed invented in viruses or
phages, latter, DNA and DNA replication proteins were transterred to RNA cells to give a DNA cell.

Anyway, besides the fact that DNA polymerases are not conserved between the main cellular lineages, DNA
replication, as have been noted by Leipe et al, (1999), is basically achieved.in the same way in all extant cells: (1)
replication is semiconservative; (ii) replication always initiate at defined origins with the participation of a origin
recognition system; (i) replication fork movement is typically bi-directional, (iv) replication is continuous in the
leading strand and discontinuous in the lagging strand; {v) in cells, RNA primers are needed to start DNA replication;
(v1) nucleases, polvimerases and ligases replace the RNA primers with DNA and seal the remaining nicks. It is possible
that several of this common characteristics of DNA replication are the result of lunctional constraints rather than the
result of comumnon’ ancestry (perhaps it is not possible to have two leading strands). Or perhaps, some of them are
necessary convergences due to evolution [rom a common ground (DNA already existed, and primases were invented
twice in difterent lineages in order to replicate the molecule). Anyway, it is not for granted that all celis uses DNA as
their genetic material. As Forterre (1999) has pointed out, many types of nucleic acids could have been produced from
RNA medification, so it seems unlikely that the LCA had an RNA genome as originally suggested by Mushegian and
Koonin, (1996), because DNA had to be invented at least twice, or inveuted in one lineage and then, horizontally
transfer the molecular machinery to other {ineage. Anyway, there are some proleins for DNA replication that are
homologous between the tree cellular lineages (Leipe, et al, 1999). Maybe after all, it is possible that the most
parsimonious scenario is an universal ancestor with a DNA genome, a possibility that in the light of present knowledge
can not be completely ruled out. If it was in fact the case, why are DNA polymerases so different between extant
cellular lincages?

[n order to get insight about the early evolution of replication, (i.e., whether or not the LCA could had a DNA
polymerase), we review the phylogenetic distribution, polymerases, crystal structures and classification schemes of
nucleic acid polymerases. From this point of view, it is clear that the evolutionary history of nucleic acid polymerase
function seems to be really dynamic, including non-orthologous gene displacement, convergent evolution and domain
shultling. Our aim is to provide a general view on the evolution of this fascinaling enzymes to try to understand why
this inolecules are so dillerent in character between the three cellular lineages, a question that is clearly related to the
nature of the I.CA or cenancestor. Here we provide evidence relating the DNA-RNA-protein world with the previous
RNA-protein world through the central replicase.



Material and methods.

The following crystal structures from representatives of each family of nucleic acids polvmerases were downloaded
from the Brookhaven Protein Dala Bank (www.rcsb.org/pdb): DNA polymerase 1 from Escherichio coli (1kis)
iBrautigam, et al, 1998); DNA dependent DNA polymerase trom bacteriophage T7 (1t7p) (Doublie, et al, 1998); DNA
dependent RNA polymerase from bacteriophage T7 (1cez) (Cheetham, ct al, 1999), DNA polymerase I {from
Desulfurococcus sp. (1d5a) (Zhao, et al, 1999), Bacteriophage RB69 DNA polymerase (1waj) (Wang, et al 1997),
Reverse transcriptase trom HIV-1 (Sarafianos, et al, 1999), Poliovirus 3d polymerase RNA-dependent RNA
polymerase (lrdr) (Hansen, et al, 1997), DinB Lesion Bypass DNA polymerase Sulfolobus solfataricus (1im4) (Zhou,
et al, 2001), DNA polymerase [ from Rattus norvegicus  (2bpt) (Pelletier, et al 1994). Terminal
. deoxynucleotidyWransferase (TdT) from Mus muscuius (1jms) (Delarve, et al, 2002, Kanamycein nucleotidyliransferase
(KNT) from Staphylococcus aureus (1kan) (Sakon, et al, 1993), RNA poly(A) polymerase from Bos taurus (1{5a)
(Martin, et al, 2000), CCA-adding enzyme from Bacillus stearothermophilus (1miw) (Li, et al, 2002); DNA primase
from Escherichia coli (1dd9) (Keck, et al, 2000), DNA primase from Pvrococcus furiosus (1g71) (Agustin, et al,
2001, RNA polymerase DNA dependent from Thermus aquaticus (1iw7) (Vassylyev, et al, 2002).

Due to the lack of crystal structures the following sequences were downloaded from NCBI (National Center lor
Biotechnology Information at www.ncbinlm.nih.gov/) Mitochondrial DNA directet RNA polymerase from
Saccharomyces cerevisiae ssRNP (RPOM_YEAST), RNA polymerase RNA dependent trom Petunia x hybrida (gi|
4138343), DNA polymerase III alpha chain from E. coli (DP3A_ECOLI), Polymerase DP1 and DP2 from Pirococcus
Juriosus (DP2S_PYRFU, DP2L. PYRIU), QB replicase from Qp} Bacteriophage (RRPO_BPQBE).

For proteins with known 3D structure, domain identification was followed using original papers. Whenever possibl_e,
numbers of CATH classification were added to the domains. For proteins with undetermined 3D structure, domain
identification was assigned according to Pfam database (www.sanger.ac. uk/Software/Ptany/), (Bateman, et al, 2002).

The phylogenetic distribution of the nucleic acid polymerases in our database was analyzed using PSI-BLAST
algorithm (Altschul, et al 1997) with an e-value cutoff 0.0001 until convergence on complete proteomes: 15 Eucaryotic
(some of them (ragmentary), 91 Bacterial and 16 Archaeal. Proteomes werc downloaded from- KEGG database
(wwiv.genome.ad.jp/kege/) (Kanehisa, et al, 2002). The list of species with complete proteomes or with partial
complete ones used in this analysis is: Eucarya: Homo sapiens (fragment), Afus musculus (fragment), Rattus
norvegicus ({ragment), Danio rerio (fragment), Drosophila melanogaster, Caenorhabditis elegans, Arabidopsis
thaliana, Orvza sativa (fragment), Zea mays (fragment), Plasmodium falciparum (fragment), Dictvostelium discoideum
" (fragment), Candida albicans (fragment), Saccharomyces cerevisiae, Schizosaccharomyces pombe, Encephalitozoon
cuniculi, Bacteria: Escherichia coli K-12 MG1655, Escherichia coli K-12 W3I110, Escherichia coli O157 EDL933,
Escherichia coli O157 Sakai, Escherichia coli CFT073, Salmonella typhi, Salmonella typhimurium, Yersinia pestis
CO92, Yersinia pestis KIM, Shigella flexneri, Haemophilus influenzae, Pasteurella multocida, Avlella fastidiosa 9a5c,
Xvlella fastidiosa Temeculal, Xanthomonas campestris, Xanthomonas axonopodis, 1ibrio cholerae, Vibrio vulnificus,
Pseudomonas aeruginosa, Psendomonas putida, Shewanella oneidensis, Buchnera sp. APS. Buchnera aphidicola
(Schizaphis graminum), Buchnera aphidicola (Baizongia pistaciae), Wigglesworthia brevipalpis, Neisseria
meningitidis MC38 (serogroup B), Neisseria menmingitidis 72490 (serogroup A), Ralstonia solanacearum,
Helicobacter pylori 26695, Helicobacter pviori 199, Campylobacter jejuni, Ricketisia prowazekii, Rickeltsia conorii,
Mesorhizobium loti, Sinorhizobium meliloti, Agrobacterium tumefaciens C58 (UWash/Dupont), Agrobacterium
tumefaciens C58 (Cereon), Brucella melitensis, Brucella suis, Bradyrhizobium japonicum, Caulobacter crescentus,
Bacillus  subtilis, Bacillus halodurans, Oceanobacillus ihevensis, Staphylococcus aurens N315 (MRSA),
Staphylococcus aureus Mu30 (VRSA), Staphylococcus aureus MW?2 Staphvlococcus epidermidis , Listeria
monocylogenes, Listeria innocua, Lactococcus lactis, Streptococcus pyogenes SF370 (serotype M), Streptococcus
pyogenes MGAS8232 (serotype M18), Smeptococcus pyogenes MGAS3 1S (serotype M3), Streptococeus pneumoniae
TIGR4, Streptococcus pneumoniae R6, Streptococcus agalactiae 2603, Streptococcus agalactiae NEM316,
Streptococcus mutans, Clostridium acetobutylicum, Clostridium perfringens, Clostridium tetani, Thermoanaerobacter
tengcongensis, Mycoplasma genitalium, Mycoplasma pneumoniae, Mycoplasma pulmonis, Mycoplasma penetrans,
Uréaplasma urealyticum, Mycobacterium tuberculosis H37Rv (lab strain), Mycobacterium tuberculosis CDC1551,
Mycobacterium  leprae, Corvriebacterium  glutamicum, Corvnebacterium efficiens, Streptomyces coelicolor,
Bifidobacterium longum, Fusobacterium nucleatum, Chlamydia trachomatis, Chlamyvdia muridarum, Chlamydophila
preumoniae CWLG29, Chlamydophiia pneumoniae AR3Y, Chiamydophiia pneumoniae J138, Borrelia durgdorfer,
Treponema pallidum, Leptospira intervogans, Synechocystis sp. PCC6803, Thermosynechococcus elongatus,
Anabacena sp. PCCT120 (Nostoc sp. PCC7120), Chlorobium tepidum, Deinococcus radiodurans, Aquifex aeolicus,
Thermotoga maritima, Archaea: Methanococcus jannaschii, Methanosarcina acetivorans, Methanosarcina mazei,
Methanobacterium thermoautotrophicum, Methanopyrus kandleri, Archacoglobus fulgidus, Halobacterium sp. NRC-1,
Thermoplasma acidophilum, Thermoplasma volcanium, Pyrococcus horikoshit, Pvrococcus abyssi, Pyrococcus
Suriosus, Aeropyrum pernix, Sulfolobus solfataricus, Sulfolobus tokodaii, Pyrobaculum aerophilum. :



Results.

Classification of polvmerases

Nucleic acids polymerases has been classified in several occasions. One of us (Lazcano, et al 1988) had already
classified some of the RNA polymerases discussed in this paper into two families (cellular BB’ transcriptases and viral
RNA polymerases). Later on, the bases of the modem classification of DNA polymerases were settle down by Ito and
Braithwaite (1991). They classified polymerases into four families, these are: family A (DNA polymerase ] [rom E.
coli), family B (E. coli DNA polymerase II and replicative Eucaryolic a, 8, and € DNA polymerase as well as Archaeal
B DNA polymerases), tamily C (Bacterial DNA polymerase) and family X (nucleotidyliransferases).

More recently, nsing amino acid comparasions as well as crystal structure analysis Joyce and Steitz (1994), and Sieifz
(1999), classified polymerases into [ive families, (four of them are the same as in Ito and Braithwaite, 1991). These are:
DNA polymerase [ family or simply family A (hat includes the Klenow (ragments of E. coli and Bacillus DNA pol I,
Thermus aquaticus DNA polymerase and the T7 RNA and DNA polymerases; DNA polymerase o family or family B,
that includes all eucaryotic replicating polymerases (o, 8, and £), polymerases from phages T4 and RB69, and archaeal
B polymerases, Nucleotidyltrans(erases (family X) that include rat DNA polymerase B and a large variety of molecules;
and on the basis of sequence comparisons but no crystal structure DNA polymerase 1T (family C) that shows no
relatedness to the other families of polymerases; and finally Reverse transcriptases (RT), RNA dependent RNA
polymerases and telomerases seemns to conform another family of enzymes.

Recently, new polymerases have been found in Euryarchaea named D polymerase (Ishino, et al 1998) and in Bactena
and Eucarya (Goodman and Tippiu, 2000). With this findings, a new classification of polymerases that include the
previous classification ol 1to and Braithwaite (1991) plus the new Euryarchaeal family D of polymerases and the family
Y of polynierases that include members from the three domains (Bacteria: DinX, DinB and UmuD; Eucarya: Rad30, t,
DinB and REV]; Archaea: Dbh) has been proposed by Fileé et al (2002) As we can see, the classification of
polynerases has grown up to acconunodate the new molecules that have recently been discovered and described.

In this paper, we want lo expand the classification of polymerases to include also other important enzymes that
polymerize nucleic acids, not included in previous classifications, and that generically conform a group of enzymes Lhat
polymenize nucleic acids. Accordingly, cellular polymerases (and some phage and viral homologs) can be classitied at
least on 10 different families (Table |). There are crystal structures for representatives of 8 of the families (DNA pol 1,
DNA pol II, Reverse transcriptase and RNA polymerase, family Y, Nucleotidyltransferases, Bacterial primases,
Archaeal-Eucaryal primases and the cellular BB’ transcriptase), there are not structures available for the remaining two
families (Bacterial DNA pol 1T and the Euryarchaeal DNA pol D).

Phylogenetic distribution of polymerases

In order to review as much as possible the phylogenetic distribution of the members (rom different families of
polymerases, we will discuss the results of our analysis (see methods) as well as those found in other previously
published reviews and analysis (Nakamura and Cech, 1998; Fileg, et al 2002; Bohlke ef 2], 2002; Aravind and Keoonin,
1999) tor the sake of comparison and completeness. .

For instance DNA polymerases from family 1 has a wide distribution among Bacleria (it was found in almost all
bacterial genomes analyzed here). In Eucaryots DNA pol I Mus308 and its homologues (also called DNA pol eta in
human and theta in mouse) it is present in some plants and animals. For instance, a BLAST search of human Mus308
gi|16418479) against non-redundant database from NCBJ, retrieve sequences homologues from AMus musculus, Rattus
norvergicus, Anopheles gambine, Drosophila melanogaster and Arbidopsis thaliana. On the other hand,
mitochondria also harbors DNA polymerases and DNA dependent RNA polymerases from family I closely related to
the DNA dependent DNA polymerase from Bacteriophage T7 (1t7p) and the DNA dependent RNA polymerase from
Bacteriophage T7 (lcez). Phylogenetic analysis of family I DNA polymerases suggest that this family originated in
Bacteria and the was horizontally transferred from Bacteria to originate the Mus308 and its homologues, and the
mitochondrial polymerases originated from a non orthologous gene substitution from Bacteriophages T3/T7 (Fileé, et
al 2002; Gray and Lang 1998). Although this conclusion should be taken with caution because the DNA pol I family
tree 1s unrooted (Fileé, et al 2002).

Although members from DNA polymerase family I are present in the three cellular lineages (with a wide distribution
among Eucarya and Archaea) it is very likely that its presence in the bacterial ur-kingdom is due to horizontal gene
transfer. For instance, we found members of this family only in the proteomes of the proteobacterias E. coll,
Salmonella sp., Yersinia pestis, Shigella flexmeri, Vibrio sp., Psendomonas sp., Shewanella oneidensis, the
cyanobacteria Anabaena sp., and the green-sullur bacteria Chlorobium tepidum. In Bactleria this enzyme has been
implicated in the SOS repair response (Komberg and Baker, 1992). On the other Polymerases o, , and & from this
family have been involved in chromosomal DNA replication in Eucaryonts (Hubscher et al, 2000). And as expected,



members ol this tanily were found in all complete Eucaryal proleomes analyzed here. Also, members of this famuly
were found in all Archacal proteomes. In Crenarchaca, it has been suggested that they arce the main replicative enzvmes
(reviewed m Bohlke et al, 2002) while in Euryarchaca they may play another role (perhaps reparation). In Archaea
DNA polymerases 11 are further subdivided in three subfamilies (B1, B2 and B3) Chrenarchaeal species posses iwo
(B1 and B3) or three (BI, B2 and B3) family I DNA polymerases and Euryarchaea posses only DNA polymerase type
B3, with the exception ol A. fulgidus and Halobacterium NRC1 which also have a B2 type DNA polymerase (reviewed
in Bohlke et al, 2002).

As reviewed by Steitz (1999) Telomerases, Reverse Transcriptases and RNA dependent RNA polymerase appear to
show some common structural similarities. Attempts to understand their phylogenctic relationships have been
perforined by Nakamura and Cech (1998). This lamily comprises a diverse set of enzvmes that makes it difticult to
understand its phylogenetic distnbuotion. Using Reverse franscripiase from HIV-1 (lgel) as a query against our dataset
ot complete proteomes we found homologous enzymes only in the Eucaryal proteomes ol D. melanogaster, C. elegans,
A. thalianu, S. cerevisiae, and S. pombe. And we were unable to delect any homologous sequence to the RNA
dependent RNA polymerase from Poliovirus (Irdr). Anyway, it has been reported that there are several genetic
elements encoding homologous enzymes from this lamily troin a wide phylogenetic spectrun encompassing Bacteria
and Cucarva: retrovirus and hepadnavirus in mammals and birds, caulimoviurs w plants, LTR, non-LTR
retrotransposons and Telomerases in Animals, Plants, Fungi and Protoctist, group If intron in Bacteria, Fungi and Plant
mitochondria, and chloroplast algae plastid, and Retron (msDNA) in pusple and oiher bacteria (Nakamura et al, J998).
According to Pfam database, reverses transcriptases and telomerases (rvt family, accession numnber: PF00078) are
encoded by a variety of Eucarvots (Fungi, Animals, Protists and Plants), Bactenia (Cyanobacteria, Actlinobactena,
Bacteroidetes, Proteobacteria, Fusobacteria and Firmicutes) and Eurvarchaeotas (Afethanosarcina acetivorans and
Methanosarcina  mazei) as well as viruses. On the other hand, RNA dependent RNA  polyinerases
(RNA_dep_RNA_pol dornain, accession number: PFO0680) is encoded by a wide variety of viruses. Based on the
nearlv universal distribution ol lelomerases among Animals, Plants, I'ungi and Protoctist, it has been suggested by
Nakamura et al {1998) that such enzvme was already present in the first Eucarvots.

DinB Lesion Bypass DNA polvmerase trom Sulfolobus solfataricus (1imd) belong to the Y family of DNA
polymerases. These polyinerases are implicated in replace stalled replicative polvinerases and synthesize DNA past the
damaged site when DNA has been damaged and it hasn't been repaired previously. According to Zhou et al, (2001) this
family of polvmerases can be subdivided in several subtamilies: DinB sublamilv is present in all three domains of lite,
UmuC subfainily has onlv been tound in Bacteria, and the Rad30A/B and Revl subfamiilies have only been found in
Eucarvonts. Although the family ol DNA polvmerases Y is present in the three cellular lincages. the phylogenetic
analysis done by Fileé et al (2002) didn’t suggest any clear evolutionary hypothesis about its origins. This fact, together
with its scarce phylogenetic distribution (i.e., they are present in some of the genomes of Animals, Protists, Fungi,
Proteobacteria. Firmicutes, Actinobacteria, Fusobacteria, Spyrochete, Cvanobacteria. and in some of the Euryarchaeas
and Crenarchaeas analyzed here), make it difficult to asses it this kind of enzymes were already part of the genome of
the LCA.

Nucleotidyltranslerases is a family that include a large variety of molecules that can be subdivided in at least nine
different groups (Aravind and Koonin, 1999). DNA polymerase  from Raitus norvegicus (2bpt), Terminal
deoxynucleotidyltransterase (TdT) frem AMus musculus (1jms), Km]dmycin nucleotidyltransterase (KNT) {rom
Staphylococcus aureus (1kan), RNA poly(A) polymerase from Bos taurus (115a) and CCA-adding enzyme from
Bacillus  stearotheyrmophilus (1nuw) belong all to the family of nucleotidvltransferases. Meinbers of the
Nucleotidyltransterase family of polymerases are {ound in the three cellular lineages. but only one of the groups
orthologous ol nucleotidyltranslerases (DNA polymerase X group) has members on the three domains of life. Anyway,
its phylogenetic distribution 1s patchy among the Bacleria and in Archaea is tound only in Methanobacterium
thermoautotrophicum (Aravind and Koonin, 1999), so, it seems that there is no a single group of orthologous proteins
frown this family that is present in a wide number of genomes and could be contidently traced back to the LCA, as is the
case ol the ccllular transcriptase Bf3". Nucleotidyltransferases are charactenized by sharing the “head” catalytic domain
(Figure 3) Li, et al (2002). The catalytic motif in this domain was also described by Aravind and Koonin (1999) as
deffinitory of the tamily of nucleotidyltranslerases. [t has also been suggested by Aravind and Koonin (1999) that a set
ol nuecleotidyltransterases compnising the minimal domain harboring the deflinitory motif present in Archaca and in a
tew Bactena mav represent the ancestral sate of this familv of proteins. If this is true, then the most parsimonious
scenario would suggest that this family of enzymes arose in de ur-kingdom of Archaca. Anyway this speculation should
be taken with caution because these inolecules can also be the result of reductive evolution.

Polymerase DI2 from Pirococcus furiosus (DP2L_PYRFU) belongs to [amilv D of DNA polymerases. DNA
polymerases trom the D tamily are restricted to Euryarchaea. It has been suggested that thev are the main replicative
enzyme in this subkingdom (Cann, et al, 1998). "I'he holoenzyme is composed ot two subunits, the large subunit (IDP2)
harbors the catalytic and the 3°-5" exonuclease activity and has no sequence similarity to other polymerases. Perhaps
once the crystal structure became known it will show up similarity to the 3'-3" exonuclease domain from polymerases |,
Il and 111, and to some ol the catalytic polymerizing domains form those enzymes. The catalytic reaction oceurs only in



the presence of the small subunil (Bohlke, et al, 2002). The small subunil (DP1) present similarilies Lo the small
subunil of & polymerases from Eucaryonts (Cann, el al, 1998). Both. secins 10 mediate conlacts belween lhe
polymerases and the accessory subunits (Boklke, et al, 2002,

Each one of the two tamilies of primases (the Bacterial and Archaeal-Eucaryal) are resiricled to their phylogenetic
lineages (Leipe, et al 1999). On the other hand, DNA dependent RNA polymerase [roin Thermus agquaticus (1iw7) and
the RNA polymerase RNA dependent from Pemnia x hybrida (gij4138343) belong to the family of celiular
uanscriplases. While the cellular transcriptase Bi° is conserved in all cellular genomes and must have been present n
the LCA, the RNA polvmerase RNA dependent that is involved in the amplification of regulatory mucroRNAs during
post-transcriptional gene silencing 15 restricted to Eucarya and bacteriophages ([ver, et al, 2003). Both enzymes share
the same catalylic double-psi B-barrel domain (lver, et al, 2003). As mentioned betore. DNA polymerase I o chain
froin Eschericia coli (DP3A_ECOLI) belong to DNA polymerase I [amily. The phylogenetic distribution ol tlus
family is resiricled to Bacteria. Because there is no ¢rysial structure {rom tlus enzyme it is not known il it shares a
catalytic domain wilh other DNA polymerases or if it has a unique domain archileclure.

As we can see, the only polymerase thal 15 distributed in all cellular genomes, and thus can be confidently traced back

“ to very early steps during the early evolution of lile is the PP’ transcriptase. The rest ol the enzymes are restricted 1o
onc lincage (like is the case of the bacterial DNA polymerase [[[, the bacterial primase, and the eurvarchaeal DNA
potvinerase Dy, or twa of the mamn cellular lineages (ke DNA polymerase ], and the Archacal-Eucaryal primascs), ot
present in the three lineages but with a scatter distdibution in one or two of the lineages, which may be an indicalion of
horizontal gene transler (like is the case of DNA polymerase Il and the familv Y ol DNA polymerases), or present in
the three ur-kingdoms because of a likely combination ol horizontal gene transfer and presence of dillerent paralogs w
dillerent lireages (ke maybe is the case ol the telomerases, reverse transcriptases and RNA deperdent RNA
polymerases in one hand, and in the other, the family of nucleolidvltransferases).

Conservation of siruciural domains berween cellular nucleic ocid pohmerases
The first polvmerase to be crystallized was the Klenow fragment from Escherichia coli DNA polymerase [ (Ollis et al,
1985). The core structure of polymerases has been described as a hand, cousistng ol subdomams: lingers, palm and
thumb (Kohlstaedt, et al, 1992). The function of the palm domain appears (0 be Lhe catalvsis of the phosphoryl transter
-reaction whereas thal ol the lingers domain includes important interactions with the inconung nucleoside thriphosphate
as well as lhe lemplate base 1o which it is paired, the thumb on the other hand mav plav a role in positioning the dupiex
DNA and in processivity and translocation (Steitz, 1999). As shown w Table 1, some of the tamilies of polyinerases are
inlercomnected through homologows domains. The palmr subdemains of polymerases from fanulies I, II, telomerase,
reversetranscriptase, RNA dependent RNA polymerase and family Y DNA polymerase, share enough structural
similarity Lo support the hypothesis that they descend from a commen ancestral palin domain {Steitz, 1999; Hansen, et
al, 1997, Zhou, et al, 2001) (Figure 1). Polymerases (rom tamily [ (DNA Polvmerase | Tom Escherichia coli, INA
palymerase from Bacteriophage T7) and polymerases from family [[ (DNA polvmerase IT [rom Desnlfirococens sp.
and DNA polymerase froin Bacteriophage RB69) and the ¢ subunit ol £ c¢oli DNA polyinerase 111 share an
homologous 3°-3° exonuclease domain {Hamdan, et al, 2002) (Figure 1). This last domain (from DNA polymerase 1TT)
that in E. coli correspond to the ¢ subunil from DNA polymerase holoenzyme (Kormberg and Baker, 1992 is coded in
a dilferent subunit from the catalytic subunit (ct subunit), bul in other organisms is fused in a single polypeptide
together wath the calalytic subunit, as is the case of the Bacteria Ureaplasma parvum DNA polymerase [0
(DPO3 _UREPA). Although not in the catalylic subunit, the DP1 regutatory subunil of DNA polymerase D from P.
Juriosus shares an homologous domain with the catalytic (o subunit) of E. cofi DNA polymerase T (data nol shown).
At the hght of present knowledge, no other domains are shared between Lhe different [amilies of the catalvtic subunits
of nucleic acid polymerases. The lact that several differenl lamilies ol polvmerases are interconnected through
homplogs domains thal are only recogmizable as such, at Lhe level of lertiary struchure, clearly snggest thal Lhere may be
a shared ancient history for these families of polymerases, and opens the possibility that this commeon history may be
extended (0 Lhe other families of polymerases (with out known 30 structure) once their lertiary structures becoms
available.

On Lhe other hand, the structure of rat DNA polymerase B nucleotidyltrans(erase has also been described using (he
metaphor of a hand (Sawaya, et al, 1994). Although there has been some discussion regarding il the classical paln
domain ol £. coli DNA pelymerase | and the palin domain from DNA polymerase B are homologous (Sawaya, et al,
1994} there are important dilfcrences behveen the lweo thal clearly suggest that these dowains are phylogenetically
unrelated (Steitz, et al, 1994} As more enzymes from the nucleotidyltrasnterase family were crystallized, it became
clear that all of them share he same “palm” catalytic downain (unrelated Lo the palm domain ffom polymerases I, and
relaled enzyines). These demain was named as “head” domain in he CCA addwg cnzyme from Bacillus
stearothermophilus for the resemblance of this enzyme with a seshorse, and the position ol the calalytic dowam in the
N-lerminal region of the molecude (L1 et al, 2002). Thus, in order (o avoid confusion between both domains (from £.
coli Klenow (raginert and from rat DNA polymerase ), we decide in (his paper to relerence as head domain all



catalytic domains ol nucleotidyllransferases, including the so named palm domain Irom rat DNA polymerase B (Table
i,

As the structure of more nuclele acid polymemses became known, i was also clear thal not al) of them had the classical
architecture of a hand with the catalytic domain positioned in the domain equivalent to the palm region ol the hand, as
15 the case of the CCA adding enzyme from B. stearothermophilus, the RNA poly(A) polymerase rom B. taurus, the
DNA primase from £, eofi, the DNA primase from P. furiosus and the RNA polyinerase DNA dependent [romn 7
aquaticus (Keck, el al, 2000, Martin, et al 2000, Agusun, et al, 2001; Li, et al, 2002; Vassylyev, et al, 2002). This
shows Lhat different architectures can be used in order to polymerize nucleic acids. In some degree, cach one of lhe
architeclures may represent particular solulions Lo perform different kinds of nuclewe acid polymerization (i.e., for
instance, the CAA adding enzyme from the family of nucleotidyttransferases is the ondy enzyme capable of scquence
specific lemplate independent polymerization), Also, the catalytic subunit of polymerases inside one family has unigque
topologies thal do not share with polymerases from other lamilies besides those polymerases thal share the palin
domain as previously menlioned.

Conservation of catalytic carboxylate motifs between pucleic acid polvmerases

Basically, ail polvmerases have carboxylate residnes that are used to bind metal ions in order lo catalvze the
polymerizaiion reaction {Beese, et al, 1991; Stcitz, et al, 1993). Previous alignment sequences had identified conserved
motifs in nucleic acid polymerases (Delarue, et al 1990). Recently, there has been an updaie in the alignment of this
motils using milormation derived from crystal structures {Wang, et al, 1997). The motils A and C of Delarue el al,
(1990) correspond approximately with the carboxylate residues involved in binding of melal 1ons [or polvinerascs
contaming the palm domain. We have searched visually for the equivalent ol inotif C in the enzymnes analyzed here that
weren’( included in Delarue’s (1990 paper. These motils, are certainly the result of couvergence in the cases when the
calalytic topologies of the domains arc different (Figure 2). These convergences suggesl Lhal lhe cheimnistry ol nucleic
actd polvmerization imposes certain stereo-chemical riles to the diflerent solutions that evoiution has found in the
different families of polymerases in order to palyinenze nucleie acids.

Discussion.

On the polvphitetic origin of catalviic domains from pohmerases

One of the striking leatwres aboul nucleic acids polvmerases, is that clearly the polvinerase funclion has been invented
more than once over the history of life. As shown in Table I, without counling the polvmerases [or which there is no
structure available yet, there are al least five different catalviic domains Lhat perform this function. The lact that several
different catalytic domains can polymerize nucleic acids, suggest hal the sequence space ol proteins capable of nucleic
acid polymerization is rather large, and that new proteins that would eventually evolve this tunction, tikely, would done
so trom diflerenl demains extracted (rom the pools of the existing proteint donains, In this vein we suggest that
domains having different structures arose independently and that all palm domains are relaled by common anceslry,
rather than have evolved by convergence.

On the other hand, all kinds of nucleic acid polvmerization. whether DNA or RNA replication. DNA or RNA
depondent, as well as template independent NTP or ANTP polymerizalion seeins to be based in the same chemistry of
melal ions coordinaled by conserved caroxylated residues (Beese, et ab, 1991). This chemistry was also proposed for
ribozyines (hat cleavage nucleic acids like RNase P (Steitz, 1993), so it seens thal il is a general theme when deating
with DNA or RNA cleavage or polymerization. In {act, the carboxilaled residues are superimposable between the
structures of DNA polymerase 1 from £. coli, Reverse transcriplase fromm HIV-1, I'7 RNA polymerase and rat DNA
polymerase B (Steitz, el al, 1994; Pelleticr, 1994), and benveen rat DNA polymerase § and DNA primase Fom
Pyrococcus furiosus { Agustin, el al, 2001). Although the protein domains are structurallv unrelated {palm domain, head
domain and prim domain respectivelv for famihes DNA pol [, Nucelotidyllransterases and Archaeal-Eucaryal prunases)
they converged to the same stereo-chemnistry.

Two cases gf non-orthologous gene displucements

The evolutionary history ol nucleic acid polymerization [unction has al least two cases ol events of non-orthologous
gene displacements. One of the most clear cases is the one ol mitochondra were the original replicative DNA
polvmerase I has been replaced hy a DNA polyinerase ffom family | (¥ polymerase) (Foury, 1989}, and the RNA
transcriplase, of viral origin, is also [rom [amily 1 (Gray, el al, 1998). This case is specially inleresting because the fact
thal a genome {in this case a milochondrial geuome) is replicated and transcnbed only with polymerases lrom family [
suggesl how an ancient cell could have survived with only one class o polyinerases for these funclions.

Anolher patlern: that may suggest an evenl ol nou-orthologous gene displacement, is that ol P. firiosus DNA
polymerase from (anuly D. The polvmerase is an heterodimer composed ol DPI and DP2 independent subunits (Caon,
el al, 1998). The enzyme DP2 has the polymerase and the 3'-5" exonuclease aclivity, and has no sequence simularity 1o
any olther family of polyinerases al primasy structure level. On the other hand, D2 regulates the level of DNA
polymerase activily, and is hownolegous to the non calalytic Eucaryotic Pol & sinall subunit. The catalytic subunit of



Eucaryotic Pol 3 is a DNA polymerase {rom family 1T (Eucaryotic Pol 3 large subunit) and P. furiosus has in fact a
DNA polymerase (row family [I (Pol I) (Uemori, et al, 1993). Anyway. DP1 interacts with DP2 rather than with Pol |
as would be expected (Cann, et al, 1998). Although we can not discard the possibility that DP2 is homologous to
polymerases Irom fanuly 1) and we are unable 1o detect the relationship at the level of pnmary structure, it 1s also likely
that during the early evolution of Euryarchaea, DP2 had an independent origin and displaced an enzyme {rom DNA pol
I launly.

The key, the lock and evolution of subsirate specificin, the weak connection

From an evolutionary point ol view, it also seem (o be casy lor polymerases to change the specificity for one kind of
nucleotides lor other (NTP, NTP). As we can see [rom Table |, dilTerent kinds ol polymerizations has evolved inside
several of the families of polvmerases (i.c.. in family [ there are enzymes-that can polymerize both kinds of micleic
acids, DNA and RNA). In fact, it has been reported that a single inutation in Molone murine leukemia virus reverse
transcriptase is suflicient to change the specificity of this enzyme [rom DNA to RNA (Gao, et al, 1997). Also, as
reviewed by Lazcano et al, (1988) and Lazcano et al, (1991) it has been shown experimentally that substituting Mg++
by Mu++ increase the misincorporation of deoxyribonucleotides by DNA-dependent DNA polymerases and in DNA-
dependent RNA polvinerases and alters their subslrate specificities. This is important because suggest that once dNTP
cvolved, existing RNA polvinerases could have retrotranscribed RNA to DNA and then polvinerized DNA without too
many changes.

Two likelv cases of modular evolution among polymerases

As happens with the majority ol proteins (Henikoll, et al. 1997), the evolution of DNA polymerases is modular to some

extent. This is, domains are the structural and evolutionary unit, and recruibment and shuffling of domams is an

important tactor in the evolution ot this enzyimes. This seems to be true for palm and head calalytic domains. In both

cascs, these domains are lound associated with difterent domains in dilferent lamilies, (for nucleotidyltransferases the

head domain is associated with dilferent domains inside the same lamilv ol proteins, and the palm domain 1s associaled

with different domains in the ditterent tamilies of polvinerases, Figure 3). The distribution ol the palm domain goes

further because (hus domain is found in the catalvtic domain of adeuvlyvl.cyclase (Artymiuk, et al, 1997). Domains .
similar to the palm domain has also been reported for several proteins: UlA RRM, ribosomal proteins L7/L12 and S6,

the anticodon binding domain of phenylalanyl-tRNA svnthetase, the phosphocarrier protein Hpr, the enzyine acyl

phosphatase, the signal transducing protein PI, the regulatorv subunit of aspartate transcarbamylase, nucleolide

diphosphate kinase and procarboxypeptidase (Hansen, et al, 1997, and relerences therein). Whether the similitude of
these domains 1s due to convergent or divergent evolution 1s still unknown but if its due to common ancestry it suggest

that this domain belong to an ancient lincage that goes well before the LCA.

Ou the early evolution of DN polymerases

As we have seen, the evolution ol polymerase function shows a wide spectrum of evolutionary patterns that goes from
polyphyletic origin of enzyvimes and structural convergence of active sites, events ol non-orthologous gene displacement
and cases in which the enzyme ts conserved across all cellular genomes.

Ou the other hand, although the central enzymes ol DNA replication are not conserved between the main cellular
lineages, as mentioned before, genowne replication is a process hat is perfonned in a simiar way in all extant cells
{Leipe, et al, 1999). Because all cells had DNA based genomes, in principle, the most parsimonious scenario is a
conunon ancestor with a DNA based genome. How can we explain this pattern?

For instance, Steiz (1999) has suggested that perhaps a ribozvme DNA polymerase originating in the “RNA world”
may have persisled beyond the divergence ol Eukarvotes and Prokaryotes and was replaced domain by domain
dilTerently. Anyway, it 1s also possible that by the time ot the LCA this ribozyme was already replaced by a protein
enzyme and another process is responsible of the pattern that we see todav. Also, Lazcano et al, (1988) and Lazcano et
al, (1992) in concordance with the high degree of conservation of extant RNA transcriptase BB’ among cellular
genomes, has proposed that this enzyme functioned as a replicase duning the RNA-protein world. Anyway, we still
need a theory of how and when extant replicative machineries evolved. Nakamura et al (1998) also proposed that
according to the RNA-world hypothesis, the RNA polvmerases RNA dependent virus-like (belonging 1o the same
family of reverse transcriptase and telomerase) was the replicase and that reverse transcriptases arose in the transition
trom the RNA-protein to the present DNA-RNA-protein world by gene duplication.

Here, we would like to propose an hypothesis to explain the conservation of’ several aspects ol DNA replication, and
the difterences between the different replicative polymerases is needed based on recognizable patterns of polyinerase
evolution, such as the polvphiletic origin of the diflerent cnzymes that polymerize nucleic acids, the cases ol non-
orthologous gene displacements and the degree ot conservation ot the palm dowmain.

{n accordance with the RNA world hypothesis, and it DNA was preceded by proteins (Freeland, et al, [999), we
suggest that a polymerase having the palm domain was the {irst protein enzyme that replicated an RNA genome during
the RNA-prolein stage of evolution, previous to the LCA (Figure 4). This ancient enzyme may have resembled extant



viral RNA polymerases RNA dependents like the Poliovirus 3d polymerase RNA dependent RNA polvmerase in the
sensc that it is a RNA polymerase with a palm domain. With the apparcance of DNA, genetic information coded on
RNA has to be retrotranscribed into DNA. n this way, RNA polymerases RNA dependent could have originated
Reversetrascriplases (in fact both kind of enzymes belong to the same lamily), although this step may not be lotally
indispensable because, as mentioned before, there is certain degree of lack of specificity of polymerases. Finaly, this
enzymes (perhaps Reversetranscriptases or RNA polymerases) originaled DNA polymerases DNA dependents,
harboring a palm domain, in order to duplicate a DNA genome. As mentioned before, in mitochondrnia, polymerases
from family [ perform both functions, replication and transcription, suggesting how ancient cells could have survived
only with this kind of polvmerases. Also, enzymes having the palmi domain are the main replicative enzymes in
Archaea (at least in Chrenarchaca) and in Eucaryonts (polymerascs [rom tamily I1). If this scenaryo is true, then the
replicalive snachinery ol Archaeas and Eucaryonts was the replicative marchinery of the LCA and evolved prior the
replicative machinery ol Bacteria. The replicative machinery ol Bactena arrose in the splil of this lineage {rom the
Archacal-Eucaryal linage by a non-orthologous gene displacement event. I'he origin of Bacterial DNA polymerase as
an cvent ol non-orthologous gene displacement has been suggested betore (Cavalier-Smith, 2002). Here, we suggest
that extant Archaeal-Eucaryal replication machinery can be traced back as the replication machinery of the LCA. On
the other hand, if extant Reverse Transcriplases and Viral RNA polymerases RNA dependents are direct descendants of
the enzymes that preceded the proposed replication machmery of the LCA (i.e., extant viral RNA polymerases RNA
dependents are direct descentants [rom the RNA-protein world) or it they arose after the divergence ol the cellular
lineages, is a difficult question that is out of the scope ot this paper. The central point is that all the important [unctions
necessary to understand the lineage ol evolutionary transitions (rom an ancient cell with an RNA genome rephcated by
a protein enzyme to one of the extant replication machineries (the Archaeal-Eucaryal one) are harbored by four lamilies
ol DNA polymerases sharing the palm catalytic doinain (DNA polyinerases from lanulies I, 1, Telomerase Reverse
Transcriptases and RNA dependent RNA polymerases and tamilv Y of DNA polyinerases).
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Table 1. Shows cach one of the families of cellular polymerases. It is also shown their corresponding catalytic domains
for those with known tertiarv structure (see text), and a sununary ol their phylogenetic distribution at the level of the
main cellular lineages. The kinds of polymerization associated to each family of polymerases are also shown. Keys for
kind of pofymerization: DdDp, DNA dependent DNA polymerization, DdRp, DNA dependent RNA polymerization;
RdDp, RNA dependent DNA polymerization; ndDNAp, non dependent DNA polymerization; ndRNAp, non dependent
RNA polymerization; RdRp, RNA dependent RNA polymerization. *Originally, although structurally and evolutionary
unrelated, the catalytic domain of rat DNA polymerase f} (a nucleotidyltransferase) was named as palm domain
(Pelletier, et al, 1994), in analogy to the palm domain of Klenow fragment from Escherichia coli DNA polymerase 1. In
order to avoid confusions between the palm domain of DNA polymerase I and its homologous, and the so called palm
domain of the DNA polymerase B [rom Rattus norvegicus (2bpl) ol diflerent evolutionary origin, here we propose to
rename this latter domain as “head” domain, as an homologous domain has been described and named as “head”
domain by Li et al, (2002) in another nucleotidyltransferase, the CAA adding enzyme. In gray we remark that the only
polymerase with universal distribution is the cellular transcriptase P" and also remark the fact that several distinct
families of polymerases share homologous domains.

Figure 1. Representative sequences from each.of the tamilies ol nucleic acid polymerases sharing homologous
domains in their catalvtic subunits. Homologous domains are colored with the same pattern. The palm domain Irom
DNA polymerases from tamilies 1, 11, telomerase reversetranscriptase, RNA dependent RNA polymerasc and family Y
DNA polymerase, share enough structural similarity to suspect that they descend from a common ancestral palm
domain. DNA polymerases from family 1, I and [ share an homologous 3°-5” exonuciease domain. Motifs described
by Delarue (1990) are also shown. Motils C [rom DNA polymerase 1l Irom Destlfurococcus sp., DinB and DNA
polymerase Il were not originally described by Delarue et al. (1990). The length in amino acid residues is shown lor
each sequence and for domain boundaries inside each sequence. For Telomerase reversetranscriptase and RNA
dependent RNA polymerases, numbers in cursive are for the complete polypeptide. CATH numbers are shown tor each
domain when available.

Figure 2. Catalytic motifs in nucleic acid polymerases. Motils (A) and (B) enclosed in squares are as proposed by
Delarue (1990) with the modifications as suggested by Wang, et al. (1997). Important residues [or melal binding are
colored in gray. * For Motif C it is shown in which domain is found in the protein. Note that the order of motits in
DNA primase from Pyrococcus fuviosus (1g71) 1s reversed in order to show the funclional convergence.

~ Figure 3. Domain structure for Nucleotidvltransterase family (NT) of polymerases. Motits in DNA polymerase [ from

Rattus norvegicus and Terminal deoxynucleotidyltransterase [rom Mus musculus are as described by Delarue (1990).
The corresponding motifs C in the other enzymes were tound by visual inspection. Note that the only domain shared by
all the members of the family is the catalvtic “head” domain. The phylogenetic distribution is for the complete genomnes -
analyzed here.

Figure 4. The early evolution of polymerase function. The first protein polymerase that arose could have had a palm
domain. This' RNA polymerase RNA dependent eventually gave origin to Reversetranscriplase (RT) and to DNA
dependent DNA polymerase. The replicative machinery of the LCA was inherited to the Archaeal-Eucaryal lineage,
while in the Bacterial lineage a non-orthologous gene displacement gave origin to DNA polvmerase LI
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V. DISCUSION
(e ha perdido el pasado bioldgico?

De acuerdo a Sober (1988) la posibilidad de reconstruir el pasado a partir de los datos que el presente nos
ofrece. depende de si el proceso que conecta al pasado con el presente es desiructor de informacion o
conservador de informacién. En un proceso destructor de informacion. sin importar el estado inicial del
sisteina, el estado final del sistema sera siempre el mismo. Un caso sencillo pero ilustrativo lo representa el
sistema forinado por una canica que dejainos caer en una concavidad. Inicialmente la canica oscilara de un
lado a otro, pero cuando finalmente la canica descanse al fondo de la concavidad no tendremos forma de saber
en que orilla del pozo inicid su recorrido. Un proceso destructor de informacién es un proceso convergente.
‘Por el contrario. un proceso conservador de informacion es aquél en el cual el estado final del sistema es
altamente dependiente de las condiciones iniciales del misino. Esto es. los estados [inales del sistema tienden
a ser divergentes dependiendo de variaciones en el estado inucial. Por lo tanto. en un proceso conservador de

informacién es posible inferir el estado ancestral a partir de los datos actuales.

Aspectos de la evolucion que conservan las huellas del pasado
La enoriue diversidad de la biota sugiere que en principio. el proceso evolutivo es en esencia un proceso
divergente vy por fo tanto puede conservar las huellas de su pasado. Es decir. que los caminos que puede tomar
la evolucidn sou tan nwmerosos que las convergencias absolutas en la evolucion bioldgica. son practicamente
inexistentes. El ojo de los pulpos v el de los humanos han convergido por la accion de la seleccion natural. sin
embargo. son distintos en sus detalles estructurales. Esto también implica que la similitud entre dos
estructuras (aunque se encuentren desemperniando finciones distintas en especies separadas. como por gjeimnplo

las extremnidades de los caballos v de las ballenas). es debida a ancestria comun (Darwin. 1839).

Si estudiamos detenidamente el proceso basico de evolueion al nivel molecular. observaremos que las
moléculas pueden guardar una gran cantidad de informacion histérica (como habia sido sugerido por
Zuckerkand! v Pauling (1963)). La evolucién molecular es basicamente un proceso de dos etapas: a)
generacion de variacion heredable. v b) transmision diferencial de ésta variacion. Como el DNA es la
molécula de la herencia. solo la vanacion que en ella se genere. serd en (ltima instancia trascendente para la
evolucion. Por otro lado. el destino de la variacion heredable (su eliminacion o su perpetuacion en todos los
miembros de la especie) estara determinado en tltima instancia por un juego entre las fuerzas de seleccion
natural v deriva génica (Figwra 7). Con respecto a la primer etapa del proceso evolutivo. la -cantidad de
variacion que se puede generar es euore. por ejemplo. haciendo un calculo grueso. el niunero de posibles
secuencias distintas de DNA para un gen de 900 pares de bases es astronémico 4””. Claramente la evolucion
solo ha explorado un espacio muv pequeiio del “espacio de secuencia” posible. (Coémo exploran las

secuencias esle espacio? La primer etapa del proceso evolutivo es la generacién de variacion azarosa. Ello
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Generaciéon de
variacion por

mutacion

Seleccion natural

Deriva génica

Figura 7. Evolucion molecular. De forma reduccionista, la evolucion se puede representar como un proceso
de dos etapas: a) generacion de variacion y b) destino de la variacion por seleccion natural y/o deriva génica.



significa dos cosas. por un lado significa que no podemos determinar ni en que regiéon de la molécula de
DNA. i en que tiempo ocurrira la siguiente mutacion. Por otro lado significa que no existe la mulacion
dirigida (es decir. el ambiente no puede influenciar la aparicion preferencial de aquellas mutaciones que
redundaran en una mayor adecuacton para el organismo en un ambiente determinado). En el DNA la
informacion se codifica por un arreglo lineal de 4 simbolos distintos (A. T. C. G). el estado de la variacién en
el tiempo 7., que se puede alcanzar por mutacion (por ejemplo una mutacién puntual). dependera
estrictainente del estado de la variacion en el tiempo . Como se muestra a continuacién los estados A v A;

no pueden ser alcanzados con una mutacién puntual a partir del estado Aq.

ly A,
ATCTGACT
[ A- A AJ
ATCAAACT ATCTCACT AGGTGACT

Esta combinacion de factores (un enorme espacio de secuencia. generacion de variacién azarosa y
dependencia de la variacién alcanzable por mutacion en el tiempo /., del tiempo ) hacen que sea muy poco
probable que una vez que una determinada secuencia recorrié un camino en el espacio de secuencia. regrese
al estado anterior “sobre sus propios pasos”. En la segunda etapa del proceso evolutivo (el proceso de
sustitucién alélica). tanto la deriva génica (que fija alelos o los elimina de la poblacion de forma azarosa)
como la seleccion natural (que elimina alelos o los fija en la poblacion. dependiendo de la relacion-entre la
funcion y su desempeiio en un ambiente determinado. el cual es variable también) actiian solamente a partr
de la variacién disponible en un determinado momento de la historia de la poblacion. La combinacion de los

factores que vimos previamente hacen de la evolucidn practicamente wun proceso irrepetible.

El proceso evolutivo no borra las huellas de su propio pasado. Si encontrainos dos secuencias de DNA o de
anunoacidos que comnparten wn grado de similitud superior a lo que podriainos encontrar por azar. entonces
podemos sospechar que son homdlogos. En este sentido. si las convergencias estructurales de proteinas son
raras o inexistentes. la similitud que existe entre los dominios “palm™ de las distintas polimerasas. asi como

las topologias sinulares de los distintos dominios de wuén a RNA sugieren ancestria comun.

Por ejemplo. con respecto a la evolucién temprana de la vida, la existencia del coédigo genético universal
sugiere firmemente que los seres vivos actuales somos wonofiléticos. El hecho de que en la actualidad existen

algunos codigos genéticos ligeramente distintos del codigo genético ~universal™ en algunas ramas terminales
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del arbol universal. indica que otros codigos genéticos son posibles (es decir. que la estructura del codigo
genético. la asignacion de determinados aminoacidos con determinados codones, no es determinista. es decir
que no es necesariamente el resultado de la interaccion entre aminodcidos v codones debido a sus propiedades
fisicoquinuicas) y abre fa posibilidad de que durante la evolucion temprana del codigo pudieron laber existido

distintas variantes v que los seres vivos actuales heredamos solamente una de ellas.

Aspectos de la evolucion que borran las huellas del pasado
Sin embargo, como se menciond anteriormente existen dos procesos que pueden borrar las huellas del pasado
bioldgico. El primero de ellos es la pérdida polifilética o total de algun caracter. Por ejemplo. si existio una
molécula inforacional v catalitica previa al RNA. las evidencias de su pasada existencia se han perdido por
completo en los seres vivos actuales. v su existencia puede ser inferida solanente a partir de conjeturas. Es
decir. la existencia de dicha molécula es una necesidad hipotética. Por un lado. la biologia indica que el RNA
evoluciond previo al DNA v las proteinas. sin embargo los experimentos sobre quimica prebidtica no han
encontrado un camino directo de la sopa prebiotica al mundo del RNA. Por lo tanto se hace necesaria la
existencia de un mundo intermedio entre la sopa prebidtica v el mundo del RNA. Por otro lado. st un gen
determinado o una rta metabolica completa. la cual se encontrase en el ultimo ancestro universal v se perdio

en uno o mas linajes. habreinos perdido la evidencia directa que indique su presencia en el cenancestro.

El otro proceso que puede nublar la reconstruccion del pasado es la transferencia horizontal de genes entre
linajes seguido de sustituciones no ortologas. Sin embargo. hay razones para pensar que la transferencia
horizontal de genes no ha sido tan extensa como para borrar toda huella del pasado. Por ejemplo. los
fenogramas construidos a partir de los proteonias completos rescatan los tres dominios celulares. Por otro lado
existen moléculas centrales tales como la DNA polimerasa 11 que claramente se encuentran en un solo linaje.
el linaje bacteriano en este caso v que indican que por alguna razon la transferencia horizontal entre dominios
no a abarcado a todas las clases de genes. cuando menos entre los principales dominios celulares. Este sigue

siendo un tema abierto en los estudios sobre evoluciéon molecular.
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VI. CONCLUSIONES

Sobre el significado de las reconstrucciones v la naturaleza del cenancestro
Existe una serie de complicaciones no triviales relacionadas a la inferencia de la evolucion temprana de la
vida mediante la comparacion de genes v genomas. Los 'procesos de pérdidas polifiléticas secundarias. las
sustituciones no ortdlogas y la transferencia horizontal de genes, aunado al sesgo en el muestreo. nublan
nuestra capacidad de reconstruir la naturaleza del Gltimo ancestro comiin (Becerra. et al 1997). Ademas. cada
grupo de genes ortélogos identificados como attamente conservados mediante la comparaciéon de genomas
celulares. se pudo haber originado en distintas etapas de la evolucién celular (Doolittle. 2000: Zhaxybayeva v
Gogarten. 2004), y no necesariamente todos ellos tuvieron que estar presentes en el genoma del cenancestro.
Algunos genes pudieron haber sido transferidos horizontalinente a los linajes actuales. desde linajes que
posteriormente se extingweron. Sin embargo. si la transferencia horizontal de genes es un fendomeno mas
conun entre especies cercanas que entre especies filogenéticamente lejanas, entonces. es probable que la
transferencia horizontal no haya borrado del todo el patron de herencia vertical. Ademas. distintos linajes
pueden estar sujetos a distintas tasas de transferencia horizontal (Zhaxybaveva. et al 2004) v es probable que
distintos genes estén sujetos a distintas tasas de transferencia horizontal. en especial los genes relacionados a
procesos informacionales de la célula parecen estar menos sujetos a transferencia horizontal que los genes

operacionales (Rivera y Lake. 1999).

En la literatura existen numerosos trabajos que intertan describir la naturaleza del nitimo ancestro comiim
utilizando metodologias distintas. pero todas basadas finalmeute en la identificacion de caracteres homélogos.
Recientemente. Harris et al (2003) buscaron eu la base de datos de genes ortdlogos COG (Tatusov. et al 2001)
geles ortologos que estuviesen universalimente couservados*v que ademds mostraran uua filogenia universal
en donde los tres linajes celulares estuviesen claramente diferenciados. De los casi 3100 grupos de COG's
existentes en la base de datos. solamente 80 se encontraron universalmente conservados, v solamente 30 de
ellos mostraron tener una filogenia compatible con la filogenia del rRNA (genes denominados tres doniinios).
De los 30 genes tres dominios 37 de ellos estan fisicainente asociados con el ribosoma en las células actuales
(proteinas ribosomales y factores de traduccién v transcripcion). El resto de los genes tres dominios esta
formado por proteinas asociadas a funciones ribosomales como: la metionina aminopeptidasa.
metiltransferasas. proteina ffh: proteinas asociadas a la transcripcion v replicacion del DNA tales como: tres
subunidades de la RNA polimerasa DNA dependiente. y la proteina NusG. la denominada sliding clamp
(DnaN en E. coli), la exonculeasa 5'-3' de la DNA polimerasa [ v la proteina de recombinacion RecA: y dos
proteinas sin funcién asociada (una ATPas v uua GTPasa). El resto de las 30 proteinas uiversaliente

conservadas que no muestran wna filogenia tres dowinios esta conformado por tRNA aminoacil transferasas.
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tinudin cinasa. topoisomerasa A. fosfomanomutasa. proteasas, una subunidad de la DNA polimerasa 111

entre otros.

En un anilisis distinto. basado en un simple esquema de clasificacién que utiliza la presencia o la ausencia de
superfamilias de proteinas (definida segiin la base de datos SCOP). Yang. et al (2005) construyen una matriz
de presencias y ausencias de familias de proteinas en 174 genomas completos. con la cual reconstruyen una
filogenia universal en donde Arqueas. Baclerias v Eucariontes se muestran como grupos mouofiléticos.
Mediante su estudio. identifican a 49 superfamilias universalmente conservadas. Las superfamilias
identificadas comprenden una variedad de funciones que van mas alla de proteinas asociadas al ribosoma
(Yang, et al 2005).

Claramente. las diferencia entre los resultados realizados por Harris et al (2003). Yang. et al 2005 v Delaye et
‘al. (en prensa). se debe a las distintas metodologias utilizadas en cada caso. En el caso de Harris et al (2003)
un primer filtro se imponc al momento de elegir solo aquellos -genes universalmente couservados
identificados mediante 1a metodologia de la base de datos COG (Tatusov. et al 2001). El siguiente filtro es
filogenético. al elegir solo aquellas secuencias que reflejan la filogenia de los tres doniinios. Es probablc que
algunos genes no sean asignados al genoma del Wtimo ancestro comin debido a errores en la reconstruccion
filogenética tales como atraccién de ramas largas. En el caso de Yang. et al (2005) se eligen solamente
familias de proteinas con estructura terciaria conocida. Es de esperarse que el utimero de genes asighados al
LCA se iucremente conforuie se conozcan nuevas estructuras terciarias. Sin embargo. un estilnado del
niimero de proteinas que serau finalimente asignadas al LCA mediante esta metodologia se puede obtener
graficando el niimero de estructuras universalinente conservadas contra el tamaiio de la base de datos (SCOP
en este caso). El estudio de Yang et al (2005) esta restringido a la fraccion de farilias de proteinas para las
cuales se conoce su estructura terciaria. Sin embrago. es el estudio que mas proteomas abarca (174) y el
. numero final de estructuras no varia demasiado si se utiliza solo una fracciéon de los proteomas analizados (19
de cada linaje) o si se utilizan las topologias (eu lugar de las superfamilias) para hacer el andlisis (Yang et al
2005). Ademas. utilizar perfiles basados en estructuras terciarias de proteinas tienen la ventaja de identificar
homologos lejanos ya que los wétodos de bisqueda basados en estructura primaria no son capaces de
identificar homologia entre secuencias extremadamente divergentes. Finalmente, la precision del andlisis
realizado por Delaye, et al (en preusa). depende de la habilidad de BLAST para detectar todos los homologos
(numumizar el nimero de falsos negativos) y excluir los falsos positivos. El uiumero de familias de proteinas
(en este caso dominios Pfa) asignados al genoma del LCA es mayor para cl andlisis de Delaye. et al (en
prensa) (115) que para el caso de Harris. et al (2003) (80 universalmente conservados de los cuales solo 50
presentan una filogenia de tres dominios) v el caso de Yang, et al (2003) (49). Las diferencias se puede deber

a la exclusion de genomas de parasitos por parte de Delaye. et al (en prensa). Un analisis futuro podria
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consistir en realizar filogenias a los genes universalmente conservados detectados por Delaye et al (en prensa)

para deternunar tratar de ampliar el conjunto de genes encontrados por Harris et al (2003).

Cada uno de los métodos descritos anteriormente posee ciertas ventajas y desventajas. Sin embargo, €s claro
que independientemente de las diferencias metodoldgicas. los resultados son similares entre si (entre 50 y 100
genes universalmente conservados. la mayoria relacionados a la maquinaria ribosomal. genes de
transcripcion. componentes accesorios de la replicacion del DNA y algunos genes relacionados al
metabolismo, en especial de nucledtidos y amino 4cidos). Claramente, este conjunto de genes es insuficiente
para mantener un sistema celular. En el mejor de los casos. este conjunto de genes representa el genoma del
cenancestro de la misma forma que un fosil representa evidencia de la existencia de vida pasada. Al igual que
en un fosil en donde solo se conservan algunas de [a estructuras del organismo ancestral. no todas los genes
que pudieron estar presentes en el genoma del cenancestro se encuentran conservados. pero es posible inferir
la existencia de algunas funciones si algunas de las moléculas involucradas en la funcién se conservan. En
especial si se trata de genes ortdlogos. De los genes detectados por Harris et al (2003) como genes fres
dominios tres de ellos estan relacionados directamente con la replicacion y reparacion del DNA_ estos son la
stiding clamp (la cual es necesaria para la alta procesividad de las DNA polimerasas durante la replicacion).
exonculeasa 5'-3" de la DNA polimerasa | v la enzima de recombinacion RecA. Retacionado al DNA pero de
forma distinta. también pertenece a éste grupo las subunidades centrales de la transcriptasa celular. Sibien. la
maquinaria de replicacion central no esta universalmente conservada. el hecho ' de que estas proteinas si lo
estén. sugiere que el ultimo ancestro comun utilizaba DNA para su continuidad genética v que probablemente
las DNA polimerasas.no estén conservadas debido a otros factores. tales como la sustituciéon no homoéloga.

COMIO Se sugiere en esta tesis.

Carl Woese (1998) ha sugerido que el ancestro universal estaba formado por una comunidad de células
diversas que sobrevivia v evolucionaba como una unidad. la cual poseia una historia fisica mas no
genealogica. Esta comunidad estaba conformada por entidades celulares (progenotes) con una maquinaria de
procesamiento de la informaciéon muy simple v poco precisa. en donde la tasa de mutacion y la transferencia
horizontal de genes era muy elevada. a tal grado que la dinamica evolutiva estaba regida por la transferencia
honizontal. De acuerdo a Woese (1998). conforme evolucionaron estructuras bioldgicas mnds complejas vy
precisas, las temperaturas evolutivas disminuyeron (es decir. la tasa de mutacion v la transferencia
horizontal), distintos sistemas celulares. cristalizaron (probablemente el primero en hacerlo fueron los
aparatos de traduccién v transcripcion v debido a ello se encueuntran altamente conservados) y la dindinica
evolutiva comenzo a parecerse a la de las células actuales. Si bien. es muy probable que los primeros sisteinas
replicativos fueron muy sencillos. el patron de conservacion de los genes en los genomas actuales se puede
comprender también si suponemos wn cenancestro similar en complejidad a un procarionte actual v apelamos

a diferencias en tasas de evolucion entre genes homologos. pérdidas secundarnias. transferencia horizontal v
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sustituciones de genes. todos ellos procesos que sabemos que ocurren. Por lo tanto, a pesar de lo atractiva que
pueda parecer la hipotesis de Woese (1998) no hay en principio razén para preferir su hipotesis con respecto a
otras. salvo la existencia de una tasa de transferencia horizontal mucho mayor a la de los genomas acluales
durante la existencia del cenancestro. El @Wtimo ancestro comun no tiene que estar necesariamenie cercano

cualitativamente al origen de la vida (Becerra. et al 2000; Zhaxybayeva. et al 2004).
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[. Los genes universalmente conservados en 20 genomas de organismos no parasitos. sugieren la
existencia previa de un mundo de RNA/proteina.

2. Debido a la universalidad del DNA como molécula de la herencia-v a la conservacion en los tres
linajes celulares de un grupo de enzimas relacionadas a su replicacion, la parsimonia sugiere que
el altimo ancestro comun poseia un genoma de DNA. Tal como parece haber ocurrido en el caso
de las Eurvarchaeas y las mitocondrias. las sustituciones no ortologas han jugado un papel
importante en la evolucion de algunas DNA polimerasas. Sugerimos que s mas parsimonioso
suponer que la enzima central replicativa no esta universalmente conservada por haber sufrido
una sustituciéon no ortéloga posterior a la existencia del cenancestro. -a sugerir que el Gltimo
ancestro universal poseia un genoma de RNA v la replicacion del DNA evoluciono
independientemente dos veces. una en el linaje bacteriano v otra en el linaje arqueo/eucarionte.

3. Las DNA polimerasas pertenecientes a las fanulias 1. [[. RNA polimerasas virales y reverso
transcriptasas comparten wi dominio pafm homélogo. el cual proviene de una etapa anterior al
cenancestro v probablemente era responsable de replicar el material genético en €l mundo del
RNA/proteina.

4. Entre las proteinas mds antiguas que se pueden identificar (los dominios de unién a RNA
universalimente conservados). se encuentran evidencias de evolucion por patchwork.

5. Como lo sugicren los dowinios de union a RNA universalinente conservados. la duplicacion de
genes seguida de divergencia parece haber jugado un papel central en la evolucion de nuevas

funciones desde etapas muy temprauas de la evolucion de la vida en la Tierra.



VIL PERSPECTIVAS

Ll origen de nuevas proteinas
Dos de las preguntas centrales en evolucién molecular son: cuantas familias de genes existen v ;cual es el
mecawsimo(s) mediante el(los) cual(es) se originan los nuevos genes?. Con respecto a la primer pregunta, lo
que tratamos de saber es cudntos grupos monofiléticos de enzimas existen. Como weremos. la respuesta a esta

pregunta depende en cierto grado del mecanismo de origen de nuevos genes.

Después de la publicacion de E/ Origen de las Especies (Darwin. 1839). la similitud entre estructuras de
origen biolégico paso a interpretarse como evidencia de ancestria comiul. es decir. de homologia. De esta
forma. la sunilitud entre las extremidades de los vertebrados. se interpretdé como evidencia de que todos-los
veriebrados compartiinos un ancestro comun con extremidades. A nivel moleccular. dos secuencias de
aminodcidos que se parecen nas de lo que esperariamos por azar Suponemos que tienen un ancestro comuul
(por ejemplo de forma simplificada. dos proteinas que se parecen en mas de 30 aininodcidos por cada 100
sospechamos que son homélogas). De igual forma. dos proteinas que comparten la misma estructura terciaria
(o la misma topologia. definida ésta conio el misuio arreglo espacial de estructuras secundarias con la msma
conectividad). en principio suponemos que comparten uu ancestro coman. El argumento anterior puede estar
basado por ejemnplo en la siguiente observacién: .debido a que el niunero de posibles secuencias de proteinas
es tan grande 20" (donde #7 representa el niunero de aminodcidos de una secuencia). la cantidad de formnas
distintas en las cuales se pueda plegar una secuencia de aminodcidos probablemente sea muy grande también.
v por lo tanto es poco parsimonioso suponer que pueda existir couvergencia a este nivel (aunque no todas las
secuencias posibles de aminodacidos se puedan plegar en una proteina globular). De esta forma. casos en los
cuales dos proteinas comparten la misma topologia a pesar de compartir una sinulitud en aminoacidos menor
a la que esperariamos por azar. suponemos que son homologas. Ademds la estructura primaria parece divergir
mas rapidamente que la estructura terciaria. Las lipdtesis planteadas en este trabajo. (la homologia del
domino paln entre las distintas familias de polimerasas y el modelo de evolucion en patchwork para los
dominios de union a RNA) estan basados en la suposicion de que dos proteinas que comparten fa misma

estructura terciaria comparten wi ancestro cout.

Por otro lado. cou la acumulaciéon de diversos cristales de proteinas. comnenzo a ser evidente que distintas
regiones de una proteina se pueden plegar de formas muy diferentes en el espacio tridimensional (una
proteina puede estar formada por la fusion de dos o mas dotninios distintos cada uno con una topologia
diferente) y es comun encontrar que dos proteinas distintas son homélogas solamente en uno de los dominios.
Cou ello llegé la hipétesis de que el dominio es la unidad estructural y evolutiva de las proteinas. De esta
forma. parte de la evolucion de proteinas se explica mediante el iodelo de “Lego™ (Henikoff. 1996). Es decir.

una nueva proteina, se puede formar mediante la fusion. o duplicacion de dominios preexistentes (las
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unidades bdsicas). Si los dominios son en realidad las unidades estructurales v evolutivas de las proteinas.

entonces para trazar el origen de un grupo de proteinas homologas debemos trazar el origen de sus dominios.

Entonces, la pregunta de ;cuantas familias de proteinas existen?. se puede replantear como. ;cuantas familias
de dominios existen?. En un articulo ya clasico. Chothia (1992) estimé que deberian existir alrededor de 1000
topologias distintas. Un niimero extremadamente pequeiio de formmas. si pensamos que por gjemplo una
bacteria como Escherichia coli tiene alrededor de 4000 genes y que la evolucién biologica ha estado
experinientando con la evolucion de las proteinas por al menos 3.500 millones de afios. En la actualidad. la
base de datos SCOP (Structural Classification of Proteins version 1.63) tiene clasificados alrededor de 800

topologias diferentes clasificados en unas 1.294 superfamilias.

Existen una serie de preguntas fundamentales con respecto a estas unidades estructurales v evolutivas de las
protetnas que son los dominios: ;Como v cuando se originaron estos dominios en la naturaleza? ;Es posible la
evolucion de una topologia determinada a otra distinta mediante mutaciones puntuales? ;O la evolucion de
estos dominios estuvo precedida por la recombinacion de elementos estructurales mas pequeiios, tal ¥ como
en la actualidad los dominios actuales se combinan para formar las proteinas multidominio? ;Realmente todas
las proteinas que comparten una misma topologia son homologas o es probabie la convergencia a este nivel?
Con respecto a esta altima pregunta las opiniones son encontradas. Recientemente Denton v Marshall (2001)
han sugerido que el niunero posible de topologias de proteinas es relativamente pequeiio debido a las “reglas
de construccion” de las proteinas. De acuerdo a ellos. el cdlculo realizado por Chotlua (1992) apoya esta

vision.

St bien, es posible realizar una serie de argumentos que contradicen la interpretacion de Denton y Marshall
(2001) la forma ideal de abordar la pregunta de “que tan comun es la convergencia de topologias™ o dicho de
otra forma “que tan grande es el espacio de plegamiento™ es realizando un experimento, el cual describirenios

a contnuacion.

La evolucion de proteinas ocurre principalmente debido a la duplicaciéon genética seguida de divergencia y/o-
recombiuacion. De esta forma se generan las familias de proteinas. En principio. aproximadamente cada
topologia que existe en la naturaleza y que define una familia de secuencias homoélogas. se debid haber
inventado por lo menos una vez en la naturaleza (esto solo si la hipdtesis. que sugiere que todos los genes
actuales provienen de un solo gen es falsa). Lo que necesitamos hacer es”encontrar casos en donde- un
deteriminado gen se hava originado de novo. Estos genes fonmados de novo representan nuestro experimento
evolutivo. Podemos comparar las topologias de las proteinas originadas de novo. con el resto de las topologias
de proteinas. Si encontrainos que reiteradamente los nuevos genes codifican para proteinas con topologias que

va han sido “descubiertas™ por otros genes (con un origen independiente). entonces el numero posible de
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topologias sera mds bien pequefio y la convergencia a nivel estructural sera comiin. Por el contrario. si cada
gen nuevo que identifiquemos, codifica para una topologia nueva. esto sera una indicacion de que el nimero
de topologias que pueden existir sera con seguridad mas grande que lo que se a sugerido.

Parte del éxito de este experimento tendra que ver con la correcta identificacion de los genes nuevos.
Afortunadamente, la naturaleza parece labermos brindado una oportunidad para poder realizar este
experimento. Se ha encontrado que wi segmento de DNA puede codificar para mas de 1n gen mediante el uso
de distintos marcos de lectura. Este fenémieno parece ser comin en virus, y probablemente ocurra .en
bacterias. El caso candnico es el del bacteriofago de cadena sencilla de DNA ¢X174. Varios genes
sobrelapados se pueden observar en este caso. por ejemplo el gen B estd completamente contenido en el gen
A (Figura, 8). ;Cudl es el origen de estos genes sobrelapados? Si bien es probable que ambos genes hayan
existido previamente y que una mutacion que eliminé la seflal de termino de uno de los genes (el gen A por
ejemplo) lo cual hizo recorrer el marco de lectura hasta la siguiente seiial de término (que pudo estar despues
de que tenminara el gen-B). También es probable que el gen B se haya originado de novo a partir de una
mutacion que iniciara un marco de lectura junto comn un sitio de iniciacion de la transcripcién al interior del
gen A y en un marco de lectura distinto (Li. 1997). De cualquier forma. el nuevo polipéptido que se ha
generado. representa un caso de novo. v si codifica para una proteina globular. se puede estudiar su topologia.
El reto. serd identficar todos los genes codificados en los genomas secuenciados que contengan proteinas
sobrlapadas y buscar si dichos genes tienen un homologo cristalizado en la base de datos de estructuras
terciarias PDB (Protein Data Bank Brokhaven). Para después hacer la comparaciou con las bases de datos de
genes originados indepeudientemente. Si este experimento tiene resultado. avudara a comprender el origen de
las formas en las proteinas y la importancia relativa de la seleccion natural en conjunto con las leves de

plegamiento que determinan las formas bioldgicas cuando menos en el ambito de lo muy pequeiio.
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Figura 8. Genes sobrelapados. El bacteriofago de cadena sencilla de DNA ¢X]74 contiene varios genes
sobrelapados, obsérvese el gen B, el cual esta totalmente incluido dentro del gen A (Tomado de Li, 1997).
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