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i, Resumen

El estudio del origen y la evolución temprana de la vida es en esencia un problema histórico. Se requiere de

múltiples aproximaciones para tratar de reconstruir los eventos que comenzaron con la sopa prcbi ótica.y que

finalmente desembocaron en los primeros seres vivos . En esta tesis se aborda el estudio de tres aspectos

fundamentales de la evolución de las primeras c élulas, Primero se pretende una reconstrucci ón del

complemento genético del ultimo ancestro común. mediante el análisis de 20 genomas celulares de

organismos no parásitos utilizando una metodología de búsquedas de BLAST de un solo sentido. Los genes

así identificados están relacionados principalmente con el metabolismo del RNA . Dicho hallazgo sugiere que

previo a los sistemas celulares basados en DNNRNNproteínas. las células estaban basadas en

RNNproteínas. En segundo lugar se intenta reconstruir la evolución temprana de la enzima replicativa central

(la DNA polimerasa). A pesar de que la replicación del DNA es un proceso central en todos los seres vivos . la

enzima que se encarga de replicar el material genético es de origen polifil ético entre los linajes Bacterianos y

Archaea/Eucariontes. En este trabajo se sugiere que dicho patrón de conservación se debe a una sustitución no

'ortóloga en la base del árbol universal. Además se sugiere que el dominio catalítico (pa/m doniain¡ de las

DNA polimerasas 1, 11. RNA polimerasas virales y reverso transcriptasas proviene de una etapa previa al

mundo del DNA. En tercer lugar . en este trabajo se sugiere que los dominios de uni ón a RNA son algunas de

las proteínas más antiguas que podemos reconocer. De acuerdo a ello. se construyó nna base de datos de 68

dominios de unión a RNA. 35 de los cuales están universalmente conservados y presumiblemente provienen

de una etapa en donde las células poseían geno mas de RNA. El patrón de duplicación de algunas de estos

dominios sugiere que la duplicación génica y la evolución por patchwork han jugado un papel central en la

generación de lluevas proteínas y nuevas funciones desde los albores de la vida en la Tierra.



ii. Abstraer

The study of the origin and early evolution of life is an historie problem. In order to understaud the cvcuts that

bcgan in the prebiotic soup and lead lO the first living cclls il is ncccssary lo use several diffcrenl

approximatious. In this thesis we ask three important aspects of the early evolution of ancient cells. First, we

make an inference of the gene complement of the Last Couunon Anccstor (LCA) from 20 extant cellular

genomes from non-parasitic organisms using one-way BLAST searches. The ser of highly conserved genes

identified among these geuomes are related mainly with RNA metabolismo This suggest that prior

DNA/RNA/protein cells therc where RNA/protein cellular systems. On the second place. we study the carly

cvolution of the replicative DNA polymerase. DNA replication is certainly one of the central process in evcrv

extant cells. and must have cvolved very early. Nevertheless. the main replicative euzvmc is not uuiversally

couscrved. Bacteria and Archaea/Eucarya uses different cuzvmes . We suggest that this palien! is due lo a non

homologous gene displacement in the Bacterial clade. We also snggest that the catalytic palm dontain found

in DNA polymcrases class I and lI. RNA polymerase and Rcverse Transcriptase evolved prior DNA gcnomes

in Ihe RNA/protein world. Finally. in this work we suggest that RNA-binding prolein doiuains are amoug thc

oldest polypeptidcs we can recognize. Accordingly. we analyzed the phvlogenetic distribution of 68 different

RNA-binding protein domaius. A1l10ng them. 35 RNA-binding domains are universallv conserved and likelv

cvolved in thc RNA/protein world. Evideuces of patchwork evolution nmoug them suggest that gene

duplication and fusiou played an important role during the carly evolution of life.

2



1. INTRODUCCIÓN

1.1. Sobre el estudio del origen y la evn lucié n tem pra na de la vida
(In problema histórico

El origen y la evolució n temprana de la vida en la Tierra es en esencia un problema histórico. Es decir. que

para poder comprender cómo surgió la vida y cual fue la naturaleza de las primeras célul as que evolucionaron

en el planeta. requerimos de una narrativa histórica que explique cau sal mente los hech os que ocurrieron en el

pasado y que han dado form a al presente bio lógico . Para ello. es necesario basarse por un lado. en la

comparación de datos ricos y diversos que registren las consecuencias de los acontecimientos de tiempos

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 hipótesis específicas. Si bien . los eventos particulares que fina lmente condujeron a la

aparici ón de la vida. son con seguridad históricamente únicos. todo s ellos deben de poderse explica r a partir

de principios fisicos. químicos y biológicos.

En este sentido. la teoría químico-física del o rigen de la vida sugerida independientemente por Alexander 1.

Oparin ( 1924) Y J.B.S. Haldane (1929 ) cuya contribución central consiste en proponer que la v ida se originó

a partir de la evoluc ión química y gradual de compuestos org ánicos que se habían sintetizado y acumulado de

forma abi ótica en la Tierra primitiva. prop orc iona la hip ótesis sobre la cua l descan san los estudios so bre el

origen y la evolucíón temprana de la vida en la Tierra .

Desde lo quintica prebio tica

Bajo este marco conceptual. existen al menos tres forma s de aproximar el estudio del origen y la evo luci ón

temprana de la vida (modificado de Lazcano & Mill er. l tJtJtJ) (Fi gura 1). Una primera aproximac ión consiste

en tratar de reco nstruir la química prebiótica mediante experimentos que pretenden recrear las co ndicio nes de

la Tierra primitiva. Debido a que estos experimentos abordan preguntas específicas acerca de la quimica de

compuestos orgánicos sintetizados de manera abiótica. es posible hacer una narrativa histórica de .la evol ución

química que en determinado momento condujo a la aparición de la vida en la Tierra y a la con secuente

evolución bíológica. El experimento clásico que abrió esta área de experimentaci ón fue realizado por Stanley

Miller en 1953 el cual consistió en poner a reaccionar en un matras con descargas eléctricas como fuente de

energía. una mezcla de gases (NHJ . HcO. CH.l . Hc). que. de acue rdo a un modelo de evolución de la atmósfera

primitiva propuesto por Harold C. Urey e ran abunda ntes en la atmósfera primigeni a. El result ado es pectacular

de dicho experimento fue la obtención de una se rie de aminoácidos. algunos de los cuales se encuentran

present es en los sere s vivos actua les. sugiriendo con ello como se pudi eron haber sintetizado a lgu nas de las

molécul as b ásicas a partir de las cua les evolucionaro n las prim eras cé lulas. Como se puede aprec iar. el
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Figura 1. Sobre el estudio del origen y la evolución temprana de la vida. El origen y la evolución
temprana de la vida se pueden estudiar a partir de tres aproximaciones distintas, desde la química prebiótica,
modelaje in silico , in vitro o in papiro o desde la biología comparada (Modificado de Lazcano & Miller ,

1999).



experimento de Miller fue un apoyo empírico sin precedentes a la teoría químico-física Oparin-Haldane del

origen de la vida.

l resd« la hiologia actual

La otra aproximación que existe para estudiar el origen. pero sobre todo la evolución temprana de la vida en

la Tierra . consiste en tratar de reconstruir la evolución de las primeras células a partir del análisis comparativo

de las características de los seres vivos actuales . Esto cs. de forma análoga a como un geólogo reconstruye los

eventos del pasado a partir del estudio de una columna estratigráfica. es posible utilizar a la biología actual

como nuestro registro histórico a partir del cual podemos hacer inferencias del pasado biológico. Los

primeros en sugerir que la comparación de secuencias homólogas de proteínas (y por ende de ácidos

nuclcicos), pueden ser utilizados -como documentos históricos a partir de los cuales podemos "leer" los

procesos y patrones evolutivos que han precedido y dado forma a los organismos actuales fueron Zuckerkandl

& Pauling ( 1% 5). . iniciando con ello el estudio de la evo luci ón a nivel . molecular . Si bien. dichas

extrapolaciones reduccionist as hacia cl pasado. no nos permitan indagar directamente en el origen de la vida.

debido a que es muy probable que utilizando este método no podamos retroceder de una época cn donde ya

había síntesis de proteínas mediada por ribosomas. como veremos más adelante. esta metodología ·ha

redcfínido de ' forma muy importante el estudio de la evolución temprana de la -vida. Esta segunda

aproximación. la cual pretende reconstruir el pasado a partir del estudio de las secuencias actuales. es la que

se aborda en este trabajo para tratar de entender algunos aspectos de la evolución temprana dc la vida cn la

Tierra.

1.11. La revolución woesiana y la naturaleza del último ancestro común universal

Lafitogenia uni versal
A partir de la comparación de secuencias de! 1(,/18 SSU rRNA provenientes de diversos organismos tanto

procariontes como eucariontes. Woesc y Fox (1977) realizaron probablemente uno de los descubrimientos

m ás importantes que se han hecho en los últimos 50 años sobre la historia filogen ética 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 procarionte s) y el Nuclcocitoplasma Eucarionte. Tres líneas

principales de ancestr ía-descendcncia para la biota y no dos grandes grupos (procariontes y eucariontes) como

había sugerido previamente Chattou (1938) basándose cn criterios citológicos .·Por muy sutil que nos pueda

parecer, dicho descubrimiento revolucionó la manera de entender la biología en varios aspectos . En primer

lugar. demostró que la mayor diversidad de los seres vivos se encuentra a nivel microbiano. esto es. dos de los

tres grandes linajes (Bacterias y Archaeas) están compuestos exclusivamente por organismos procarionte s.

Por e! otro lado. una buena proporción del linaje eucarionte está compuesto por organismos unicelulares muy

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



a partir de la cual construir una clasificación natural universal (Wocsc. ct al. 1990). Esto es. una clasificación

que refleje las relaciones de ancestr ía y descendencia (parentesco Iilogcu ét íco) entre rodas las especies.

El último ancestro común universal

Con la Iilogcnia universal propuesta por Woese y Fox (1977) viene implícita la hip ótesis de la monofilia de la

biota . y por lo tanto la existencia de una especie ancestral a partir de la cual los seres vivos actuales

descendemos. Esta entidad biológica hipotética cuya existencia ya había sugerido Darwin (1R59). ha sido

definida dc diversas formas a lo largo dcl tiempo. lnicialmentc Woesc y Fax denominaron progenote a la

entidad biológica que se encuentra en la base del árbol universal y sugirieron que en dicha entidad el fenotipo

aun no se encontraba diferenciado del genotipo (Wocsc &. Fax . 1977) , Posteriormente. Fitch y Upper (19R7)

acu ñaron la palabra cenancestro que literalmente quiere decir " último ancestro com ún" y que no

necesariamente implica una entidad con características prunitivas como aquellas sugeridas para el progenote.

En principio y desde el punto de vista metodol ógico. es posible describir las características biológicas del

último ancestro común como cl conjunto dc aquellas caracteristicas comunes y homólogas a todos los seres

vivo s y que se han heredado verticalmente desde el ancestro a sus descendientes. más aquellas características

que estuvieron presentes en el ancestro universal pero que se perdieron en uno o más linajes (y que por lo

tanto no seremos capaces de reconstruir). meno s aquellas característ icas homólogas que son comunes a todos

los seres vivos debido a que han sido heredados hori zontalmente entre linajes . En este sentido. el esquema

filogen ético propuesto por Wocs e yFcx (1977) nos permite definir al genoma del último ancestro común

como aquel conjunto de genes homólogos a los tres linajes celulares, que han sido heredados verticalmente

desde el ancestro universal (Figura 2), Si bien esta-metodología para reconstruir al último ancestro común no

es infalible ya que su precisi ón dependerá de unaserie de factores tales como el sesgo en el muestreo de

especies con los cuales hagamos la reconstrucci ón. las pérdidas polifiléticas secundarias tanto de genes

individuales como de rutas metab ólicas.completas. las sustituciones no ortólogas de genes. y de la intensidad

del fenómeno de transferencia hori zontal cutre linajes (Becerra. et al. 1997) . es hasta el momento. la mejor

metodología de la cual disponemos para poder reconstruir la naturaleza del ancestro universal. aunque sea de

forma aproximada. Utilizando esta metodología y basándose en los datos de secuencias disponíbles en aquel

momento, Lazcauo et al. (1992) sugirió que el últ imo ancestro común (LCA. por sus siglas en inglés) era una

entidad que en complejidad bioló gica 110 difería significativamente a la de los procaríontes actuales (Tabla 1).

La raiz del árhol universal

La locali zación de la raíz del árbol universal está iutunamcntc ligado a la naturaleza del último ancestro

común. Si bien no es posible conocer directamente la raíz del árbol universal de rRNA debido a que por

definici ón no existe organismo que pueda ser usado como grupo externo. es posible conocer la raíz de una

Iilogeuia universal dc un grupo de moléculas ort ólogas si utilizamos a sus par álogos como grupo externo.
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LeA

Eucaria

Figura 2. La reconstrucción del último ancestro común. En principio, las características del último
ancestro común (LeA por sus siglas en inglés) pueden ser inferidas a partir de las características homólogas
entre Bacterias, Archaeas y Eucariontes.



(i) Caracteres involucrados en replicación y biosíntesis de proteínas
DNA polimerasa B Factor de elongación la/Tu
Girasa B Fact or de elongación G/2
DNA topoisomerasa 1I Isoleucil-tRNA sintetasa
RNA polimerasa Ribonucleasa P
Polinucleótido fosforilasa Proteínas ribosomales S9, SI 0, S 17, S 15,

L2, L3, L6, LlO, Lll , L22 YL23
(ii) Caracteres involucrados en la generación de energía y en rutas biosintéticas
ATPasa Tipo F subunidad a Arginosuccinato sintetasa
ATPasa Tipo F subunidad ~ .Aspartato aminotransferasa
Carbamoil fosfato sintetasa Citrato sintetasa
Glucosa 6 fosfato deshidrogenasa Enolasa
Glutamoato deshidrogenasa TI Glutamina sintetasa
Malato deshidrogenasa Fosfoglicerato cinasa
Piruvato: ferredoxin oxidoreductasa Porfobilinogeno sintetasa
Histidinol fosfato aminotransferasa Genes de biosíntesis de purinas
Genes de la biosíntesis del triptófano Genes de biosíntesis de aminoácidos de

cadena ramificada
(iii) Caracteres involucrados en respuesta ambiental y señalización celular
cAMP
Polipéptidos tipo Insulina
Proteína "Heat shock" 70
Mn/Fe superóxido dismutasa
Fotoliasas

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



Los primeros en utilizar esta metodología fueron Iwabe et al. (1989) usando los factores de elongación (EF-G,

EF-Tu) y Gogarten et al. (1989) empleando las subunidades ex y 11 de las ATP sintetasas tipoF. Utilizando

distintas técnicas de reconstrucci ón filogcnética. ambos grupos llegaron independientemente a la conclusión

de que la raíz universal se encuentra localizada en la rama de las bacterias. Este resultado no solamente

implica que la naturaleza del último ancestro común tendrá características similares a las de las bacterias

actuales. sino que también sugiere que una porción importante del nucleocitoplasma eucarionte ha sido

heredado a partir de las Archaeas.

Genoma mínimo

Con la secuenciación de los primeros genomas fue posible abordar nuevamente la pregunta de la naturaleza

de l último ancestro común utilizando una base de daros que en principio puede ser cualitativamente diferente .

El primer trabajo que utilizó la comparaci ón de geno mas para reconstruir estados ancestrales fue realizado por

Mushegian y Koonin (1996) al comparar los gcnomasde Haemophilus influenzae y Micoplasma genitalium.

En primer lugar. sugirieron que el conjunto de genes compartidos entre ambos genomas representa el níunero

mínimo de genes necesarios para mantener una célula viva (el concepto del genoma mínimo) (Figura :1). Esta

conclusión es solo parcialmente correcta ya que el conjunto de genes que representan el genoma mínimo es

relativo al sistema parásito hospedero que se estudie y por lo tanto a la historia evolutiva de los organismos a

partir de los cuales se hizo la comparación genómica. En segundo lugar. sugirieron que este conjunto de genes

podía ser representativo del genoma del último ancestro común. Como en el conjunto de genes homólogos

entre las dos especíes faltaban una serie de proteínas clave en la síntesis del DNA llegaron a la conclusión de

que el último ancestro común poseía un genoma de RNA. Esta conclusión fue prematura a todas luces debido

principalmente a la naturaleza parásita de los organismos utilizados en la comparación los cuales han perdido

independientemente una seríe de gencs y habilidades metabólicas (Becerra et al. 1(97).

La naturaleza química del genonia del Le :'1 Y la evo lución de las {).\"../ polimerasas

Posteriormente Leipe er al. (1999) basándose en un análisis más extenso que incluía genomas de los tres

linajes celulares. sugirió que el último ancestro común poseía un sistema genético similar al de un retrovirus,

en donde la informaci ón genética codificada en el RNA se retrotranscribía a DNA mediante una reverso

transcriptasa. Dicha conclusión estuvo basada por un lado. en el hecho de que la enzima replicativa central

(DNA polimerasa) no esta conservada entre Archaeas, Bacterias y Eucariontes (básicamente. las bacterias

utilizan una enzima perteneciente a la familia de las DNA polimerasa lit Euriarchaeas utilizan la polimerasa

tipo D, y Crenarchaeas y Eucarioutes utilizan la DNA polimerasa tipo 11 como enzima replicativa). Por el otro

lado. dicha conclusión también se basa en el hecho de que existen enzimas accesorias relacionadas a la

replicación de DNA claramente conservadas. tales como la "clamp-loader A'TPase" lo que sugiere que el

último ancestro común debió de haber tenido DNA de cualquier forma . Bajo este esquema. la replicación del

6



Haemophilus
inf/uenzae

Micoplasma
genitalium

Genoma
, .

rrurumo

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



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

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

En principio. debido a que todas las células actuales poseen un genoma de DNA. el escenario más

parsimonioso es un ancestro que igualmente poseía un genoma de DNA. Por ello. no deja de sorprender que

la enzima replicativa central no se encuentre universahne.nte conservada. a diferencia de lo que sucede con la

maquinaria de transcripción y traducción.

Transferencia g énicahorizontal

Como se mencionó anteriormente. la revolución woesiana prometía hacer realidad el sueño iniciado por

Darwin en 1859. Esto es. poder representar con un solo árbol evolutivo las relaciones de ancestría

descendencia entre todas las especies actuales. Dicho árbol evolutivo estaría dominado por la herencia vertical

y las especies se clasificarían de forma jerárquica de acuerdo al grado de propincuidad entre ellas . La

molécula de 16S rRNA. por sus características de universalidad. tasa de evolución lenta y conservación de

función . parecía ser el marcador ideal para trazar la evolución a nivel organísmico y construir el árbol

universal de la vida . Sin embargo. cuando se obtuvieron las primeras secuencias completas de genomas , se

pensó que las filogenias de la mayoría de los genes reflejarían el esquema evolutivo propuesto por Woese y

Fox (1977). con la salvedad de un porcentaje moderado de genes que no reflejaría dicho esquema evolutivo

debido a los problemas que existen asociados a las reconstrucciones filogenéticas y a Irnos pocos que hubieran

sido transferidos horizontalmente entre los linajes . Sin embargo. los primeros análisis filogenéticos derivados

de los proyectos de secuenciación de genomas parecieron contar una historia distinta . Las filogenias

provenientes de distintos genes del mismo conjunto de organismos eran incongruentes entre sí. sugiriendo que

la transferencia horizontal de genes entre diferentes linajes organísmicos parecía ser mucho más común de lo

que hasta entonces se había creído . La situación llegó a ser tal que incluso se sugiríó que no era posible

describir adecuadamente el árbol 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

más comunes y antiguos de la biota) . Por lo tanto. la idea de la existencia de linajes organísmicos definidos

cada uno por los linajes de genes que evolucionan 'juntos" en un mismo genoma y que se pueden representar

con un solo marcador molecular pareció desvanecerse. y en su lugar se sugirió nn esquema en donde la

transferencia génica horizontal dominaba la estructura del árbol universal a gran escala (Doolittle, 1999)

(Figura 4). implicando que la reconstrucciones del último ancestro común a partir de la comparación de

geno mas es un ejercicio fútil.

Dicha situación llevó a varios autores a sugerir una naturaleza distinta para el último ancestro común. Tal vez

la más elaborada de las propnestas fue presentada por Woese (1998) quien sugirió que el último ancestro

común no era una entidad discreta. sino una comunidad de células que evolucionaron como una unidad

7



biológica. Más especificamente. el ancestro universal estaba constituido por una población de progenotes con

sistemas de procesamiento de información muy poco precisos en donde la dinámica evolutiva estaba regida

principalmente por una alta tasa de mutación y por un elevado nivel de transferencia horizontal. De acuerdo a

Woese (1998) conforme evolucionaron estructuras biológicas más complejas y precisas. tanto la tasa de

mutación como la cantidad de transferencia horizontal disminuyó v la dinámica evolutiva comenzó a

parecerse a la de las células actuales.

Fenogranias de genontas completos

Sin embargo, una serie de fonogramas realizados utilizando la información codificada en el genoma completo. .

en particular estudiando el número de familias conservadas de genes entre genomas (Tekaia et <11. 1999: Snel,

et al. 1999: Fitz-Gibbon. et al. 1999) (Figura á). así como una filogcnia universal derivada de concatenar una

serie de genes universalmente conservados (Brown . et al. 1999). rescatan el esquema evolutivo de los tres

grandes grupos filogenéticos (Archaea. Bacteria y Eucarya). Dichos análisis sugieren la existencia de los tres

grandes linajes filogenéticos. y parecen indicar que la transferencia horizontal entre linajes no ha sido tal

como para borrar su existencia. Análisis m ás detallados sugieren que de hecho la cantidad de transferencia

horizontal entre procariontes no es tan elevada como se había sugerido (Daubín. · et al 20(3) Y que las

incongruencias entre árboles filogenéticos generados a partir de distintos genes del mismo grupo de

organismos. se resuelven cuando los genes se concatenan (Rokas et al. 20(3). Ello sugiere que el proceso de

transferencia horizontal no ha sido tal. como para borrar del todo el pasado biológico. La cuestión no está en

absoluto zanjada y son necesarios m ás estudios cuidadosos acerca del papel que ha tenido la transferencia

horizontal de genes en la historia evolutiva .

UII. La teoria dcl mundo dcl RNA

La cvolucion tlel genotipo y elfenotipo

Describir la naturaleza del último ancestro común nos ayuda a entender una etapa central de la evolución

temprana de la vida en la Tierra . Sin embargo. para poder comprender etapas aun más tempranas de la

evolución de la vida. necesitamos de una teoría que explique la evolución de las moléculas responsables de la

herencia y el fenotipo . En la actualidad. todas las células utilizan al DNA como molécula hereditaria y a las

proteínas como las moléculas que dan cuerpo al fenotipo. las cuales se encuentran codificadas en el DNA y

que a través de sus habilidades metabólicas. en última instancia. se encargan de la replicación del DNA. En el

centro de esta asociación se encuentran las moléculas de RNA. codificadas también en el DNA. pero que una

vez expresadas. tienen un papel central en la síntesis de proteínas. ¿Cómo evolucionó esta asociación

molecular entre genotipo y fenotipo? i,CuM fue el orden histórico en el que las distintas moléculas aparecieron

y cuales pudieron haber sido las causas de esta evolución? La teoria del gen desnudo. propuesta inicialmente

por Muller. y elaborada m ás adelante por Haldanc, sugiere que la vida se originó a partir de la aparición de

una molécula (gen) capaz de autor replicarse y por lo tanto. capaz de heredar esta propiedad a sus
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descendientes. Es decir, que la vida se originó a partir de una molécula que tenía propiedades tanto

hereditarias como auto-eatalíticas (fenotipo y genotipo en una sola molécula).

El mundo del RNA

La teoría del mundo del RNA, sugerida inicialmente por Gilbert (1986) y elaborada más tarde por Joyce

(1989), la cual descansa en las propiedades hereditarias y. catalíticas del RNA y en el papel central de este

ácido nucleido en la célula. sugiere que la vida comenzó con la aparición de esta molécula a partir de la sopa

primitiva. Como veremos. esta teoría ha sido extremadamente exitosa para explicar ciertos aspectos de la

evolución 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 aparición de éste ácido nucleico debido a que no es

claro como se pudieron haber sintetizado algunos de sus componentes a partir de la sopa prebiótica (en

especial los azúcares fosfato). Por ello. y a pesar de que no existe evidencia a partir de la biología 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 Joycc, 2002). sin embargo. este sigue siendo un problema

sin resolver en campo de origen de la vida.

Un escenario para la evolución temprana de la vida

De cualquier forma. es muy probable que el RNA haya antecedido tanto a! DNA como a las proteínas debido

a que esta molécula puede tanto guardar información genética como realizar catálisis biológicas. Sin embargo.

si el RNA es la molécula más antigua. ¿cuál fue la siguiente molécula en evolucionar. el DNA o las

proteínas? Si observamos las rutas metabólicas. nos daremos cuenta de que la síntesis de proteínas es

b ásicamente un asunto del RNA (el enlace peptidico es catalizado por el rRNA. el código genético está

construido a partir de tRNA aminoacilados que reconocen codones en un mRNA. y la síntesis de proteínas

puede tener lugar en ausencia del DNA). mientras que la síntesis y replicación del DNA es sobre todo un

asunto de las proteínas (con la excepción del RNA cebador. la síntesis de los dNTP y todo el proceso de

replicación está mediado por proteínas (Kronberg & Baker. 1992» . Dicha distribución de funciones nos

sugiere el orden histórico en el cual aparecieron estas moléculas (Figura 6). La síntesis de proteínas es a todas

luces. un invento del RNA. mientras que los genomas de DNA son una invención de las habilidades

metabólicas 'de las proteínas. Como el DNA no participa en la síntesis de proteínas es poco parsimonioso

suponer que existió una etapa en donde las proteínas eran sintetizadas directamente por DNA y que después

por alguna razón. el RNA evolucionó para sustituir al DNA en esta función (además de que no se conoce que

el DNA tenga alguna función catalítica in vivo). y como en principio una célula podría codificar sus propias

proteínas en un genoma de RNA (tal como ocurre en algunos sistemas virales) es muy probable que el

esquema anterior sea correcto.
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Figura 6. La evolución desde el progenote hasta el LeA. Si el RNA es la molécula semántica más antigua,
la explicación más parsimoniosa siguiere que la siguiente molécula en evolucionar fueron las proteínas y
finalmente el DNA.



Bajo este esquema. en los sistemas celulares más antiguos que podemos reconocer. el RNA pudo hacer las

veces de molécula hereditaria y catalítica. Las evidencias de que el RNA puede realizar una amplia variedad

de funciones catalíticas tanto "naturales" como "evolucionadas' en el laboratorio son amplias (revisado en

Joyce. 2002) entre las cuales se encuentra la capacidad de ligar templadodependiente un oligonucleótido ] '

hidroxil a un oligonucleótido 5'-trifosfato. Por otro lado. hasta el momento no ha sido posible evolucionar una

molécula de RNA capaz de sinteti zar dNTP a partir de N!P. habilidad esencial para poder sintetizar DNA

(Freeland, 1999). Aunque existen algunas sugerencias de cómo el RNA podria realizar esta síntesis (Joyce .

2002) .

Para que las proteinas pudieran entrar al juego evolutivo de herencia . variación y selección natural. el origen

de la síntesis de proteínas mediada por RNA. debió de estar acoplado a la codificación de dichas proteínas en

el RNA. Sin embargo. comprender el origen y la evolución temprana del código genético sigue siendo la tarca

pendiente en ros estudios de evolución temprana de la vida . El mundo del RNNproteína comienza con el

origen y la evolución del código genético y la síntesis de las primeras proteínas codificadas y termina con la

invención de los genomas de DNA. Con la invención de los genomas de D~A. la información codificada en

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

La presión de selección que explica cada transición evolutiva es clara. las proteínas son moléculas mucho más

eficientes que el RNA como catalizadores biológicos. y el DNA es una molécula capa z de guardar la

información genética de forma más fiel que el RNA. permi tiendo codificar una mayor cantidad de habilidades

metabólicas. lo que seguramente se pueda traducir en una mayor adecuación en ambos casos (Lazcano. el al

1988).
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11. PLANTEAMIENTO DEL PROBLEMA

Reconstru cción del genoma del cenancestro

En principio el genoma del último ancestro común se puede definir como el conjunto de genes homólogos

compartidos entre los seres vivos actuales. Sin embargo. f~nómenos 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 identificación de los genes universalmente

conservados puede arrojar luz acerca de la evolución temprana de la vida. Si bien. es dificil identificar

aquellos genes resultados de transferencia horizontal temprana. una reconstrucción del último ancestro común

en donde se excluyan genomas de organismos parásitos puede ayudar a disminuir los efectos de las pérdidas

secundarias.

Evoluci ón temprana de las DNA polimerasas y la naturaleza del genoma del LCA

La replicación del material genético es uno de los procesos centrales de la vida en la-Tierra y con seguridad es

uno de los más antiguos. La evolución de los ácidos nucleicos.está íntimamente ligada a la evolución de las

enzimas que participan en su metabolismo. siendo las DNA polimerasas, las enzimas que seencargan de su

replícación. Como se mencionó anteriormente estas enzimas son de naturaleza distintas entre Bacterias.

Archaeas y Eucariontes. En el linaje bacteriano. la enzima replicativa central es la DNA polimerasa Ill. las

euryarchaeas utilizan la polimerasa tipo D. y las crenarchaeas y los eucariontes utilizan la DNA polimerasa

tipo Ir. Siendo la replicación 1Il1 proceso tan importante y tan antiguo en los seres vivos . Es de extrañarse que

la enzima central (la DNA polimerasa) no se encuentre conservada entre los principales linajes celulares. a

diferencia de lo que sucede con otros procesos centrales tales como la transcripción. en donde está conservada

la subunidad central de la RNA polimerasa DNA dependiente (la subunidad ~rn. y la traducción. en donde

están conservadas 34 de las 102 proteínas ribosomales (Lecompte et al. 2002) además de las moléculas de

rRNA.

Debido a que todos los sistemas celulares actuales utilizan DNA como molécula de la herencia. el escenario

más parsimonioso es un último ancestro común con un genoma de DNA. El objetivo de este trabajo es

estudiar la evolución temprana de las DNA polimerasas mediante el estudio de su distribución filogenéticaas í

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 relación que existen entre la

evolución temprana de estas enzimas y la naturaleza química del genoma del último ancestro común universal

(DNA o RNA) .
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Evolución temprana de dominios de unión a RNA
Si la teoría del mundo del RNA es correcta en indicar que dicha molécula precedió al DNA y las proteínas, y

la molécula de DNA fue la última en evolucionar de las tres biomoléculas (Figura 6), las primeras proteínas

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 como chaperonas

moleculares. Entonces, entre las proteínas actuales de unión a RNA se encuentran algunos de los dominios de

proteínas más antiguos que podemos reconocer. El estudio de la distribución filogenética y las relaciones de

ancestría-descendencia entre los dominios de unión a RNA presentes en los genomas completos puede arrojar

luz sobre la evolución temprana de algunas de las proteínas más antiguas que podemos reconocer.
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III. ESTRATEGIA EXPERIMENTAL

Reconstrucción del genoma del cenancestro

Identificación de genes altamente conservados. En este trabajo hemos analizado veinte genomas celulares.

completos provenientes de organismos no parásitos. utili zando dos búsquedas de BLAST de un solo sentido

para identificar aquellos genes universalmente conservados. Los genes así identificados provienen en

principio de etapas tempranas de la evolución de la vida en la Tierra. Las dos búsquedas con los mismos

genomas pero en distinto orden permite identificar los falsos negativos.

Identificación de dominios conservados. Debido a que los dominios son las unidades estructurales y

evolutivas de las proteínas. se identificaron los dominios conservados entre los grupos de genes homólogos

altamente conservados para las espec ies Escherichia coli, Metanococcus jannashii v Sacharomvces

cerevisiae. Este análisis por dominios permite identificar los falsos positivos.

Análisis funcional de dominios altamente conservados. Se realizó un análisis funcional de . aquellas

prot eínas conservadas con la misma estructura de dominios en las tres especies antes menc ionadas. Las

funciones fueron asignadas de acuerdo a la cla sific ación funcional de la base de datos del KEGG.

Evolución temprana de las DNA polimerasas y la naturaleza del genoma del LC4

Identificación de los dominios de las polimerasas. De acuerdo a información proveniente tanto de las

estructuras terci arias así como de las secuencias de aminoácidos. las polimerasas se pueden clasificar en al

menos 10 familias distintas. Con el fin de identificar la estructura por dominios de -dichas enzimas. se

obtuvieron las estructuras terciarias disponibles para cada una de las familias del Protein Data Bank. y los

dominios se identificaron de acuerdo a las publicaciones ori ginales 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 asignó de acuerdo con la base de datos Pfam .

Análisis de la distribución filogenética de las potimerasas, A continuación se estudio la distribución

filogenética de las polimerasas en las bases de datos de proteomas completos util izando el algoritmo f'SI

BLAST.

Análisis evolutivo de las DNA polimerasas. Bajo la premisa de que dos proteínas que comparten la misma

estructura terci aria son homólogas. se identificaron aquellos dominios estructurales que fuesen compartidos .

por dos o más famil ias de polimerasas. El patrón de conservación de dominios. permite inferir parte de la

evolución temprana de dichas enzimas.
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Evolución temprana de dominios de unión a RNA

Idcntificación dc dominios dc unión a RNA . Debido a que los dominios de las proteínas se identifican

mejor a nivel de estructura terciaria. se realizó una búsqueda exhaustiva en la literatura. de las proteínas que

se ha reportado se unen al RNA y para las cuales se conoce su estructura tridimensional. Una vez localizadas

estas proteínas. se identificaron los dominios de unión ~ RNA presentes en estas proteínas utilizando tres

bases de datos distintas: SCüP. CHAT y Pfam .

An álisis dc la distribución filogc nética de los do míníos dc uni ón a RNA. A continuación se buscaron las

secuencias homólogas para cada uno de los dominios de unión a RNA identificados previa mente . en la bases

de datos de proteínas SWISS-PRüT y en los proteomas completos disponibles. utilizando el algoritmo PSI

BLAST. Este análisis permitió identificar las proteínas universalmente conservadas (definidas por un lado

como los dominios conservados en todos los proteo mas analizados. y por otro lado. con homólogos en los tres

linajes celulares de acuerdo a SWISS-PRüT). Presumiblemente dichas proteín as provienen de una época

anteri or al origen de los genomas de DNA.

Análisis evolutivo de los dominios dc uni ón a RNA. La dupl icación de genes seguida de divergenci a es uno

de los principales mecanismos que existen para genera r nuevos genes. es por ello que para comprender la

evolución temprana de los dominios de unión a RNA se identificaron de entre los dominios universalmente

conservados. aquellos dominios de unión a RNA que comparten una misma topología y que presumiblemente

son el resultado de una duplicación ancestral. Ello perm ite estudiar el patrón dc duplicaciones que dio origen '

a dichas proteínas.

14



IV. RESULTADOS

Los resultados se muestran en dos partes . En la primera. muestra un resumen de la principal contribución de

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

segunda parte se presentan cada llllO de los trabajos correspondientes.

IV.I. Resumen de resultad os

• En el capítulo de libro : Delaye, L.. aud Lazcano. A. (2000) RNA-h inding peptides as molecul ar

fossils In J.C hela-F lores. G. Lemerchand . and 1. Oró (eds .) Astrobiology: Orig insfrom the Big

Bang to Civilisation Proceedings of the First Ibero -American School of Astrobiologv (Kluwer

Academic Pub lishers) . pp. 2SS-2S8. se presenta por primera vez la hipó tesis de los dominios de

uni ón a RNA como algunas de las proteinas más antiguas que podemos reconocer. Se presentan

algunos ejemplos. También se propone que el mecanismo de regulación genética de la proteína

ribosomal SS representa uno de los mecanismos de regulación de la expresión genética más

antiguos.

• En el capítulo de libro : Delaye, L.. Vazque z, H.. and Lazcano. A.(200 1) The cenancestor and its

contempora ry hiological relics: t he case of nucleic ac ids polymerascs In lulian Chela-Flores

1.. Owen. T. and Raulin. F. (eds .). First Steps in the Origin nILife in (he Universe (KIuwier

Academic Publi shers). pp. 223-230. se muestra evidencia que indica que las DNA polimerasas

pertenecientes a las familias I y II comparten el dominio catalítico (el dominio pa/m).

• En el capí tulo de libro : Delaye. L.. Becerra. A.. And Lazcano. A. (200 4) T he nature of the last

com mon a ncesto r . In Lluis Ribas de Pouplana (ed.) The Gen etic Code and the Origin of Life

(Laudes Bioscience. and Kluwier Academic) . pp. 34-47. se discuten las distintas propuestas que

se han hecho para describir la natura leza del cenancestro y se analiza la posibilidad de que haya

tenido un genoma de DNA con base en la conservación del dominio palm de las polimerasas.

• En el artículo: Luis Delaye and AntOIúO Lazcano. (200S) P rebiological evolu tio n an d the physics

of the origin of life. Physics 4 Life Reviews, 2. pp. 47-64. se discuten diversas teorias del origen

de la vida y su relación con la naturaleza del cenancestro .

• En el articulo: Delaye, L.. Becerra. A.. and Lazcano. A. (200S) T he Last Co mmon Ancesto r:

what's in a name? Origin or Life (11/(/ Evo lution of the Biosphere (en prensa) . se muestran los
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resultados del análisis de 20 genomas celulares utilizando dos aná lisis de BLAST de "un 5.010

sentido". Los genes universalmente conservados están relacionad os principalmente - al

metabolismo del RNA. lo que sug iere que previo a los sistemas celulares basados en DNNRNA

y proteínas. existió una etapa en donde las células estaban basadas en RNA y proteínas .

• En el capítu lo de libro: Lazcano. A.. Becerra . A.and Dclaye. L. (2004) On the ea r ly evolution of

sensory responses : when did life first begin to percei ve its surroundings? In Margulis, L.

and Asikainen. C. A. (eds) Human Brain in the Context ofNatural History: 3000 mil/ion years

ofevolution ofsensory svste ms MlT Press. Boston (en prensa ). se discuten los posibles sistemas

de regulación genética de los primeros sistemas celulares.

• En el manuscrito: Delaye. L.. Abascal. F.. Fcrn ández. JM.. Valencia. A. and Lazcauo. A. Ancient

RNA- hinding domain s: relics from cnrly protein evolut ion (en preparaci ón), se estudia la

distribución filogenética de 68 dominios de unión a RNA. Se identifican 35 domin ios

universalmente conserva dos en 122 proteomas provenientes de los tres linajes celulares

(Archaea. Bacteria y Eucaria). Debido a la amplia distribución filogenética de estos dominios. se

sugiere que se encontraban presentes en el cenancestro y que probablemente representan

algunas de las proteínas más antiguas que podemos identificar. Se propone que su origen se

remonta al mundo del RNNproteina. De acuerdo a la similitud en estructuras terciarias. ocho de

estos dominios universalmente conservados son el resultado de duplicaciones genéticas. Esto

sugiere que la duplicació n genética ha jugado un pape l importan te en la generación de nuevas

proteínas desde etapas muy temp ranas de la evolución biológica .

• En el manuscrito: Delaye, L.. Becerra. A.. and Lazcano. A. On th e ea r ly evolution of polyme rase

fun cti on and the nature of th e genome of the cenancestor (en preparación). se muestran los

resulta dos del estudio sobre la evo lución temprana de las DNA polimerasas y la naturaleza del

geuo ma del LeA. En este manuscrito se clas ifican a las polimerasas con base en secuencia y en

estructura en 10 grupos distintos y sc demuestra que en la evolución de estas enzi mas no ha

estado ausente el fenómeno de susti tucíón no ortóloga. De acuerdo a ello. se sugiere que dicho

evento pudo haber ocurrido en la base del árbol universal. teniendo como resultado una DNA

polimerasa bacteriana de distinta naturaleza a las polimerasas ArchaeolEucariontes . También se

sugiere que 'el dominio catalítico (el dominio paltn¡ de las polimerasas pertenecientes a las

familias L Il, RNA .polimerasas virales y reverso transc riptazas es homólogo entre sí. Dicho

dominio pudo provenir de la polimerasa encargada de replicar los geno mas de RNA antes de la

aparición de los genomas de DNA.
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· IV.II Trabajos publicados, cn prensa () cn preparación durante cl doctorado
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RNA-BINDING PEPTIDES AS EARLY MOLECULAR FOSSILS

LUIS DELAYE and ANTONIO LAZCANü
Facultad de Ciencias, UNAM
Apdo. Postal 70-407
Cd. Universitaria, 04510
México D.F., MÉXICO

Abstraet

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 conserved RNA-binding sites of these highly conserved molecules, since these may
be some of the recognizable peptides in our dataset. The characteristics of sorne of these
highIy conserved amino acid stretches which are essential in RNA metabolism are
discussed.

1. Introduetion

The early steps of the evolution of life on Earth can be investigated by analyzing the
extant molecular fossil record. A molecular fossi/ as defined by Maizels and Weiner
(1994), is 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.

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 metabolismoWhether 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, i.e., 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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DELAYE & LAZCANO

It is highly unlikcly ihat thc first protcins wcrc complcx cnzymcs with cxquisitclv fiuclv
tuncd catalytic activity. Although thc first pcptidcs that wcrc synthcsizcd biologicallv
(i.c.. ribosomc-mcdiatcd translation). could bc positivcly sclccicd by two propcrtics rhnt

are not mutually exclusive. i.c. chapcronc-likc propcrtics or catalytic activity, in thcsc
papcr \VC explore thc possibility that thc Iirst pcptides could have cnhanced thc catalytic
propcrtics or biological functions of ribozymcs simply by srabiliziug thcir structurcs.
This chapcronc-likc propcrty would be thc primitivc cquivalcnt to thc stabiliziu]; cllcct
that thc protcin subunit of RNAse P plays in vivo (Gucrricr-Takada et (/1 .. II)X:ll . .ind
can in principie be cxplorcd by a dciailcd analysis of cxtant RNA-binding siros .

Comparisous of complctcly scqucnccd ccllular gcnorucs (Tablc 1) from thc thrcc
primar)' domains (i.c.. Bacteria. Archaca and Eucarya) suggcst that a sct of genes whosc
products synthcsizc. degrade . or intcract with RNA molcculcs are among Ihe most
highly conscrvcd scqucnccs conuuon to allliving beings (Tckaia el al.. 11)1)1)) . tI is thus
possiblc that thcir corrcsponding RNA-binding sitcs. which I\la)' be amoug thc oldcst
motifs in currcnt scqucncc databascs. can providc important insiglus on thc carlv
cvolution of ribosotuc-mcdiatc polypcptidc synthcsis . Hcrc wc rcport thc prcliminarv
ouicomc of such analysis. and discuss thc evolutionarv significancc of our findings .

2. Material and rncthods

A list of RNA-binding domains reportcd in the literature was compiled, which incltidc
the those of highly conserved proteins as defined by Tekaia el al. (1999). This datase: is
now being completed with searches on the following databases: SWISS-PROT
(http://www.cxpasy.ch/sprot/). SRS (http://srs5 .hgmp.mrc.ac.uk!), and PROSITE
(http://www.expasy.ch/prosite/). The phylogenetic distribution of these RNA-binding
sites was analyzed following the three domain taxonomic scheme.

3. Rcsults and discussion

ln this first phasc of our study \VC havc restrictcd oursclvcs lo the RNA-binding motifs
rcported in thc literature . Thus. it is likely that the results reportcd represent a lowcr
limit of thc differenl functional kinds of RNA-binding sequences, i.e.. that therc are
many other as yet undetccted cases of such polypeptides.

Thc distribution of such RNA-binding domains among differcnt highly conscrvcd
proteins with different functious (Table 1); suggests that domain recruitmenl and fusión
havc taken place in the early cvolution of such polypeptides . It also implies that sorne of
thcse domains are probably oldcr than the proteins in which thcy are found today. i.c..
they are molecular fossils in thc sensc described above.
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1ahle l . RNA-hllldlllg do lila 111 S lound in so rne ofthc highly conscrved protcins.
' CilyRS lrom Thermus thermphtlus: Rp (rihosomal protcin): RS (al1linoa.: yl-tR Ni\ s vn thctas c ).

I

RNA-hilldill~ dumain Highlv conscrvcd nroteins Refcrenccs
()JB rold RrS 17. i\srRS. l.vsRS. Am a and Cavarclli. 1997 :

"heRS. ..\ snRS Eriani el al.. 19')()

RNI' I·:I-"·(i. I'heRS Liljas and Garbcr. 1995:
Mos vak el al.. 1995

Lctt handcd 11á.11 cross over RrS5 . Er·( i Status el al.. 1998

l ll I DNA-hinding likc [{pS7. RpLI4 Drapcr and Rcvnaldo, 199')

1 Novel uJII I(lld I IlisRS . I'roRS. ThrRS. (i1~'RS' Ama el ,,1.. 19')5:
I I Cu sack el al.. I ')') X:
i

I
Sankaranaravanan el al.. 1')') ') :

L l .ouah e l al.. 1')1)5
. .

Onc cxamplc of such molecular fossil could be the ribosomal protein S8 (RpS~) . This
polypcptidc is one of the corc ribosomal proteins. It binds to the 16/18S rRNA with
high affinity. and plays a central role in the assembly of the JOS subunit of the
ribosome. The I!-~ col i RpSX also regulates its gene cxprcssion by binding to its own
mRNA. thcreby acting as translaiional repressor of the ""pe (spcctinomycin-resistancc)
operon. The spc operon includcs thc genes of the ribosomal proteins L 14. L24. L='. S 14.
S8. L6. LI 8. SS. LJO. and L1 =' (Mattheakis & Nomura, 1988) : The RpSS target site on
the spc mRNA is similar to the 16S rRNA S8 binding site in both at primal)' and
secondary structure levels (Cerreti el al.. 1988; Gregory el al.. 1988) .

The ribosomal protein S8 resulted from the fusion of two domains. Its N-tenninal
domain is similar to portions of the DNase I and HaeIlI methyltransferase that bind to
DNA (Davies, el al., 1996). The C-tenninal domain seems to be an RNA-binding
domain found on1y in this protein. Mutants with on1y eight residues missing from the C
tenninus exhibit significantly lowered RNA-binding properties (Urna el al., 1995). The
level of eonservation of the primary strueture of the RpS8 aeross the three cellular
domains and of the spe operon in the two prokaryotie domains (Siefert el al., 1997):
together with the faet that almost the sarne RNA strueture is recognized by the protein
for its function on the rRNA and for its own regulation in the mRNA, strongly suggest
that this mechanism of auto-regulation of gene expression may be among thcoldcst
ones that evolved during the evolution of theprotein biosynthesis.

Perhaps not surprisingly, some of the RNA-binding domains resemble DNA-binding
domains, sueh as the ETS DNA-bindingmotif-like of RpS4, or the helix-hairpin-helix
motif of RpS 13. It is possible that sueh domains would eorrespond to polypeptides with
funetions already in the RNA-protein world, adapted to the DNA-RNA-protein world.

We are currently working on the eonstruetion of a catalog of RNA-binding domains.
Analysis of this dataset. is expeeted to provide insight into the characteristics of whieh
may be some of the oldest polypeptides still recognizabletoday.
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1. Introduction

The recognition that different macromolecules may be uniquely suited as molecular
chronometer.s Ü!. the construction of nearly universal phylogenies has widened the range
of phylogenetic studies to previou.sly 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
eukaryotie nucleocytoplasm, now referred to as the domains Bacteria, Archaea, and
Eucarya, respectively (Woese et al., 1990). The eonstruction of the rRNA tree showed
that no single major braneh predates the other two, and all three derive from a common

. ancestor. It was thus eoncluded that the latter was a progenote, which was defined as a
hypothetical entityin which phenotype and genotype still had an imprecise, rudimentary
linkage relationship (Woese and Fox, 1977). Aecording to this view, the differenees
found among the .transcriptional and translational maehineries of eubacteria,
archaebacteria, and eukaryotes, were the result 0[- evolutionary refinements that took
place separately in each of these primary branehes of descent after they have diverged
from their universal aneestor (Woese, 1987).

From an evolutionary point of view it is reasonable to assume thatat sorne point in time
the aneestors of all forros of life must have been less eomplex 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 aneestor was a progenote may
have been premature. Pending the issue of horizontal gene transport (Figure 1), a partial
description of the last common aricestor (LCA) of eubacteria, archaebacteria, and
eukaryotes may be inferred from the distribution of homologou.s traits among its
descendants. Ten years ago, the set of sueh genes that had been sequenced and
compared was still small, butthe sketehy picture that had emerged suggested that the
most reeent common aneestor of all extant organisms, or cenancestor, as defined by
Fitch and Upper (1987), was a rather sophistieated eell (Lazeano, Fox and Oró, 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; (e) 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, pyrimidines, coenzymes, and other key molecules in metabolism (cf.
Lazcano, 1995).

Recent results have confinned the
aboye conclusions. These traits are ~

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 lineages. Their
presence suggests that the
cenancestral population was not a
direct, irnmediate descendant of the
RNA world, a protocell or any
other pre-life progenitor system
(Lazcano, 1995). Very likely, the
LeA was already a complex
organism, much akin to extant
bacteria, and must be considered
the last of a long line of simpler Figure 1. The gene complement of the LeA is ·defined

. . . . . by the intersection of the complete genomes of the three .
earher cells for which no modero ' domains. The arrows represent the horizontal gene
equivalent is known. Moreover, the transfer between cellular dornains,

universal' distribution of the same
essential features of genome replication, gene expression, basic anabolic reactions, and
membrane-associated ATPase-mediated energy production in all known organisms not
only provide direct evidence of the monophyletic origin of all extant fonns 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 themare very strongly selected against.

While trees based on whole genome information have confirmed at a broad .level the
rRNA-based phylogenies (Snel 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
variety 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 involvcd in biosynthetic pathways, have confrrmed
the existence of the three primary cellular lines of evolutionary descent (Doolittle and
Brown, 1994), but there is evidence of extensive horizontal transfer 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 stróngly 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 polymerization of nucleotides should provide
insights into the transition from the prebiotic broth to the extant enzyme-mediated
replication of nucleic acids.

Nucleotide polymerizatíon

non-temp1ate
Ab otic

NHrCN
His-His
Clays

En
Ribonuclease A
Polynucleotide phosphorylase
Poly (A) enzyme

Figure 2. The abiotic and enzymatic polymerization of nucleotides .

In principIe, this could also explain the evolutionary development of polymerases, an
issue directly related to the chemical composition of the cenancestral genome. Since all
extant cells are endowed with DNA genomes, the mostparsimonious 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 ofthe primary
structure ofDNA polymerases (Olsen and Woese,J996; Edgelland Doolittle, 1997), as
weU as on the striking differences in their phylogenetic distribution compared with
rRNAs, aminoacyl-tRNA-synthetases, and other molecules involved in transcription
and translation. This has led to suggestions that DNA genomes, together with the
corresponding polymerases, may have been invented independently in the different cell
domains (Mushegian and Koonin, 1996; Leipe, el al. 1999).

Evolution of enzymes in biological systemsoften involves the acquismon of new
catalytic or binding properties by an existing protein scaffold. However, identification
of several non-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 polI,
DNA pol a, RT, and rat DNA poI Pprototypes.

Family .
Representatives

DNA polyrnerase I family (A polymerase family) - Klenow fragment of Escherichia coli DNA
polyrnerase I

- Klenow fragmcnt of Bacillus DNA
polyrnerase I

- Thermus aquaticus DNA polyrnerase
- T7 RNA and DNA polymerases

DNA polyrnerase a (B family DNA polymerase or - AH eukaryotic replicating DNA polymerases
family JI) (a,o,e)

- Phage T4 DNA polymerase
- RB69 Phage polymerase

Reverse transcriptase family - HIV reverse transcriptase
- RNA-dependent RNA polymerase
- Telomerase

Rat DNA polvmerase 13 - DNA polvmerase 13 (rat)
Bacterial DNA polyrnerase III - Bacterial DNA polyrnerase IlI, on the basis

of amino acid sequence comparisons.

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

All DNA polymerases whose tertiary structure has been deterrninated 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 Pand its homologues. The structure
of the other polymerases has been described as consisting of "thumb", "palm", and
"finger" domains (Kohlstaedt, et al, 1992). DetaiIed analysis of the three dimensional
structure of DNA polymerases from the pol I, pol a, and RT families suggest that their
palm sub-domain has a single origin, i.e., it is homologous in all of them, while the
frngers and the thumb sub-domains are different in all four of the families for which
structures are known (Brautigam and Steitz, 1998). The complex evoIutionary 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 l 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 a 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
down1oaded from Protein Data Bank (www.rcsb.org/pdb/): DNA polymerases A family:
lKLN, Escherichia coli; lTAQ, Thermus aquaticus; lXWL Bacillus
stearothennophilus; and from DNA polymerases B family: 1TGO, Thennococcus
gorgonarius; lDSA, and Desulfurococcus sp. Tok; .

The palm sub-domains of all of them, following the cIassification of CATH databas e
(www.biochem.ucl.ac.uklbsm/cath_new/index.html). were aligned manually using the
program SPDBV (Guex, and Peitsch, 1997) (W\\fW.expasy.chlspdbv/text/refs.htm) to
construct a structural multiple alignment.

The sequence of the palm domain from T. gorgonarius (ITGO) was used as a query
against the SwissProt databas e in the NCBI server (www.ncbi.nlm.n.ill.govIBLAST/),·
usíng Blast (Altschul, et al, 1997). Sequences from eukaryoticDNA polymerases thus
identified using this metod, were added to the structural multiple alignment using the
program ClustaIX 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 folIowed 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); DPODJ30VIN DNA polymerase
delta catalytic subunit (Expect = Se-04); DPOD_MESAU DNA polymerase delta

.catalytic subunit (Expect = 7e-04); DPOD_RAT DNA polymerase delta catalytic
subunit (Expect = 8e-04); DPOZ_HUMAN DNA polymerase zeta catalytic subunit
(Expect = ge-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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Figure 3. Multiple structural alignmeot ofthe palm subdornains. Enclosed in boxes are the residues which are
structurally homologous in all the domaios studied here. The sequences are as follows: DNA polyrnerasesA
farnily: IKLN, Escherichia coli; IXWL Bacillus stearothermophilus: ITAQ, Thermusaquaticus; and frorn
DNA polyrnerases B family: ITOO, Thermococcus'gorgonarius; ID5A, and Desulfurococcus sp. Tok. Above
each sequence the secondary structure is shown : h, a-helix, and s, for p-strand.

4. Discusion and conclusions

Although the availability of completely sequenced cellular genomes has enhanced the
lilcehood 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 LeA
genome (Mushegian and Koonin, 1996; Leipe, el al., 1999), our attempts to understand

. the distant past can also be limited by the polyphyletic origin of DNA polymerases,
whose c1assification into different families reflects a case of convergence. Nevertheless,
the evidence presented here clearly shows that the palm subdomains of the 1 and 11
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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 nucleoride 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 elsewhere (Lazcano etal., 1988).

A possible evolutionary sequence of nucleotide polymerization

Prebiot ic polyrnerization of nucleotide-derivatives mediated by His-His, NH2CN, Zn- (perhaps in chernically
active surfaces?)

T
Ion-dependent ribozymic RNA replicase

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

T
Stepwise substitution ofthe ribozymic RNA scaffold by peptides

T
Appearance of an ion-dependent proteinic ancestral polymerase (palrn-subdornain?)

Polyphyletic Origin!f extant polymerases

Figure 4. Possible evolutionary sequence of nucleotide polyrnerization agents, starting frorn 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 RNNprotein world stage (Figure 4). This possibility is
supported by the homology between the viral TI RNA and DNA polymerase. However,
the highIy conserved sequences of the ~ and ~' subunits of the DNA-dependent RNA
polymerase which are found in all three cellular domains, indicate that by the time the
LeA had evolved, a modero 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

Introductlon .

Umil me late 1970s cellularevolution was assumed ro be a continuous, unbroken chain
of progressive rransformations mar begun wirh me emergenceoflife itselfand continued
until me endosymbiotic origin of eukaryotes marked me major biologicaldiscontinu

iry. Th is scheme was challenged when me comparison of small subunit ribosomal RNA (16/
18S rRNA) sequencesled to me construcrion of a rrifurcated, unroored tree in which al! known
organisms can be grouped in one of rhree major monophyleric celllineages, i.e., me domains
Bacteria(eubacteria),Archaea (archaeabacteria), and Eucarya (eukaryores);' Informarion from
one single molecular rnarkerdoes not necessarily yield a precisereconstruction of evolurionary
processes. but as shown by numerous phylogenies consrrucred from other genes such as those
encoding polymerases, elongation facrors, F-rype ATPasesubunits, hear-shock and ribosomal
proteins, me identification of the three major Iineages is not an arrifacr based solely upon me
reducrionisr extrapolarion of informarion derived from me rRNA tree, but arrue reflecrionof
an anciem trifurcarion.

Cladistic analysis of rRNA sequences is acknowledged as a prime force in sysremarics, and
from its very inception had a major impacr in our understanding of cellular evolurion. As
shown by me unrooted rRNA trees, no single domain predares me other twO and all three
derive from a common ancestor, Recognition of me significanr differences mar exist berween
me rranscriptional and rranslarional machineries of me Bacteria.Archaea and Eucarya, which
were assumed ro be the result of independem evolutionary refinements, loo to me conc1usion
mar me primary branches were the descendants of a progenore, a hypothetical biologicalenriry
in which phenorype and genorype srill had an imprecise, rudimemary Iinkage relationship.f

From an evolurionarypoinr of viewir is reasonable to assume mar at sorne poinr in time me
ancestors of al! forms of life must have been less cornplex rhan even the simpler extanr cells
However, me conclusion mar me last common ancestor (LCA) was a progenore was dlsputed
over ten yearsago when me analysis ofhomologous traits found among sorneofits descendants
suggesred mar ir was not a direct, immediare descendanr of me RNA world, a protocell or any
other prelife progenitor systern, Under me assumption mar horizontal gene rransfer (HGT)
had nor been a major driving force in me dístríbution of homologous traits in me three do
rnains, ir wasconcluded mar cheLCA was a complex organism, much alike extant bacreria.3.4
A decade ago me invemory of such shared fearures was srnall, bur ir was surmised mar me
sketchy picture developed wirh me limired darabases would be confirmed when complerely
sequencedcellgenomes from me three primary domains.This has not been me case: me avail
abiliryof an increasinglylarge number of complerely sequenced cellular genomes has sparked
newdebates, rekindling me discussion on me narure of me ancestralenriry.5This is shown, for
instance,in me diversiry of names mar havebeen coined rodescribeir:progenore,2cenancesron''
LUCA. last universal cellular ancestor,7 and LeC, last common cornmuniry,8 among others.
These terrnsare not trulysynonymous, and rhey reflectme currenr controversieson me narure

Th~ Gm~tic Cotkami th~ Origin o[Life. edired by UuIs RibaS de Pouplana.
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Figure l. Venn diagrarn scherne indicating themostparsimoniow characrerization ofthegene complement
ofthelastcommonancestor{LCA).Theinnersubsetcom:spondstohighlyconservedRNAmetabolism-rdated
sequences (see text), and the arrows indicare horizontal gelJe rransfer (HG'I) events, which issorne cases
involved endosymbiotic events.

of the universal ancestor and me evolutionary processes mar shaped it, In mis chaprer we
survey sorne me difficulties encountered in me descriprion of me last cornmon ancestor, and
summarize ongoing discussions on its narure, reviewing briefly how mis information can be
used ro infer earlier steps in biological evolution.

Universal Phylogenies and the Search for the Cenancestor
The trairs shared by all known living beings are far to numerous and complex to assume

thar they evolved independentiy. Minor differences in me basic molecular processes of me
three main celllines can be dístingulshed, bur all known organisrnsshare me same genericcode
and me same essentialfearuresof genome replicarion,gene expression,basicanabolic reactions,
and membrane-associaredATPase rnediated energy producrion. The molecular details of mese
universal processes not only provide direct evidence of me monophyleric origin of allc:xrant
forrns of life, but also imply that the sets of genes encoding me components of mese complc:x
traits were frozen a long rime ago. i.e., major changes in them are strongly selected against.

The variations that are observed in extant speciescan be easilyexplained as me outcorne of
divergenr processes from an ancesrrallifc form .fimsd origo of all.conremporary organisms. Of
course, no geologicalremains will bear testimony of its existence, as the search for a fossilofthe
universalancestor is bound to prove fruitiess;9 from a c1adisric víewpoint, rhe LCA ismerelyan
infcrred invemory of fearuresshared among extant organisms (Fig. 1). allof which are located
at mc tip of the branches .of molccular phylogenies. However. if me term "universal distribu
tionh is restricted to its most obvious scnse, i.c.. mat of traÍts found in allcompletely scqucnced
genomes. mcn quite surprisingly me resulcingrepcnoire is formed by relarively few features

~_.



and byincomplerelyrepresenredbiochemicalprocesses.10-12 Analysis of sorneof chernost likely
apriori ca.ndidares for stricr universaliry, such as rhose sequencesinvolved in DNA replicarion,
have rurned out ro be nor only poorly preserved but also, in sorne cases, of polyphyleric ori
gin.13.14

In principIe,dererminarion of cheevolurionarypolariryof characterstates in universalphy
logenies should lead ro che recognirion of cheoldesr phenorype. Accordingly, che rnost parsi
moniouscharacrerizarion of cheLCA can beachievedby proceedingbackwards and surnmariz
ing chefearures of cheoldest recognizable node of cheuniversal cladogram, i.e., rooring ofme
universal tree would provide direcr informarion on me nature of rhe LCA. However, me
plesiomorphictraits found in chespace defined by rRNA sequencesa1low checonsrrucrion of
ropologies thar specifybranching relarionships but not cheposirion of cheancestralphenorype.
This phylogeneric cul-de-sac was overcomed by Iwabe15 et al and Gogareen 16 et al, who ana
Iyzed paralogousgenesencoding (a)cherwoe1ongarion facrors (EF-G and EF-Tu) that assisr in
prorein biosynrhesis; and (b) che a and Phydrophilic subunirs of F-rype ATP syncherases.
Usingdifferenrrree-consrrucring algorithrns, both reamsindependendy placedrhe root of che
universal crees berween che eubacreria, on che one side, and che archaea and che eukaryodc
nucleocyroplasm on cheother, By rooting deep phylogenies, ancienr paralogousduplicarions
providechemeans ro place cheLCAin the universal tree,The conclusion thar Bacreriaare che
oIdesr recognizable cellularphenorype, and cheArchaeaand Eucaryasisrergroups, isconsisrenr
with sequenceanalyses thar have shown thar che eukaryoric genes involved in che transcrip
rionlrranscriprional molecularmachineriesare cIoserro their archaealcounrerparrs than ro che
eubaererial ones.17.20

However, che issue is far from solved, and has in facr been furrher complicared with che
advenrof genomics.For insrance,Philippe and Forterre'Z have argued that chebacrerialroor is
a long-brancharrracrion arrifaerdue ro chemurarional saruration of chemore than 3.5 x 109
years-old markersequencesused in checonsrrucrion of deep phylogenies. Aspareof an arrempr
ro overcome chis lirnitation, cheyhaveused a covarion-basedphylogeny-building methodology
rhat al!ows for rate variarion of conserved sires under varying constraints, which led ro cla
dograms wichan eukaryoricroot.

This conclusion has been enchusiasdcally embraced by Penny and Poole,21 who in anum
ber of publicarions have argued that che eucaryal fragmented genome (as indicared by me
exisrence of separarechromosomes)and inrranuclearRNA processing areevidenceofcheprimi
riveness of nucleared cell genomes, Le., char cheLUCAwas a eukaryore. This hypochesis has
been presenrOO, a1beir wich somewhar differenr emphasis, by ochers.5.22 However, mere are
severa!reasons charlead us ro disagree wich che proposal made by Penny and Poole (l999).21
These include nor only chepresenceof a widelydisrribured ser of conservedserof DNA repair
enzymes charare presenr in che chree domains,23 which may be inrerprered as evidence of a
cenancestral DNA genome, bue a1so chefol1owing:

a. Alchough ir is likely char che segmemed genomes found amongcerrain RNAviruses repre
seman evolurionary srraregy lO overcome che Eigen errorchreshold,24 che average lengrhof
eukaryoric chromosomes is in general well above chesize of eachviral RNAgenomicseg
mentoMoreover. mulriple chromosomes and ocher rraitsofeukaryoric genome archirecrure
are nor by chemselves indicarive of che anriquiry of che eucaryal nucleocyroplasm; assum
marized by Bendich and Drlica,25 yeasr relomerase-defficiem cells areendowed wich circu
larchromosomes, and ocher archirecrural fearures cypical of eukaryoric genomes, such as
polyploidy. linearchromosomes, and verylarge amoumsof DNAhave a1so beendescribed
in differem prokaryoric species;

b. mrranuclear RNAprocessing ischaraererized self-splicing reactions of che irnmarure RNA
phosphodiesrer backbone. However, chere isnoeonclusive evidence chatimronself-splicing
and ribozyme-mediared RNA processing are rruly primordial aetiviries: ribozymes wich
ligase activiry andself-deaving RNAs ribozymes areexrremely abundanr, anddistinermecha
nisms bywhicheditingcan occurhavebeen described.26Theseobservarions demonsrrare
che polyphylyof ribozyme-mediared processes, and imply char nor a11 of chem are rruly

,
j

L,

vestigial activiries, Le.. not al! eukaryoric RNA proeessing is a relie of a preDNNprorein
world but maybe in faer a larer developmenr: and

c. Cholesrerol and relatedsterols arehallmarks of nuc!earedcells.This is true even of anaero
blc, arnitochondrial ancienrspecies such as Giardia lamblia, wherecholesterol is furnished
byits host. Althougheucaryal genomearchitecture and srerol biosynchesis areindependenr
fearures, chehighlyflexible eukaryoric internal membrane sysrem which underlies che en
doplasmic reticulum and che nuclear membrane, which defines che environmem where
RNAprocessing takesplace, would nor be possible in che absence of cholesterol. Since che
anaerobic biosynchesis of cholesterol isnot feasible, chis suggests that, incontrastroprokary
ores, eukaryotes couldhavenot appeared until free oxygen accumulared in che Precambrian
environmem. This srrongly diminishes chelikelihoodof a eucaryal-like LCA.

Progenote Swarms or Prokaryote-LikeCenancestors
Analysis of an increasinglylarge number of genes and genomes has revealed major discrep

ancles with che ropology of rRNA trees. As summarized by Brown (chis volume) very ofeen
these differences have been inrerprered as evidence of horizontal gene rransfer (HGT) evenrs
berween differenr species, quesdoning rhe feasibiliry of che reconstruction and proper under
standing of earlybiological hisrory.27Depending on their differenr advocares,a wide specrrum
of mix-and-march recombinarionprocesses havebeen described,ranging from chelateralrransfer
of few genes, ro cel1 fusion events involving organisrris from differenr domains. There is clear
evidence that genomes have a mosaic-likenature whose componenrs come from a wide variery
of sources.28 However, nor a11 sequences have che same likelihood of undergoing horizontal
rransferevents, Proteornic analysisof funcrional groups of sequencessuggesr that while house
keeping genesare more prone ro HGT, ~enes involvedin transcription, translarion, and relared
processare less likely ro be rransferred. On cheone hand, these observarions help ro under
stand che peculiariries of merabolic¡ene phylogenies-? and, on che other, the faer that even
rRNA can undergo HGT evenrs31•3 supporrs contenrions of a web-like parrern of early bio-
logicalhisrory.27 . ,

Reticulatephylogeniesgreacly complicare cheinference of cenancestral trairs. Driven in parr
by che impaer of lateral gene acquisition, as revealed by che discrepancies of differenr gene
phylogenies wim che rRNA reee, and in parr by me surprising complexiry of che universal
ancesror as suggesredby direcr backrrack charaererizarionsof che oldesr node of universalcla
dograrns.Woese33proposed charcheLCAwasnor a singleorganismo bur rachera highlydiverse
popularion of metabolicallycomplementary, cellularprogenores endowOO wichmulriple, small
linearchromosome-likegenomescharbenefiredfrom massive mulridirectionalhodwntal rransfer
evenrs. According ro chis model, che essenrial fearures of reanslarionand che developmenr of
merabolic pachways rcok place before che earliesr branching event, bur whar loo ro che chree
domains was nor a single ancesrrallineage. bur a rapidly differenriaring communiry of generic
enrities.This communal ancesror occupied as a whole rhe node locared ar che horrom of rhe
universal reee, in which rhe decrease of sequence exchange and increasing generic isolarion
would evenrual!y lead ro cheobserved rriparrire division of che biosphere.

We have an alrernarive opinion. The genetic enriries char formed che communal ancesror
proposed by Woese33 may have been exrremely diverse, bur an indicarion of cheir u1rimare
monophyleric origin from asole progeniror is provided by universallydisrributed fearures such
as ,che genetic code and che gene expression machinery.' Did chis hypocherical communal
progenore ancesror diverged sharply inro che mree domains soon afeer che appearance of me
code and cheestablishmenr of rranslaríon?Nor necessarily. The origin of chemuranr sequences
ancesrral ro mose found in al! exranr species. and chedivergence of che Baereria, Archaea. and
Eucarya were nor synchronous evenrs, Le., che separaríon of rhe primary domains rook place
larer. perhaps even much larer. chan rhe appearanee of che genetic componc:nrs of cheir (asr
common ancesror. Moreover,by definirion. me node 10carOO ar chehorrom of checladogram is
che roor of a phylogenetic rree. and coi'responds to che common ancesror of chegroup under
srudy. But names may be misleading.Whar we have been calling che roor of cheuniversal rree



is in fact me tip of its trunlc invenrories of LCA genes inelude sequences thar originared in
differenr precenancesrral epochs.11.3+36 .

Universal gene-based phylogenies ultimately reach a single universal entiry, but the
bacrerial-like LCA.which we favor. was not alone. Company must have been kept by its sib
lings,a popularion of enritiessimilar ro ir mar exisred throughour the same periodo They may
havenot survived,bur sorneof their genesdid if theybecarneinregraredvia lateral rransferinto
me LCA genome. The cenancestoris one of me lasrevoludonary outcornes of a tree trunk of
unknown length, during which me hisrory of a long but not necessarily s10~7 seriesof ances
tral evenrs ineluding lateral gene transfer, gene losses, and paral~ous duplicadons probably
playeda significanrrole in me accrerionof cornplexgenomes.3.38

Ir iscurrenrlydifficulrro proposea unifying hypothesis. However, me scherneourlined here
is supporred by gene content rrees, which exhibir an excellenr broad-Ievel agreernenr with
rRNA-based phylogenies.4O-12 Such trees are not e1adograms bur phenograrns, Le.• they are
merely hierarchical represenrarions of similariries and differences in gene content, where me
presenceor absenceof a sequence is counted as a characrer. 'Since differenr lineages evolve at
differenr rates, such overall similariry may be an equivocaJ indicaror of genealogicaJ relation
ships. Nevertheless, mese crees are consisrenrwirh rRNA phylogenies, and do not supporr me
hypothesis of massive HGT berween disranr species. Comparisons of combined orrhologous
prorein data sets mar excludesequences that may have undergone lateral rransfer are equally
consisrenrwith rRNA-based trees, 12 The robusrnessexhibired by mese differenr rnethodolo
gies indicare mar although lateral gene rransfer has played major role in cellular evolution,
massive lateral rransfer evenrs berweendistant groups has not taken place. This suggesrs not
only mar me early hisrory of life has not been complerely oblirerared by lateral reansfer of
genes.~3 bur alsomar me roleof rericulare evolurion in defining me LCAas a progenoreswarm
may have been oversrared.

The Nature of the Cenancestral Genome: DNA oc RNA
Sinceallexranrcellsareendowedwirh DNA genomes.me mosr parsimoniousconclusion is

mar mis generic polymer was already presenr in me cenancesrral populadon. Woese«·~5 has
suggesred omerwise. arguing for a progenore-like universal ancesror endowed wim a rapidly
evolving genome formed by disaggregared. small-sized RNA molecules. This possibilirywas
supporred ar leasrin paerby rhe findings ofMushegian and Koonin.~6 who suggesred mar me
absenceof eucaryaJ or archaeal homologs of key componenrs of DNA replicadon and nuele
odde biosynrhesis in rhe minimal gene ser which resulred from rhe comparison of rhe
Haemophilus influenzaeand Mycoplasma geniralium genomes indicared rhar rhe cenancesror
had used RNA as genedc polymer. Such conelusion is weakened by me limired dara.ser ana
Iyzed. which consisred of only rwo parasitic bacterialgenomes rhar have undergone exrensive
polyphyleticgene losses.47In a subsequem publication. however. Koonin and hiscollaborarors
analyzed a Iargeser of primases. replicative polymerases. and omer proreins involvedin DNA
replicadon. and havesuggesred an alrernadve scheme wim a hybrid RNNDNA cenancesrral
genericsystemwhosecomplex replicadon cycleinvolvingreverse rransctipdon.48

There are indeed manifold indicadons mar RNA genomes exisred during early srages of
cellularevoludon~9 bur. as argued below. ir is likely mar double-srranded DNA genomes had
become firmly esrablished prior ro me divergence of rhe rhree primary domains. The major
argumenrs supporring mis possibilirr are:

a. In sharp conrrasr wirh orher energerically favorable biochemical reacrions (such as
phosphodiesrer backbone hydrolysis or me rransfer ofaminogroups). me direa removal of
rhe oxygen from rhe 2'-C ribonucleoride penrose ring ro form rhe corresponding
deoxy-equivalenrs isa mermodynamically much less-favored reaction. considerably reduc
ing me likelihood of mulriple. independenr origins ofbiological ribonucleotide reducrion:

b. demonsrration of che monophyleric origin of ribonucleotide reducrases (RNR) is grearly
complicared by cheir highly divergenr primarysequences and rhedifferenr mechanisrns by
whichchey generare che subsrrare 3'-radical species required for rhe removal of me 2'-OH

group. However, sequence analysis and biochemical characterizarlon ofarchaebacrerial RNRs
. haveshownrheír similariries with their eubacrerial and eukaryoric counrerparrs. confirrn
ing their Ultimare monophyleric origin:50-52and

c. sequence sirnilarities shared by many ancient, large proreins found in all three domains
suggesr mar considerable fldeliry existed in me operative generic sysrem of rheircommon
ancestor, but suchfldeliry is unlikely ro be found in RNA-based generic sysrems.3

While accepdng a DNA componenr in cheLCA genome. Leipeet al48 haveunderlined che
highly divergent characrerof the main componenrs of che (eu)bacrerial replicadon machinery
when compared with their archaeal/eukaryodc counterpart. Although ir is possible ro recog
nize me evoludonary relaredness of various orthologous DNA informadonal proreins (Le.•
ATP-dependenr clamp loader proteins, roroisomerases. gyrases. and 5'-3'exonucleases) across
me entire phylogeneric specrrum.14.13.4 comparadve proreome analysis has shown rhar
(eu)bacrerial replicativepolymerases and primases lack homologues in rhe rwo other primary
kingdorns, As argued by Leipe er al48 these observarionscan be explained by assuming a dual.
independenr origin of me DNA replicarion machineriesof the Bacteria, on rhe one hand, and
of rhe Archaea/Eucaryal on rhe orher. Furrher convolurions have been added ro rhe plor by
Forrerre.53 who argued mar che evoludonary separarion berween rhe replicarion componenrs
resulred &om rhe nonorrhologous displacemenr by rapidly evolvingviral or plasmid-encoded
geneproducessoon afrer me divergenceof the three primary dornains, as wellby Villarrealand
DeFilippis.54who in a similar vein have suggesred a viral origin of nueleared cell DNA poly
merases.

Evoludon of enzymesin biologicaJ sysrems o&eninvolves the acquisition of newcaralyric or
binding properries by an exisdng prorein scaffold.This has nor been rhe case for rhe major
rypes of polymerases. asshown by me idendficadon of several nonhomologous e1asses of poly
merases: primases. DNA polymerases. ·DNA-dependenr RNA polymerases. replicases. and
poly(A) polymerase.among orhers.55The polyphyledc origin of differenr polymerases and rhe
largesequencespaceexploredby DNA polymerasesprobably reflecrrhe energedcaJly favorable
characterof rhe enzyme-mediared synmesisof phosphodiesrer bonds in rhe presenceof a rem
piare.

A11 DNA polymerases whose rerriarysrrucrure has been derermined share acommon over
all archirecrural fearure comparable ro a righr hand shape. Derailed analysis of rhe
mree-dimensional sreucrures of me poi l. poi a. and reverse rranscriprasefamilies haveshown
mar meir palm subdomain. which caralyzes me formadon of rhe phosphodiesrer bond. is ho
mologous in all of memo while me fingers and rhumb subdomains are differenr in all four of
che families for which srrucrures are known.55 Homologous palm subdomains havealso been
idenrified in rhe viral17 DNA- and RNA polymerases.56 indicadng rhar ir can caralyze rhe
remplare-dependenr polymerizadon of ribo- and of deoxyribonucleoddes (Fig. 2). More re
cendy.me consreucdon of a darabaseof aligned crysral srrucrures of DNA poi families A and B
has allowed me precise idendficadon of rhe conserved morifs described by Poch el al57 in rhe
caralyric palm subdomain ofDNA polymerasefamilies A(I) and B(II). and leading ro irs iden
tificadon in me eukaryodc DNA polymeraseb and 1; subunils.58

As summarizecl by Forrerre.53 a nucleic acid replicadon enzymadc machinery requires. ar
rhe very leasr. a replicase. a primase. and a helicase. which are currenrly described as
nonorrhologues berween me bacrerialand rhe archaea/eukaryoricbranches. Given lhe central
role mar is assigned ro nueleic acid replicadon in mainsrream definirions of Iife.59 che lack of
conservationand polyphylyof several ofirs keyenzymariccomponenrs issomewharsurprising.
However. me ample phylogenericdisrriburion of me cacalyric palm subdomain and rhe relarive
remplare-and subsrrare specificidesof polymerases60,61 and helicases. suggesran explanadon
for me evolurion of me DNA replicadon machinery simpler char rhose advocared by Leipeer
al.~8 Forrerre.53 and Yillarrealand DeFilippis.54

Oue scheme assumes rhar the conserved palm subdomain described aboye is one of rhe
oldesrrecognizable componenrs of an ancesrralcellularpolymerase rhar may haveacredborh as
a replicase and a rranscriprase during rhe RNNprorein world srage. Once rhe advenr of



Figure2,Conservedcatalyticpalmsubdomainofthe family1E.coliDNA polyrnerase 1(a),the bacterioph
ageT7 DNA poi (b) and DNA-dependent RNA polyrnerase (e), and the family11 Desulfurococcus DNA
pollI (d). (Adapred fromBraurigamandSteitz;90Chccthametal;91 ]eruzalmiandSteitz;56andZhaoetal.92)

double-stranded DNA rook place, relarively few murations would have been requíred for the
evolution of this RNA replicase into a DNA polymetase prior ro the divergence of the three
domains. Our hypothesis implies mar this progenitor DNA polymerase was originally involved
in me replication of me LCA genome, until its (eulbacrerial descendam (represented roday by
repair DNA poi JI) underwema nonorthologous displacemem by the ancesror of the Escheri
chia coli replicative DNA poi III (DNA poi C) and ies homologs. The srrucrural homology of
RNA- and DNA-helicase domains62.63suggesr, on me other hand, the possibiliry ofa nonspe
cific helicase inherired from rhe RNNprorein world mat may have operared in unwinding
double-srranded DNA umil rhe evolution of the exranr DNA helicases.

By analogy wim me yeasr and animal mirochondrial RNA polymerases, which playa dual
role in transcriprion and in rhe initial priming required for DNA replication,64 we propose thar
the original RNA polymerase described aboye caralyzed me formation of the RNA primer
required for DNA replication. This hypothesis implies mar extanr bacterial and archaealJeu
caryotic primases are larer independem evolutionary developmenes thar displaced the cenancesrral
RNA polymerase from iesprimase function. Assuggesred aboye, this ancesrral polymerase may
have acted as a rranscriptase during me RNNprotein srage, bur the discribution of the highly
conserved sequences of rhe oligomeric DNA-dependem RNA polymerase indicare mar by the
rime rhe cenancesror diverged, a modeen rype of rranscription had evolved . How this complex
oligomeric cranscriprase carne imo being can only be surmised ar the rime being.

ey.sJO

Some Like It Very,Very Hot
The rooring of universal e1adistic trees determines me dlrecrionaliry ofevolutionary change

and a1lowsthe recognirion ofancestral from derived characters, i.e., primitive characters should
appear in older, basal branches than do their derived coumerparts. Deterrnination of the root
ing point ofa cree normally irnparts polariry ro most or aII characrers.65 Ir is, however, im por
tant ro distiriguish berween ancienr and primitive organisrns. Organisrns Iocated near the root
of universal rRNA-based crees are e1adistically ancient, bur they are not endowed with a primi- ..
tive molecular genetic appararus, nor seem ro be more primitive in their metabolic abilities
than their aerobic coumerpares.

The siruation is slighclydifferem regarding the phylogenetic distribution ofhyperthermophily,
which appears ro be a truly ancestral, primitive traít. Exarnination of the prokaryotic branches
of unroored rRNA trees had a1ready suggested that the ancestors of both eubacteria and
archaebacteria were extreme thermophiles, i.e., organisrns that grow oprimally at remperarures
in the range 90· C and above.66 Rooted universal phylogenies confirmed thar hyperthennophiles
are not randomly distributed in che universal cree, buc are c1early located rowards the lowesr
portion of molecular rRNA-based e1adograms.67 Ir is somerimes overlooked that the bacterial
rooting of universal trees implies that hyperthermophilic bacteria such as Thermoroga and
Aquifex are closer ro che LCA than the oldest hyperthermophilic archaea, including the
korearchaeora, which branch below rhe euryarchaeora/crenarchaeora split.68 Sorne

, hyperthermophile sequences are displaced from their basal positions if molecular markers other
rhan elongation facrors or ATPase subunits are compared,69 bur che antiquity of
hyperthermophiles appears ro be well established,45.67.7G-72 and has received additional suppon
from crees based on combined protein data sets from which sequences a1ignmenes thar are
candidares for HGT have been exeluded. 12 '

Backward exrrapolaticn of the basal position of hyperthermophiles led not only ro the hy
pothesis ofa hear-Ioving LCA, but also ofa high-ternperarure origin oflife,7° which according
ro sorne rook place in extreme environments such as those found roday in deep-sea venes73 or
in other sites in which mineral surfaces may have fueled the appearance of primordial
chernoaurolithotrophic biological sysrems.74 However, a11 these views have been conrested in
one way or another, and are still open issues.75For instance, ir isdifficulr ro cake for granred the
possibiliry ofhyperthermophilic universal ancestor endowed with a fragrnented RNA genome
proposed by Woese33 with the extreme thermal fragiliry of RNA molecules.

The recognicion that the deepest branches in rooted universal phylogenies are occupied by
hyperthermophiles does not provides by itselfconelusive proofofa heat-Ioving LeA. Analysis
of the correlation of the oprimal growth temperature of prokaryores and the G+C nueleocide
content of 40 rRNA sequences through a complex Markov modelo has led Galtier et al76 ro
conelude that the universal ancestor was a mesophile. lf thísis indeed the case. then the distri
bution of hyperthermophiles in rRNA-based phylogenies could be explained by: (a) lateral
rransfer of thermoadaptacive craies;n (b) hear as a relic from early Archean high-temperarure
regimes rhar may have resulred from asevere impacr regime;78.79 (c) assuming rhat
hyj>erthermophiles displaced older mesophiles when chey adapted ro lower remperarures, rather
than being the sole survivors of an impacr evenr.80 Ir should be kept in mind. however, thar
since the time dimension is absem from the low G+C rRNA value inferred by Galcier er al,76 it
ispossible thar ir corresponds nor the cenancesror ieself, bU[ ro one ofies evolucionary predeces
sors, located a10ng rhe crunk of rhe uni~ersal cree.

Thus, a1though no mesophilic organisrns older than hear-Ioving bacreria have been discov
cred, ir is possible rhar hyperthermophily is a secondary adaptation that evolved in early geo
logical times. 78,81,82 Hyperthermophiles nor only share che same basic fearures of the molecular
machinery of a11 other forrns of life; they also require a number ofspecific biochemical adapta
tions. Such adaptarions may inelude hisrone-like proreins. RNA modifying enzymes, and re
verse gyrase, aJeculiar ATP-dependem enzyme thar twises DNA inro a positive supercoiled
conformarion. Clues ro the origin of hypei-thermoph~ymay be hidden in this lisr. and ies

l

¡
¡
¡
1
i
¡

L""

Asp ~40

Ce)Pro ?SO

\ GI)'5ol2

c... .. ,¡¡"""'....\.
l/ ,,, A'p~12 (A'P537

AJp S..O :' . '7\,,, ¡. ."
1.'1 ~ ~

\- ~\~ i , \

'" ~..\.- "1 :f'\\,;
I '" "'v h
! , '~i)

\, '~ ~'\.

;'¡ ' :

. "\ ' ,~J ;\ ..
1. '¡ ,,\ :J¡1

I , ~ ' ~,"695, ~, ' G1y911

"', ~ ,,,1', " ;
\ " 't~~.._", \~m~>

l,. \~ '.;;ji

Ca)



_ . "O " " " -J - "J"

evoluríonary analysis may conrribure ro rhe undersranding of the rarher surprising ~hyloge

netic distribution of the immediaremesophilicdescendantsofhear-Iovingprokaryotes, 7which
shows that at least five lndependenr abandonment events of hyperrhermophilic traits rook
place in widelysepararedbranches of universal rrees, one of which corresponds ro me eukary
otic nucleocyroplasm.

Trimm.ing tite rRNA-Based Universal Trees
The conclusion mar me LCAwasa prokaryote-likeorganism similar ro extant (eulbacteria

does not sar.. much about its mode of energy acquisition and carbon sources.As summarized
by Sretter,6 me basalposition of universalcrees are occupied by heterotrophic and autotrophic
hyperthermophiles, many of which Iivein sulphur-rich, extremeenvironrnents, with me deep
est branches occupied by chernolithoautotrophs mar have aerobic and anaerobic respirarion,
Direcrextrapolation of mese and other exrremophiletraits inro me LCAhas nor been taken by
granred by all. On me other hand, the irregular distribution of rnerabolic pathways and me
largepool of sequencesshared by exrant species leads ro a roripotent, phototroph LCA, unre
alistically endowedwith more biochemical attributes than sornemodern prokaryores.33.83How
ever, if multiple c~ies of everymajor gene family are assumed ro have been alreadypresent in
me LCAgenome, then me observed complex distribution panerns of bioenergericand bio
synthericgenes can be explainedas me ourcome of polyphyleticgene losses as me cenancesror
descendanrsadapred ro a wide varieryof environmenrs under differenrselection pressures.38.39

Although me timescale separating me LCA from me possible emergence of Iife is not a
rnajor problem given me rapid pace of prokaryotic evolurion,37 characterizarion of me
cenancestral merabolic abiliriescan be hindered by several major problems.These include me
horiwnral acquisirion of mecabolic pathways, a possibiliry enhanced by Iikelihood ofLGT of
housekeeping genes,29 and me facr that many open reading frames derived from complete
genome sequencingprojects remain unidentified (30 ro 50% depending on me organism). It is
possible mar sorne of mese ORFs correspond ro rapidly evolvinf sequencesencoding missing
enzymesof incomplerely reconsrructed merabolic pamways.84.8

The inadequate biodiversirysampling mar has shaped our currenr databases, which repre
sent an exrremely biased ser of sequenced gene and genomes, also complicares our efforrs.
Quite undersrandably, medica!and veterinarian interestshaveshaped me narure ofextanr ge
nome darabases from which many species areabsent, perhaps evenexcludingmembers of every
major biologica! group. Although clearlyincomplere, me adequacyof fullysequenced genome
darabases for 'me reconsrruction of ancestral states is probablygrearer than ir is general1y real
ized. There are, of course, many raxa we do nor know abour mar are yer ro be described.
However, in spire of mis scrong limitation and of me exrraordinary diversiry of habicars and
lifesryles, organisms share a surprising amounr of enzymatic activities, merabolic roures, and
basic biological functions, as reflecred in genome replicadon, gene expression, and merabolic
pamways.As rhe number of complerelysequenced genomeshas increased. me identificarionof
new genes and funcrions common ro allliving beings has nor expanded ar rhe same rare (Fig.
3). The possibilirymar sorneof me enzymesof archaic pamwaysmay havesurvivedin unwual
organismssuggesrmar considerable prudence should be exerredwhen arrempring ro describe
rhe physiology of ancesrral organisms. However, me sharp decline in me discovery of new,
universally discributedsequences,which would correspond ro an almosrcomplere inventory of
genescommon ro allliving beings,should signal me approach ro an almosrcomplere universal
ser of genes (Fig. 3).

A more complicared issue is raised by me possibiliry mar exranr en~mes participared in
alrernarive pamwayswhich no longerexistor remain ro be discovered,86.8 a possibilirymar has
begun ro be explored by compurer searchesfor alrernativereaction pamways.88 The discovery
mar carbamate kinase, which participates in fermencative ATP producrion, catal~ me for
marion ofcarbamoyl phosphare in me archaea Pyrococcus furiosw and P. abyssi shows mat
considerableanention should be given ro me possibiliry mar significanrvariarionsof me basic
pamwaysmay have' exisredin me pasr. .
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Figure 3.Thediscovery curve of universally distributed biochemical properties asinferred from proteome
analysis. Byanalogywich che socalled collector curve employed in ecology, irquandfies che analytic eErort,
assessed asche number ofcornpletely sequenced genomes analyzed, againsr che identificadon ofaddirional
biochemical fearures common roallcellular genornes.

Conc1wions and Outlook
Undersranding me biological atrributes of me LCA and me evolutionary processes mar

shaped ir has been defined as one of the major problems in evolutionary biology. This is not an
overstaternenr, since irwill assisrin me comprehension of one ofme major divergenceeventsin
me hisrory of life, as wel1 of paramounr significance in undersranding me differem degrees of
freedomthat have been explored in chesequence- and three-dimensional spacesby me molecu
lar componenesofcentral biologica!processes. Of course, current descripdons of me LCA are
limited by me scant informarion available. Ir is hard, of course, ro undersrand me evolutionary
forces that acted on our distant ancesrors,whose environments and derailed biological charac
teristics ~e forever beyond our ken.

Nevermeless, undersranding me characreristicsof rhe LCA may assisr os in describing rhe
entitiesmar may havepreceded ir.A1moughwesrrongly favoran (eu)bacrerial-Iikecenancesror,
ir is clear mar biological evolution prior ro me divergence of me mree domains was nor a
cominuous, unbroken chain of progressive transformation sreadily proceeding rowards me
LCA. No evolutionary intermediare sragesor anciem simplified version of me basicbiological
processes have been discovered in exranr organisms. Did Woese's33 differemiaring communal
progenore-like generic entiries exisredduring mis period?

Molecular cladisticsand compararive genomics may provide clues ro me genericorganiza
tion and biochemica! complexiry of rhe earlier emities from which me cenancesror evolved
maybe derived from me analysisof conserved ORFs. Genes involved in RNA merabolism,Le.,
ORFs whose producessynmesize, degrade, or inreracr wim RNA, are among me mosr highly
conservedsequences common ro all known genomes, and provide insighrs inro an earl)' sraSe
in ceH evolurion during which RNA played a much more conspicuous biological role.11.34. 6
However, it is difficulr to see how che applicabiliry of molecular c1adiscics and comparadve
genomicscan be exrended beyond a mreshold mar corresponds ro a period of cellularevolurion
in which protein biosynmesis was already in operacion. Older stages are nor yet amenable ro
molecularphylogenecic analysis. A1moughmere have been considerable advancesin me under
standing of chemica! processes mat may have caken place before me emergence of me firsr
livingsysterns, Jife's beginnings are srill shrouded in mysrery. A cladiscic approach ro mis prob-



lem is not feasible, since all possible intermediares rhar may have once existed have long since
vanished. The rernprarion ro do otherwise is best resisred. Given the huge gap existing in cur
renr descriptions of me evolurionary transition berween rhe prebioric synthesis ofbiochemical
compounds and me cenancestor, it may be naive to attempt ro describe me origin of life and
me nature of me first living systerns from the available rooted phylogenetic trees,
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Abstraet

The basic tenet of the heteratraphic 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 fram endogenous syntheses in reducing envi
ranments, 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 andnucleobases 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 conditi ons , 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 strang credence to the hypothesis that the emergence of life was the outcome of a long, but not
necessarily slow, evolutionary proces ses. 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 ofbiology 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.
© 2005 Elsevier B.V. AH rights reserved .
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1. Introduction

During a memorable 1939 lecture at the Royal Institution in London, wrote Max Perutz, the famous
John D. Bemal stated that "all protein that we know now have been made by other proteins, and these
in tum by others". How did such process got started? When Bemal repeated the same argument in a
later discussion, Perutz [67] adds, "the physicist W. H. Bragg asked him where the first protein had come
formo Instead of replying '1 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, [he 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 sorne cases invocations to spontaneous
generation appear to be lurking behind appeals to undefined "emergent properties" or "self-organizing
principIes" 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 sorne 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 principIes 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 thei r
precursors. However, in spite of a number of mesmerizing theoretical and experimental analogs [39,941
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 phylogenies back into primordial times. Comparative genomics is
a blooming field that has an extraordinary potential for our understanding early cellular evolution, but
it 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 el origo of all contem
porary organisms. When and how did such ancestral form arise?
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It is not possible to assign a precise chronology to the appearance of lite. 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 is unlikely
that water made its first appearance on Earth as a liquidoSoon 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 CI-Lt, NH3 and Hz. 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 infiux of cornet-Iike 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
COz-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 c1ass 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 gmjkg meteorite, or 2.0 x 10- 2 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 [5]. 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 bil1ion
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 fonn early oceans [93] . As the
Earth had cooled down and the influx of myriads of comets and asteroids had settled down, the reduced
chernical species, which were mainly supplied by volcanic outgassing and are very sensitive to UV
radiation that penetrated through the atmosphere due to the lackof 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 heterotrophy and the emergence of life

It is general1y 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 Pflüger on the role of hydrogen cyanide on the origin of life,
to those of Svante Arrhenius on panspermia, and includes Leonard Troland's hypothesis of a primordial
enzyme fonned by chance events in the primitive ocean, Alfonso L. Herrera's sulfocyanic theory on the
origin of cel1s, Harvey's 1924 suggestion of an heterotrophic origin in a high-temperature environment,
and the provocative 1926 paper that Hennann J. Muller wrote on the abrupt, random fonnation 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 sorne of these hypotheses considered life as an emergent feature of nature and attempted
to understand its origin by introducing principIes of historical explanation, the dominant view was that the
first fonns of life had been photosynthetic microbes endowed with the ability fix atmospheric CO 2 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 rneteorites, 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 sorne carbides, i.e.,
carbon-rnetal compounds, extruded from the young Earth's interior would react with water vapor leading
to hydrocarbons, others would be oxidized to form aldehydes, aicohols, 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 formo 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 arnmonia 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
Wachtershauser [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 FeS2 in envi
ronments that resemble those of deep-sea hydrothermal vents. Replication followed the appearance of
non-organisrnal 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.
is a rather contentious issue.

The reaction FeS + H2S = FeS2 + H2 is a very favourable one. It has an irreversible, highly exergonic
character with a standard free energy change fj.Co = -9)3 kcal/mol, which corresponds to a reduction
potential EO = -620 mV. Thus, the FeSfH2S combination is a strong reducing agent, and has been
shown to provide an efficient source of electrons for the reduction of organic compounds under mild
conditions. Although pyrite-rnediated CO2 reduction to ami no acids, purines and pyrimidines is yet to be
achieved, the FeS/H2S 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 (Ni, 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 Wachtershauser's central tenets is meager. Life does not consist solely of metabolic cycles,
and none of these experiments proves that enzymes and nucleic acids are the evolutionary outcome of
multistep autocatalytic metabolic cycles surface-bounded to FeS/FeS2 or sorne other mineral. As argued
elsewhere [3], experiments using the FeSfH2S 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 carne first from Harold C. Urey's laboratory, whom
had been involved with the study of the origin of the Solar System and the chernical events associated
with this process. Urey had also considered the origin of life in the context of his proposal of a highly
reducing terrestrial atmosphere [88]. The first successful prebiotic amino acids synthesis was carried
out with an electric discharge and a strongly reducing model atmosphere of C~, NH 3, H20, and H2
[52]. The result of this experiment was a large yield of a racernic mixture of amino acids, together with
hydroxy acids, short aliphatic acids, and urea. One of the surprising results of this experiment 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 experiment
was investigated [52,53] . The presence of large quantities of hydrogen cyanide, aldehydes and ketones
in the water flask, which were clearly derived from the methane, ammonia, and hydrogen originally 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 synthesis that involved aqueous phase reactions of
highly reactive intermediates. Detailed studies of the equilibrium and rate constants of these reactions
demonstrated that both arnino- 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, NH3, 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
O"C, and there are no known slow steps [56] .

A few years after the Miller experiment, Juan Oró, who had been studying the synthesis of amino acids
from an aqueous solution of HCN and NHJ , reported the abiotic formation of adenine [631.The synthesis
is indeed remarkable. If concentrated solutions of ammonium cyanide are reftuxed 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 principIe
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 Oró [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-H20 , 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 polymerization 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 NRtCN solutions has shown that in addition to adenine,
guanine is also produced at both-80 and -20 "C [47]. It is probable that most of the guanine obtained
from the polymerization of NH4CN is the product of diaminopurine, which reacts readily with water and
undergoes a hydrolytic deamination to give guanine and sorne isoguanine. The yields of guanine in this
"one-pot" reaction synthesis of purines yields are 10-40 less than those of adenine, guanine, and a simple
set of amino acids dominated by glycine have also been detected in dilute solutions of NRtCN which
were kept frozen for 25 years at -20 and -78 "C, as welI 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 (H2N-CO-NH2) However, since it is rapidly hydrolyzed to COz and NHJ , 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
hydrol ytic 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
it is unlikely that high arnounts of diaminopyrimidine were present in the primitive Earth, both uracil and
very low yields of cytosine resuIt 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 z [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. Howdid organic compounds accumulate in the prebiotic soup?

The easiness of fonnation under reducing conditions (C14 + Nz, NH3 + HzO, or COz + Hz + Nz) in
one-pot reactions of ami no acids, purines, and pyrimidines strongly suggest these molecules were present
in the prebiotic broth. Experimental evidence suggests that urea, aleohols, sugars fonned by the non
enzymatic condensation of fonnaldehyde, a wide variety of aliphatic and aromatic hydrocarbons, urea,
carboxylic acids, and branched and straight fatty acids, including sorne which are mernbrane-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 109 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 cornposi
tion that fonned 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
(CH 4 + Nz. NH 3 + HzO, or COz + Hz + Nz) to neutral (COz + Nz + HzO) . 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 COz model
atmospheres [77]. It was found thatnot 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 fonnation 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
cver, 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, H2CO and NH3; (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 N14HC02; (e) instability of reactive
chemical intermediates like amino nitriles (RCHO(NH2)CN), which playa 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 sorne 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 valúes 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 altematives. 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 (S2-), 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 material necessary for setting the stage for the origin of life. It is also possible that the irnpacts of
iron-rich asteroids enhanced the reducing conditions, and that cornetary col1isions led to localized envi
ronments favouring organic synthesis, Based on what is known about prebiotic chemistry and meteorite
cornposition, if the primitive Earth was non-reducing, then the organic compounds required rnust have
been brought in by interplanetary dust particles, comets, and rneteorites, a hypothesis that requires that
a significant percentage of rneteoritic ami no 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 cornets and meteorites, and pyrite-rnediated ca 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 polyrners 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, ineluding many
of the simple compounds that playa 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 e1early
took place in the primitive Earth. Synonymous terms like 'primitive soup', 'primordial broth', or 'Dar
win's warm little pond' have led in sorne cases to major misunderstandings, including the simplistic
image of a worldwide ocean, rich in self-replicating molecules and accompanied by all sorts of 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 inelude not only membrane-bound systems, but also oceanic sediments,
intertidal zones, shallow ponds, fresh water lakes, lagoons undergoing wet -and-dry cyeles, 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 sorne 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 polyrnerization of activated adenosine and uridine
derivatives producing 2S-S0-mer oligonueleotides [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 polyrners , or by concentrated salt
solutions [30], a process that could take place in tidal region s during evaporation or freezing of seawater
and that would have led to the release of polymers.

As summarized elsewhere [2], direct concentrationof 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 NaCI solutions containing Cu(I1). Yields of di- and tripeptides in
the 0.4-4% range have been reported using starting amin o acid concentrations in the 40-50 mM range.
Clay minerals such as montmorillonite apparentl y pro mote 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 Oand 25 "C [49], and
recent studies have shown that eutectic freezing is especially effective in the non-enzymatic synthesis of
oligonucleotides [37] .

It 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 sorne 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 patterns. 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 polyrnerization, as well as coherent hypothesis of how they may have
catalyzed the transition to an RNA world.

8. The transition towards a DNAlRNAlprotein world

RNA molecules adsorbed onto c1ays such as montrnorillonite, which can catalyze the formation of
RNA oligorners, can be encapsulated into fatty acid vesicles whose formation in turn is accelerated by
the c1ay. 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, sorne of the basic
machinery needed for RNA self-replication could have been compartmentized into 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 aboye 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 rnetabolic-like path
ways rnust 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. sorne metabolic pathways needed to produce essential corn
ponents required by prirnitive living entities were perhaps originally non-enzyrnatic or serni-enzyrnatic
autocatalytic processes that later became fine tuned as ribozyme-rnediated and protein-based enzymatic
processed began to dominate [44] .

AII known organisms share the sarne 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 traits 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 sorne cases the existence of graded intermediates can be deduced.

It is 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 catalyzed
by ribozyrnes, 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].
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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 evento 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
prirnitive, 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 geno mes
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 froman 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 periodo They may have not
survived, but sorne 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 geno mes, but that can be considered ba
sically RNNproteins 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 systerns capable of undergoing natural selection.

It is 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 cornpounds
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 modero 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 DNNprotein
based biology resulted.
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Abstraet

Twenty completely sequenced cel1ular genomes from the three major domains were analyzed using twice one-wav
BLA3T searches in order lo define the set of Ihe most conservcd protein-encoding sequences lo characterizc the gene
complement 01' the last common ancestor 01' extant life, The resulting set is dominated by different putative ATPases ,
and by molecules involved in gene expression and RNA metabolism. DI~AD-type RNA helicasc and enolase genes,
which are known to be part 01' the RNA degradosome, are as conserved as many transcription and translation genes.
This suggests the carly evolution 01' a control mechanism for gene expression at the RNA level, providing additional
support to the hypothesis that during early ccl1ular evolution RNA molecules played a more prominent role. Conscrved
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 01' biological divcrsit y, the sequences reported here are Iikely to be part
01' an esscntial and highly conserved pool 01' protcins domains conunon to al1 organisms.

Kcy words: last cotnmon ancestor , cenanccstor, RNNprotein world, progcnotc



1. INTRODUCTIOl\

Onc of the major achievements of molecular cladistics has been the evolutionary comparison 01' small subunii
ribosomal RNA (rRNA) sequences, which has allowed thc constrnction 01' an unrooted free in which all known
organisms can be grouped in one 01' three major (apparently) monoph yletic cel1 lineages: the eubacteria, the
archaebactcria, and the eukaryotic nuc1cocytoplasm, now retcrred to as new taxonomic categorics, i.c., the domains
Bacteria, Archaea , and Eucarya, respcctivel y (Wocse et al., 1990). The variations of traits common to these major
groups can be casily explained as the outcome 01' divergent processes from an ancestral Iitefonn that cxisted prior to the
separation 01' the three major biological domains, i.e., the last common ancestor (LCA) or cenancestor (Fitch and
Upper , 1987). No paleontological remains will bear testimony of its existence, as the search for a Iossil of the
ccnancestor is bound to prove fruitless, However, insights on its nature can in principie be dcduced from the molecular
record .

From 11 c1adistic viewpoint, the LCA is merely an inferred invenlory 01' features shared among extant organisms, all 01'
which are located al the tip of the branches 01' molecular trees . From an evolutionary poinl 01' view, howcver, il is
rcasonable to assume that at some point in time the ancestors 01' all forms 01' life must have been less complex than even
thc simpler cxtan t cells . However, the conclusi ón that the LCA was a progcnote, i.e., a hypothetical biological entity in
which phenotvpe and genotype still had an imprecise, rudirnentary linkage relationship (Woese and Fox.. 1977), was
disputed sorne time ago when the analysis 01' homologous traits tound arnong sorne 01' its descendants suggested that it
was not a direct , immediate descendant of the RNA world , a protocell or any other pre-life progenitor system . Under
the implicit assumption that lateral gene transfer (LGT) had not been a major driving torce in the distribution 01'
homologous traits in the three domains, it was conc1uded that the LCA was a complex organism, much likc extant
bacteria (Lazcano et al ., 1992: Lazcano, 1995).

A decade ago many were convinced that the LCA was verv much like extant prokaryotes, but the inventory 01' shared
traits based on sequence comparisons was small. It was surmised that the sketchy picture developed with the limitcd
dala bases would be confirmed by completely sequenced cell genomes trom the three primary domains. This has not
bcen the case: the availabilitv 01' an increasingly large number 01' completely sequenced cellular genomes has sparked
ucw debates, rekindling the discussion on the nature 01' the ancestral entitv (Doolitt le 2000). This is shown, for
instance , in the diversity of names that have been coined lo describe it: progenote (Woese and Fox, 1977 ), cenancestor
(F itch and Upper, 1987), LUCA, a tenn first coined to describe the last universal comrnon ancestor (Philippc and
Fortcrre, 1999), and then as an acronym for the last universal cellul ar anccstor (Forterre, 2002 ), and LCC, last conunon
connnunity (Line, 2002 ), among others. These terms are not truly synonymous , and they rel1ecl the current
controversies on the nature ofthe universal ancestor and the evolutionarv processes that shaped it.

Lateral gene transfer and the rcconstruction of early ccll evolution

In the past fcw years the analysis 01' an increasingly large number of completely sequenced cellular genomes has
revC<IJcd major discrepilJJcies \\'iUl tJle 10pology 01' rRNA trccs. Very OfieJl these d.ilTerCJJces llave been llllerpreted as
evidence of laleral gene trllilsfer (LGT) events belwecn widely separated species , questioning the feasibility 01' the
reconslmction and proper lInderstmlding 01' early biological history (DooJittle, 1999,2000). There is c1ear eviclence that
genoll1es have a mosaic-Jike nature whose components may come from many diflerent phylogenetically separated
donor species (Ocluuan et al. , 2000; Zhaxybayeva and Gogarten, 2004; Zhaxybayeva et al. , 2004) . Depending on their
dit1i.:rent advocates, a wide spectnuu 01' mix-and -match recombination processcs have been described, ranging trOln t11e
laleral transler of lew genes via cOluugation, transduction or tnmslonualion, to cell fusion events involving organisms
trom the samc or even dit1erent domains (Rivem and Lake, 2004).

Dclining the natllre 01' LCA is one 01' lhe central goals of lhe stlldy 01' the early evolution 01' lile on Earth , and several
atlempts have been made in this direction. Proper description of the LeA is still an unfinished task, mainly becallse 01'
the complexity 01' the evolutionary process that cOlmect extanl organi sms with it, the lack 01' a full understanding 01' the
ImÜor cvolutionary events that have taken place along the history 01' Jife on Earth.. and the Jimitations inherent 01' the
mcthodological attempts to reconstnlct its nature. In this papcr, we survey sorne 01' the difficulties encountered in the
characterization 01' the last COlJ1lnon anccstor, and sUIUmarize ongoing discussions on its nature. We also attempt a
reconstmction 01' the gene complement 01' the LCA basccl on the conservation 01' proteins in a databasc 01' twenty
completely seqllenced cellular genome s Irom the tluce major dOll1ains, trom which endos~ll1bionts and obJigate
parasites were excluded.
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3. MATERIAL AND METHODS

'1'0 avoid biascs in thc backtrack characterization of the LCA due to sccondary gene losses, a sample of complete
prot comes from the three domains of lije Irom non-endosymbiotic or non parasitic species was downloaded Irom the
Kvoto Encvclopedia of Genes and Genomes KEGG data base (llp://llp.genome.ad.jp/publkeggl) (Kanehisa el al.,
2(00). Thc followi ng spccics werc analizcd: Bacteria, Bacillus subti lis, Streptococcus pneumoniae,
Thermoanaerobacter tengcongensis (Firmicutes), Escherichia coli K-12 (Proteobacteria ), Fusobacterium nucleatum
(Fusobacteria), Syn echocystis sp. (Cyanobacteria ), Aquifex aeolicus (Aquificae), Deinococcus radiodurans
(Deinococcus-Therrnus); Archaca, Archaeog lobus fulgidus , Methanococcus jannaschii , Halobacterium sp.•
Thermoplasma acidophilum, Pyrococcus itorikoshii (Eurya rchaeota) , Aeropy nt m pernix, Sulfolobus solfataricus,
Pyroba culum aerophiluni (Crenarchaeota); and Eucarya, Caenorhabditis elegans (An im alia), Saccharomyces
cerevisiae , Schizosaccharomyces pomb e (Fungi), Ara bidopsis thaliana (P lantae) .

In order to construct the set of the most conserved set of proteins common to these proteomes, a one -way BLAST
search strategy was pertormed using 13LAST algorithm (Altschul, et al. , 1997 ) as summarized in Figure l . The efficacy
of this anal ysis depends on the ability of each BLAST search to frnd all homologs of the query scquence A. Although
thi s methodology may miss homologs common to all three lineages, it has fue advantage of constructing a census of
only the most conserved seq uences, or 01' the most conserved domains in proteins , The .order in which these genornes
were Iirst analyzed by one way l3LAST search was as follow s: A. aeo licus , A. fulgidus, A. pemix, A. thaliana . B.
subtilis, C. elegans, D. radiodurans, l:'. coli, V nucleatum, Haloba cterium sp.. M. jannaschii, P. aerophilum, P.
horikoshii, S. cerevisiae, S. pneumoniae, S. pombe, S. solfatar i cus, Synechocystis sp.. T. acidophilum, T.
Tengcongensis. A second one way BLAST search was then pcrformed in opposite direction. Onl y one false negat ive
seq uence was identi fied , b 1740. that corrcsponds to a NAD synthetase (glutamine-hydrolysing). Since domains are the
structural and cvclutionary units 01' prote ins, we have cxtracted fue highly conscrved sequcuces from E. coli, M.
jannaschii and S. cerev isiae, which are among the most well- studied organisms, and identified fue protein domains
conserved between each group 0 1' homologous sequences using fue Pfam database (Bateman et al., 2(04 )
(http://www.sanger .ac.uklSotlwarelPfam/). ·l1Jis allowed the identili ca tion of multidomauJ proteins while avoiding the
problem of false positives , '1'0 avoid tJJC difficulties with sequences that can be classified under multiple cate gories,
sueh as enolase ( i.e ., sugar metabolism or as a component of the degradosome), Table 1 follows , onl y in part , the
cellular functional classes described bv KEGG. wi th emphas is.on a broad-scale description 01' sequences that interact
withRNA.

~. RESULTS

Because our intercst is centered on the construction 01' a census 01' the most conserved proteins, onl y the genomes 01' E.
eolioS. cere vistae and M. ja nnaschii were analyzed in detail. The sequences in the resulting set have been classified
according to functi onal categories which we have modified from tho se used UJ KEGG to avoid diluting sequences
involvcd in RNA rnetabol ism among other categories (Ta ble 1). There are 283 highl y conserved proteins from S.
eerevisiae, 245 trom E. eoli, and 145 lrom A4.janllasehii. Thi s set represcnts the most conserved sequcnces conllJ1on to
alI genomes studicd here. As ShO\\ol\ in r abie f. the list oChighly conserved molecular traits inc!udcs sequences rciated
to infonnational process like tran scription and translation and several kinds of mctabolic enzymes.

As expected Irom previous studies, dilTerent groups 01' gene s involved in dil1erent RNAs (Klenk et al. , 1993) and
translation (Olsen and Woe se; 1 997 ~ Koonin, 2003: Harri s et al., 2003 ) exhibit a high level 01' conservation, wlúle lhe
only replicat ion-reiated conserved ORfs arc fue bactcrial clamp-loading prote in complex (Edgell and Doolittle, 1997 )
(dnaX, b04 70), and its archaeallcllkaryot ic homologs (replication lactor-C, MJ1422, MJ0884 , YJR068W, YNL290W ,
YOL094C), whiclJ befongs to lIJe AAA (ATPascs Associated wifu diverse celIufar AClivities ) fanJify (rabie O, As
shown in Ta hle 1, the set 01' sequcnces compiled using fue methodology outlined here is overwhelmingly dominated by
(a) molecules related to translation, RNA synthesis (i.e, tran scription), translation and degradation; and (b) proteins
with ATP -binding and hydrol yzing activities \\hich can be grouped in re1atively few discretc sets (ABC transporter
suhunits, RNA DEAD helica ses , AAA-type ATPases , and HIT superfamily 01' nucleotide-bulding proteins). Given the
ub iqu ity and diversity of these ditlerent proteins wifu ATrase activity, it is perhaps not surprising tJlat the sequences
encoding the hydrophilic sub units of F-type ATP synthascs and tJlei r homologs in the three domains are also highly
conserved.

As reported by others (Mushegian and Koonin , 1996~ Koonin, 2003 ~ I-Iarris el al., 2003) the resulting repertoire
includcs lew isolated sequences lrom incompletel y representcd basic biological processcs, such as en'~rgy metabolism,
nucleotide and amino acid bios:mthet ic pathways. transcription, tran slation, mJd folding of prote ins. as well as some
seq uen ces rcla ted to repl icati on, repair. and celllllar transportoAs discusscd belo\\". th is pattem 01' primary seqllence
con scrvation C<1II be explaincd hy manitold processcs that include polyphyletic losses, the mctabolic idiosY1\Cfllsies 01'

di verse specie:>, and dit1erenc mCes of molecular e volucion.
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5. DIS CUSSIOl\

Thc mcthodological approaeh devcloped hcrc is straightforward: wc searchcd 101' sequcnccs prescnt in all gcnomes
ana lyzed thathave changed slowly cnough lo he still recogniza blc using tJJC one-way m .J\ST strateg y described abovc,
Bccausc a simple BLAST search may not find all possiblc homologs of a given scqucnce, thc results shown hcre
reprcscnt a ti rst approximation of thc gene complemcnt ol' the LCA as dcscr ibcd trom the standpoint of S. cerevisiae ,
E eoli and Al. ja nnaschii, three specics that have heen sclccted bccause of the considerable intormation that exists on
thcir biology. A more complete cen sus of highlv conservcd trait s would require a detailed anal vsis of each set of
homologous protcins using more sensitivo approache s likc profile-bascd methods aud , cvcntuall v. into rmutiou derived
from tertiarv struc turc databascs.

Rcconstructions of gene complcmcnts of distant ances tors are mere sta tistical approximatious of hiological past, since
the ir acc uracv depend s on manifold factors including the possi ble biases in the construction of genome databases, the
lcvc ls of hori zontal gene transfer, the significant variations in substitution ratcs 01' diffcrcnt protcins, aud the dcgrcc 01'
sccondary looses, as well as methodological cavea ts . As argued here, in spite of these Iimitations the availablc data
providcs signiticant insights into (a) the exi stence of an ancient RNAJprot ein world; (b) the biological complc xity 01'
thc LCA: ami (e ) and evidcnce pertaining to the chemical naturc o t'the ccnancc stra l genome (i.e. RNA 0 1' DNA).

T hc high proportion of ccnanccstral RNA- related ORFs suggcst the pri or-exist enc e uf an RNA/protcin world

In order to avoid the bias introduced bv secondary gene losses (Becerra el al ., 1997), we have not included in our
analysis genomes trom obli gare parasites 01' endosymbiotic organisms, which woul d lead to an undcrestim ation 01' the
number 01' genes inherited trom the LCA. As demonstrated by other analyses, protein s that interact with RNA in one
way 0 1' other are amon g the most highly conserved sequcnces (De laye and Lazca no. 2000: Ananthara man el al., 2002 ).
This is ShO\\11 in Figure 2, where more than 80% 01' the conscrvcd dom ain s corrcspond to proteins Ihat intcract directlv
with RNA (s uch as ribosomal protc íns, DEAD-Iype he íicases, aminoaeyl IRNA synthctascs, and cíongau on iactors,
among others), 01' take part in RNA and nucleotide biosyntheses, inclu ding the DNA-dependent RNA polvmerase 13
and rr subunits, dimethvlade nosine translerase, ade nyl-succinate Iyascs, dihydroorotate ox idase, and ribose-phosphate
pyrophosphokinase. among manv others (Table 1). Thisperct.,lIuge inc1udes sugur melaholism-rclall.'t! scqucnces (sce
heIO\\')

None thdcss. few melaholi c genes arc part 01' lhc conscr wd ORF produ CI se\. These ind ude mam' sugar melaboli sm
related scquences, such as the enolase -t.' leod ing genes noted above, as well as homologs of thioredoxin (lIx13. n~i 1536),
phos phori bosy l-p}TOphos phate sY11lhasc (prs. bI207 ), and UDP-ga laclose 4-epimcrasc (galJ:". b(759 ) genes . Very
likcl y, thc evolutionary conservalion 01' the lI :r13 and prsA genes is bes t lUlderstood in tenns 01' Ihe kcy role s thcy play in
nuc1eot ide hiosY11thesis. The role 01' UDP-galactose 4-ep imcrase in complex curboh~'dratc svnthesis via the
intereonversion 01' the ga l actos~' l and glucosyl groups is well -kIlo\\1\. Although the uniqueness 01' the enZ\1lle
meeh anisl1l has bccn acknowlcdged, il is possible that the conscrvati on of lJDP-galaclose 4-epi merase is due to an
unde seribed partieipation in other basie processes. as in lhe case 01' enol ase .

ATP -depende nl RNA hclicascs are universally-distrib uted , highly conserved proleins whic h participate in a variely 01'
cd lular functions involving the unwinding and rearrangemenl of RNA molecu\es. including tran slation initiation, RNA
splieing, ribosol1le asselllbl y, mRNA nucleocytoplasl1lie tnm sport , and degmdosome-medialcd mRNA decay (Sehmid
and Lindcr 1(92 ). 111e degrad osome is a multiellZ}1uatie eomplex invol ved in mRNA processing and breakdO\\ll, that
includes polynucleotidc phosphorV'lase (whieh shares an RNA -h inding domain with RNAse E). polyph osphate kinase
(P PK), ATP-dependenl DEAD/I I-Iype RNA helicase (RhIB), and enolase, a glyco lytie ellZvme Ihat calalvzes the
conversion 01' 2-phosphoglyeerale to phosphoenolpymvate and waler ( I31 um et al. , 19(7). ReporL<; showing that PPK is
not essenliaI 101' E. eoli survival and may be a Iater evolutionary addition involved in degrad osome regulation (B1UI1let
a l.. 1( 97) are consislent wilh the absenee 01' the corresponding gene lrom thc sel 01' highly similar ü RFs.

Although RNA hydrol ysis is an exergonic process, de gradosome-mediated mRNA tumowr plays a key role as a
rcgul atory meehanism 101' gene expression in hoth proka ryote s and eukaryotes (B1ulll el al., 19(7). A possihle
cxp lanation 101' the conservalion 01' DEAD- t~-vc RNA helicases lIlay lic in their role in protein hiosvnl hesis and in
mRNA degradation. This possihi lily is supported by !he phylogenelic relatt.'dncss of the Rhlll 1U1d DeaD sequences
(Schmid and Lindel', [992 ) and by Ihe surprising conservation o( Ihe el1o-like Sl.'q uences. le Ihis interprelation is
correc\. then it could be arguw Ihat dcgradosome-mcdiated mRNA tumover is an ancient contro l mechmú sm at RNA
leve! lhat was eSlablished prior lo the di vergencc of the three primary kingdom s. Together with olher lines of evidencc,
inc1uding the ohser vation that the most highl y conserved gene cllL'iters in severa l (eu)baclerial gcnomes are rcgulated at
RNA-Ieve! (Siclc rt et a l., 19(7 ), the result s rcported here are liJlly con sistent with tJle hypothesis tJlat during carl y
stages of cd l evolution RNA molec ules played a more conspicuous role in cd lular proce sses.

5



Thc LeA, a progcnote or a bactcria l-likc cenanccstor?

Our ability lo reconstruct lhe gene complcment of U1e LCA dcpends in parl on thc levcl s of lateral gene lransfer during
carly ceJl evol ution , as well as on Ihe degrce of diflerential gene losses across cellular Iineagcs (Becerra el al., J997). 11'
laleral gene transfcr was ramp ant durin g carl y evolution, then there is a risk 01' overestimating the number 01' genes 01'
thc LCA. '111e opposite outcomc can be cxpectcd it: on the other hand , diflcrcntial losse s havc been much more
common in cvolution,

Ana lysis of an increas ingly large number 01' genes and gcnomcs has rcvcaled major discrcpancics with Ihe topo logy 01'
rRNA trecs. As summarized by Brown (2003), verv o íten these di ffercnccs have bccn intcrprcted as cvidcncc 01' LOT
events bctween diflerent species, ques tioning the Ieasibility 01' the reconstruction and propcr undcrstanding 01' carly
biol ogical hislOl}' (Doolillle, 1999). ThcTC is evidence Ihal gCllOlllCS Iwl't: a mosllic-likc narure wllOsc compollcllls comc
from a wide varicty 01' sources (OcIU11an el al., 20(0 ). However, nol all scquences are equally prone lo such
phenomenon , nor has the evolution 01' all prokaryotic species bccn eq uall y affected by LOT (Z haxybaycva el al., 2004).
Most tran sfcrs take place betwecn close ly related species, and intcrdomain LGT evcnts are quite rare oAccordingly, ir
thc species that carnes the ance stral scqucncc was nol the organismal ancestor itself, the n vcry likc lv was its closc
relat ive (Zhaxybavcva and Gogartcn, 2(04 ).

Driven in part by the impact a l' lareral gene acouisi tion as rcvealed by the discrepanci cs of differcní gene phvlogenies
with the rRNA tree , Woesc ( 1998 ) prop osed that the LCA was not a single organi sm, but rathcr a highly dive rso
populat ion 01' met abol icallv complementary, cellular progen otes endowed wilh multiple, sma ll linear chromosome -likc
gcnomes that beneli ted lrom massi ve multidirectional horizon taltrunster cvcnts. Acco rding lo this idea, which is
reminisccnt 01' a similar hypothesis proposed independentlv by Kandler ( 1994 ). U1e essential tcatures 01' transl ation and
the development 01' metabolic pathways took place before the ear liest branching event. but what led to the thn..'e
domains was not a single ancestral liucage, but a rapidly diflcrcntiating community 01' gcnetic cn titic s. Thi s communal
ancestor occ up ied as a whole the node loca ted al the bollom 01' the universal trcc, in which the dccreasc of seq uence
cxc hange and incre asing gene tic isolation eventually lcad lo the observed triparti to divisi ón otthe biospherc .

We suggest a d ifferent scenar io. ·111e LCA was 01' cou rsc nol a lone: company must have bcen kept hy its siblings, a
popul ation 01' entities similar to il lhat existed throughou t lhe same per iod: Th....y mav have nol sUfvived. bul some of
Iheir genes did if th ....v became inte!!raled via lateral lransler inlo lhe LCA !!enome. 111e c<:nanceslor is one of lhe lasl
evolutionary outcomes ol' a lree lm~lk ol' unkn o\\11 length , during which th~ history 01' a long bUI nol nec<:ssaril y slo\\·
(Lazcano and Miller. 1994 ) s.... ries 01' ances tral events inc1uding lateral gene tran sfer. !!....ne loss....s. ¡Uld dUDlications
probably played a sjg;Ji li C:lI~l rol...- in lhe accrelion 01' complex gel~omes (L~zcano el al., 1992 ; Caslre~ana, 200'1; Snel el
al. , 20(2 )

111e gene complement 01' lhe LCA can a lso be con sidered a mosaic in thal nol all uni versally,distribulcd genes are of
equal antiquity. For inslance , the evid ....nce suggesting lhat DNA evo lved aller RNA and proleins (Laz cano et al., 1988;
Freela nd et al. , 1999) implie s lhal lhe lranslat ional machinery is · older than ribonucleolide redu ctases or DNA
polymerases. However. lhe exlraordinarv similarity 01' lhe basic traits shared by all extanl ce lls suggest that thev musl
have been integratcd by lhe lime of lhe I~CA. . . -_ .

lhe genetic enlities thal lonned lhe communal ancestor proposed by Woese ( 1998 ) may have been exlremelv di ver se , .
but an indiC:ltion 01' lhe ir ult imale monophvletic origin from a sole progenitor is pro vided b\' universallv distribulcd
le atures such as the genetic code and the basic Icatures 01' the gene expression mach iner y. Did this hypolhelical
communal progenole ance slor di\'erged sharpl\ ' into lhe lhrce dom ain s soon aller ¡he appeanmce 01' the code and the
establishment 01' translation ? Not necessaril \'. ·111e origin of the mutant scquences ancestral lo those lound in a ll extanl
species , and the divergence of lhe Bacleria , Archaea, and Eucarya were not synchro nous evenls, i.e ., the separation of
the primary domains took place laler, pcrhaps even muc h laler, than lhe appearance ol' the genetic componenls of lheir
last common ancestor. Moreover. by defí nition , the node localed al lhe bottom 01' the cladogram is the roo l 01' a
ph ylogenelic lree , and correspond:; lo lhe commo n ancestor 01' the group under slud y. But names may be misleading.
Whal \Vehave becn call ing lhe rool 01' lhe uni versal trce is in lacl the tip 01' its lrunk: inventories 01' LCA genes include
sequences thal originated in dilk rent pre-cenanceslral epochs (DcIaye and Lazcano, 2000; Becerra-Bracho et al., 2000;
Anantharaman et al. , 20(2 ). As noted by Fox et al (1982 ), a maj or phylogenelic issue is the relationship betwt:en the
liming 01' lhe transilion lrom lhe age of progenotes and lhe branching order belwecn the thrce ce\l domains. The gene
complement ol' the LCA de scrib<."t! here corresponds to a ce\lular entil y lha t evol\'ed alter lhe age 01' progenote had
come to an end , bul prior lo the divergence 01' the Archaea , Bacleria and Eucarya.

!l is curr....nlly dil'ficült lo propose a unilying h}VOlhesis. llowever, lhe scheme ou llined hae is supporteJ by gene
content lrecs. which exhihil a broad-Ievel agr<.'Cment wilh rRN A-based phvlogenies (Fi tz-Gibbon and I Iouse , 1<)99:
Snel el al. , 1999; Tekaia , el al. , 1l)l)<)). Such trees are not clad ograms bul phenogrruns, i.e., lhey are merely hierarchical
rcprcsclllal irms uf similar ilies amI diJJi:rellces in gene con/enl, \Vllerc !Jle prescnce or absellceDf ¡¡ sequellce is w lJJlled
as a characler. Since di tlerent lineages evol ve al dillcrent rah..'s, such overa \l simil ari tv may be ¡U1 equi vocal indicator 01'
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genca logica l relationships. Nevcrthcless, thcse trees are cousistent with rRNA. phylogenics, and do not support thc
hypothesis 01' massive LGT between distant specics, Thc robustness exhibited by these dilferent mcthodologics
indi catcs that although LGT has playcd an important role in cellular evolution, it has not obliterated thc earl v historv 01'
li je (Glansdorfl' 1m O), and I1ml íhe role of rcricularc cvolution in deJining the LC/\ as a progenDlc swarm muy nave
bccn ovcr stated,

Thc LeA, a DNA nr a RNA gcnome?

Siuce all cxtant cell s are endowed with DNA genomes, the most parsimouious conc lusion is that this geuetic polvmer
was alrcady prescnt iJJ Ihe ccnancestral population. Woesc ( J983, J987) has suggestcd othcrwise, arguing Ior a
progenote-like universal ancestor endowed with a rapidl y evo lving genomc íormcd by disaggrega ted, small-sized RNA
molcculcs. This possibi lity appeared lo be supported by fue findin gs 01'Mushegian and Koonin (19%), who argued
that the ubscnce 01'cucaryal or archaeal homologs 01'key components 01'DNA replication and nuclcotide biosynthe sis
in the minim al gene set which resulted Irom the comparison 01' the Haemophilus Ú!/lIl I!IIZae and Mycoplasma
genitalium genomes suggested that thc cenancestor had used RNA as gcuctic polymcr . Such conc lusion is weakened by
thc limited dala set anal yzed, which consisted 01'only two parasitic bacteri al genomes that have uudergone extensive
po lyphyletic gene losscs (Becerra et al ., 1997). In a subscqucnt publication, however, Koonin and his collaborators
anal yzed a large set 01' primases, replicative polymerases, and other protcins involved in DNA replication, and
suggcstcd an alternativo schcmc with a hybrid RNA/DNA ccnances tral gcnctic system wh ose complcx repli cation cycle
involved reverse transcription (Leipe el a l., 1999),

The idea that RNA preceded DNA as cellular gene tic material has been proposed indepcndcntlv by many authors (sec ,
for instancc, Oparin, 1961: Rich, 1962: Halda ne, 1965: Reanney, 1979 ). However, it is like ly that double-stranded
DNA gcnomes had bccome firmly established prior lo lhe divergenc c 01' thc three primarv domains. Thc major
arglJlllenls suppor1ing this possibiliry are: •

(a) in sharp contrast with other energetica lly favorable biochemical rcactions (such as phosphodiester backbonc
hydrol ysis or the transfcr 01'amino groups) , the direct remo val 01'the oxygen trom the 2 ' -C ribonuclcotide pentose ring
to form the corrcsponding dcoxy-equivalents is a thermodynamically much less-tavorcd reaction, cousidcrablv
red ucing the likelihood 01'múltiple. indepcndcnt origin s 01'biologica l ribonu clcotide n :J uclion:

(h) demonstration 01' thc monophyletic origin of ribonuclcotide reductascs (RNH) is grea tly complicatcd by their highl y
divergent primary seq uences and the diffe rent mechani sms by which lhe y general e lhe substrale 3 ' -rad ical species
required for the removal 01' lhe 2' -OH group. However,. sequence anal ysis and biochemical characlerizalion 01'
archaebacterial RNRs have shown their similari ties with their eubaelcrial and eukarvotic counlerparts, suggesli ng that
lhe mosl dislr ibllted ellZ~lnes are 01'mono phyletic Origi.Jl (Tauer el al. , 1996: Riera el aL 1997: Freeland el al., 1 999 )~

and

'(e) seq uence similari lies shared by many ancienl , large prolein s lonnd in all three domains suggesl lhat considerable
ti lielily exislec! in lhe opera live genetic syslem 01'their common anceslor, bul such lideli ly is unlikel y lo be lounú in
RNA-based genetic S\istems (La1.cano el al. , 1992 ).

Whilc accepling a DNA componenl in lhe LeA genome, Leipe el a l., ( 1999) have underlincd the higlúy divergenl
cha rac ter 01' lhe rnain components 01' lhe (e u)bacleria l replicalion machinerv when compared with Uleir
archaeaVeukarvotic counlerparl. Although il is possibl e lo recog nize the evo lulionarv rc1aledne ss 01' various
orthologous DNA inlonnalional proleins (i .e., ATP-dependen l clamp loader proleins. lopoisomerases , gyrases. and
5' -3' exonuclca ses) across the cntire phylogenelic speclrum, comparative proteome analysis has ShOWll thal (eu)
baclerial repl icative PolYllll.'fases and primases lack homologue s in the lwo olher primary kingdoms . As argued by
Leipe el a l., ( 1999) these observations can be expla i.Jled by ass uming a dual , independenl origin 01'lhe DNA replicalion
machineries 01'the Bac teria, on lhe one hand , and 01'the ArchaealEucarya l on the other.

We lhink this is unlik ely. Nuclc ic acid replication enzymati c machinery requires, al lhe very least , a replicase, a
primase, anel a helicase (Forlerre, 1999), which are currentlv describcd as non-orlhologue s belween Ule baclerial and
lhe archaea/eukarvotic bran ches. Given lhe central role th~l is as signed lo nuc1eic ~c id replicalion in main strcam
dclinitions 01'lite (Koshland 20(2 ), Ule lack 01'conserv ation and polyphyly 01'severa l 01' its key enzymatic componenls
is somewhat surprising. However, we bclieve that there may be an expl anation tilr lhe evolulion 01'the DNA replication
machinerv simpler thal the one advücated by Leipe el al., ( 1999) . Our hypothesi s implies that this progenil or DN/\
polymera se was orig ina lly involved in the repli collion 0 1' lhe LCA genome , unlil its (eu)bac lerial descendaJlts undelw ent
a non- orth ologous displacement by the anccslor 01'lhe I:'sc{¡er ic {¡ia coli replicative DNA poi III (DNA poi C) and ils
homol ogs . Based on the conservation and versa lily 01' runctions 01' the pahn do main 01' DNA polvl11erase 11 and its
h0l1101ogs, \Ve suggest thal lhe Archaeal cEucaryal repli cati on machinery is in ract older lhan lhe current Baclerial one.
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Conclusiuns ami outluok

The variations 01' traits common lo cxtant species can be casily explaincd as thc outcomc 01' divcrgent processcs fr om
;1lI ances tral lije Ionn tha t existed prior lo the separation of the threc major biological dornains, i.c., the Jast commor;
anccstor (LCA) or ccnancestor. Howcvcr. ifthe term "universa l distribution" is restricted lo its most obvious sense, i.e.,
ihat of traits found in all complelely scqucnced gcnomes, then quite unexpcctedl y thc resulting rcpcrtoirc is lormed by
rclatively fcw featurc s and bv incompletel y rcpresented biochcm ical processes (Tatusov el al., 1997; Tekaia el al.,
1999; BrO\\<11el al., 200 1; Dclaye el al., 2(02). Quite surprisiugly, sorne 01" the most likely a priori candidatos Ior strict
univcrsalitv, such as thosc scqucnces involved in DNI\ replicatiou, havc also turncd out lo be nol only poorly
prescrved but also, in sorne cases, of polyphylctic origin (Edgell aud Dooliu le, 1997: Olsen and Woese 1997; Bohlkc el
al., 20(0).

The traits describcd here as inherited from the LCA represent only thosc seq uenccs that can be identified at thc primary
structure level. Becausc it is knO\\11 that tertiarv structurc lcvc l is more conservcd across cvo lutionary distances,
attcmpts lo rcconstruct the LCA gene complcmcnt using a fold-rccognition algorilhm mav enhance thc census 01' such
cenanccstral molecular lraits. For instance, the lack 01' detect ion 01' the complete set 01' sequences encoding F-type
A rpases does nol indicare these multimeric cnzymes were abscnt in the LCA (Gogarten and Taiz, 1992; Castrcsana el
al ., 1994). bul should be intcrpretcd instcad as an indication of the ditlcrcnt ratcs of evolution 01' the seguences and the
limits 01' thc mcthodologies described here, Nonetheless, the fact that are no major inconsistencies between the data
pre sented herc and thosc reported bv other authors who ha ve uscd dit ferent meth odologies (Dclaye and Lazc ano, 2000;
Anantharaman ct al., 2002: Harris et al., 2(0); Koonin , 2003; Delavc el al., 20(4) undcrlines the robustncss 01' our OWJl
rcsults. .

The datasc t reponed in Tablc l includes (a) genes that have undcrgone lateral translcr and (b) scqucnces that altho ugh
highly conserved, havc originated in difterent evolutionarv epochs . Howevcr, the over-reprcscntation 01' highlv
conservcd sequences relatcd to RNA metabolism, i.e., ORFs whose products synthesize, degrade, or interact wi th
polvribonucleotidcs (Table 1), is best understood in terms 01' an early cvolutionary period duriug which RNA played a
more prominenl role in hiologicai processl.'S, i.e., an RNNprole in \\mlu. Degmdasome components (DEAl) helicasc
and enolase) are as highl~' conserveu as molecules involveu in RNA hiosynthesis. It can [JIso be mgueu lhat the
conservalion of enolase anu l)EI\D-t\pe RNA helicases uiscussoo here constilutes auuitional evidence 01' lhe early
u-:'.-e1opmcnt 01' gene expression control mechanisms at the RNI\ leve!. These conc!lIsions, hO\\'ever, do nol impl~' that
the cena ncestor was endoweu wilh an RNA genomc, nor SllppOrt lhe possibi lilVof an RNA-based orig in of lile . Inueed,
the conservalion 01' genes in\'olved in ribonllc!eolide reduction such as lrxE, combined with other indepcndenl lines 01'
eviuencc , arg ues lor the presence of a UNA genoIJJe in the LCA.

The analysis of lhe datasel repor leu here is consis tenl wi th a prokarvolic rool of universal phylogenies , anu inuicales
that the cenancestor \Vas much more complex lhal expected lor a progenote . There is no contrad iction betwecn this
conc!lIsion anu the relativclv lew mctabolic genes that are conserved. In fact. most of them svnlhesize or interact \ú th
ribonuc!cotides or sugar compounus . Con;crved seqllences relatecl to melabolic path\\'a)'s include homologs 01'
phosphoribosyl pyTophosphate synthase and lhioredoxin, mnong others, wh ich me involvecl in nucleotide biosynlhesis.
Although lhe infonnation containeu in lhe available clatahascs corresponus only to a minor portion of hiological
uiversily, the seqllenccs reported here are likely lo be part 01' an essential anu highly conserved pool 01' proleins
conunon lo al! organis ms.
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Figure captions

Fi~. 1. The onc way BLAST search, (a) a give n scq uencc (w hite circlc) is considcrcd as highl v conscrved if it has al
k~L~1 one homolog (gray circles) in al] genomes «(1,...) in our da raseí . Divcrgení homologo us sequences (bJad; circles)
may be misma tched or rcma in uniden tified. Sequences det ected as highly co uscrvcd (HC) by the BLAST search (e
valuc <0 .000 1), are rcpresen ted by gray circ les, are nol used as qu cry sequences in addi tiona l searc hes once they have
been idcnt ific d as HC: (b) in sorne cases , a prcviously undetcctcd homolog will be matched again with thc same famil v
01' homologous sequcnces. To a void Ihis kind 01' redundan cy, visual inspcction was pe ríormcd lo mergo al! thc
corresponding sequcnccs in one single family; (e) due lo protein domain fusions, in sorne cases fulsc HC protcin
famil ic s will be cons tructed . A Pfam protcin domain anal ysis was pcrfonncd in e. coli , ,\ /. ja nnaschii and S. cerevisiac
lo idcnti ív them and eliminare the Iil]seHC family fro m thc fi nal datasct; and (d) simple BiA ST scarchcs are likc lv lo
miss sorne hom ologous scquences . In order lo make a more comprch cn sivc scarch, ít wou ld be nccessary lo use more
sensitivo methods like profile-based algorithms or thrcc-dime nsional structurc comparisons, whic h are nol teasible lar
the lime bcing. As described in the text. lo construct the da tabase reponed herc, steps (a) , (b) and (e) wcre ap plied.

Fig. 2. Prevalence 01' highly conserved sequences and protein domains related lo RNA mctabolism m the dataset
cstimated here.

Table 1. ¡.i51 of highly conserved genes in E. coli, :\!. jl1Jmasc.iJij ano S. ccrcvisiac genomes. Scquenccs involved in
uucleotide-. sugar-, or nucleie acid metabolism are located in Ihe shaded part 01' the lable. Conserved Pfam domaius in
the thrcc genomes are Sh0\\11 . Scqnences with the same domain organization and function are undcrlined , Sequcnccs
are grouped aecording lo single functional categories, "Different groups 01' homologous are joined in a single
íunctional category. ** Hypolhet ica l ORF .
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~OL033W, YGL245W, YORl68W, ¡i
\yOR341C , YHR091C, YOR268W,
¡YOL097C. YGR264C, YGR171C, I

íYPL040C, YBL076C, YGR094W. I
)YLR382C, YPL160W, YNL247W

1

I
I
I
I

I

¡VFL022C, YPR047W, YLR060W,
¡VHR019C, YLL018C, YCR024C,
¡YPl 104W , YOR023W, YHR011W,
jYKL194C, YOR335C. YNL040W,
¡YOR037W, YNL073W, YER087W,
¡Yl10 78W , YHR020W, YPR033C

¡VNL292W , YLR175W
!

IvPL266W

¡YOR151C, YOR207C, YPR010C

I

I
i
iY0 L14DC, YOR116C, YOR341W1- -

S. cerevisiac

!

IYOR385W, YORl33W, YBRl18W,
~PR080W, YLR069C, YJL1 02W,
/yOR 187W . YNL163C, YKL173W,
IYORl 72W , YKR084C, YLR289W,
iYAL035W, YOL023W, YER025W,
iYl R244C, YBL091C, YER078C,
iYFROO6W '
'YHR013C :

~GL169W i
¡VJROO7W , YMR229C !

l GL123W , YBR25,lW, YLR048W, li
jyGR214W, YHLOO4W, YNL178W,
IYPL081W, YBR189W, YNL 137C,
¡YHR148W , YJR123W, YJL190C. I!
iYLR367W, YOL083C, YMR143W,
iYBR146W, YHLOl5W, YJL191W, ¡
~CR03 1 C, YNR036C, YGRl18W,
riPR132W, YOR450W, YML026C,iNL081C

• YOL040C. YNR037C III!

jYGL135W. YPL220W. YEL050C.
jYFR031C-A, YIL018W, YGR22DC,

, \yNL067W, YGL147C. YOR237W.

¡YGROBSC, YPR102C, YKL170W, J
¡VBLOB7C, YERll7W

¡ - ----

Al. iannaschii

1377, MJ0237, MJ1415,
J1263 , MJ0947, MJ1007,
J0633

1
MJl040. MJl041
I

L'042.MJ"''''

E. coli

1714, b1713, b0930, J0487,MJll08,MJ1555.
1866, b4129, b0893, i J 1077' MJ0564, MJ1238,

194, b2697, b2890. J0228, MJl197, MJ1000
4155,b1719,b2514

~

~J1029r---
3340 , b3339 , b3980, MJ1048 , MJ03 24, MJ0495,

375, b2569 , b3871 , M-J0262, MJ1261 , MJ0325
3168, b3590 , b2751 I

J0062
~JOl17

I ,
3303'b0169'b3314'~0475'MJ0982'MJ0461 '
3296 , b3341 , b3306, 0190 , MJ1047, MJ0470,
3230, b3321 , b3297 , J0195 , MJ0322, MJ0191,
3342, b3298, b3316 Jl046,MJ0189,MJ0180

3984 , b3317 , b3305 , 0510 ,MJ0179,MJ0176,
3983,b3308,b3310 0471 ,MJ0469,MJ0466

Pfam domainDescription
ranscription ------r--------¡-----='---=-c:.c..:--,--~:.c.:.:::..:.:..:..:..:.::..::..:=-

NA polymerase Jl

¡r ran slat ion
~minoacy\-lRNA synlhelases RNA-synt le;
b1ass l RNA-synt-le C;

¡ rg_tRN~syñi_N ;
I RNA -synl_l d:

I IRNA-synU d_C;

~
RNA-SYnt_1

~minoaCY\ -tRNA synthelases RNA-synt_2d ;
cla ssll RN~anti ;

!
¡,RNA-synt 2;
JRNA-synl_2b;

I
~GTP_anticodon;
l RNA-synt_2e;
p HHAl

~RNA pseudouridine 55 fTruB_N

synthase t
~imethyladenosine rnaAO
transterase
~Iongation faetors TP EFTU;
~EG-G , EF-Tu, and other bTP-EFTU 02;
GTP binding proteins) I - -

1 /11" , l .
!me IOnme ammopeptldase r eplrdaSe_M24

,ribosomal-prolein-alanine f eelyltransC 1
¡leelyUransferase ~
¡Sua5, RNA-binding ua5_yeiO_yrdC

several differenl RNA- ~1
pi nding proteins contanining
the S1 domain
I • •
[ Ibosomal prote ins ibosomal,SS;

¡(Stnall subunítj « ibosomal_S5_C;
ibosomal_S2;

, XH2 '
i RibO~mal S3 C;¡ 1s4; --

I § ibosoma/_S 7;
Eibosomal S8;i ¡RibosomaCS9;

I ¡RibosomaL,510;
I Ribosomal, S11;

I ¡Ribosomal_512 ;

~
ibosoma l 513;

I ibosoma'-S19
r ibosomal proteins ibosomaCL1;
Klarge subunit) • ibosomaL,L2;

I ' ~ibosomaL,L2_C;
! íbosomal L6;
I ' ibosomaCL11_N;
I ibosomal L11;

I 1:,.:ibosoma'_L5;
, ~ibosomal_L5_C;

I ~o.somal L14

Table 1.
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JR069C··

DL055C , YDR211W

KL104C. YMR085W. YMR084W

ER099C, YBL068W. YHL011C ,
KL181W, YOL061W

t AR<173W. YHR216W, YMlO66C

~R3~ Y~~
RJOOC .

AL038W, YOR347C

HR106W, YDR353W , YFL018C ,
PL091W,YPL017C, YJR137C

IYJR057W

S. cerevisiae

r lR027C

BR019C

GR254W , YHR174W, YMR323W,

1::C>R3"". Y~8'C '
CR012W

~
[:.:. YMR1= ~12m

PL227C , YPR183W

DL125C, YDR305C
iYER081W , YIL074C, YOR388C ,
¡VNL274C, YGL185C, YPL113C

I
¡XHR074W

jYKL088W , YKR072C, YOR054C
[YMR101C, YBROO2C
iYGL026C, YCL064C, YKL218C ,
jYGR155W, YER086W, YGR012W
iYGL026C

k 'L116W , YJL060W, YDR111C ,
¡VLR089C
I
:VJL167W, YPL069C, YBR003W1- -
;YDR272W

I
¡YIL0 10W , YBL064C, YML028W,
jYDR453C --'

J0955, MJ0001, MJ1391,
J0684 , MJ1479

MJ0860

~J0888u
~J0736
I

M. iannaschii

~
~J0654

2254,b2351,b0363,
1022.b3615
1103-
2913, b1380,b3553,

~2320 , b1 033 I
I I

f1740 F
p3639 IV'J0913
b0174 IV'J1372
ib1261, b3117 , b2421,~,MJ1465
~3772 , b2871, b24 1 4 I

1260 MJ1038

E. coli

E098

0945, b2147'·

2021,b2379, b0600,
2290,b1439,b1622.
4340
0421,b3187

l 0927U b0212I '
~605, b2480

I

Description Pfam doma in
IMetabo lism
,thymidylate kinase hymidylate_kin
{EC :2.7.4.9]
klihydroorolale oxidase HO_dh
{EC:1.3.3.1]
o rotate ribosyll ran
~hosphOfjbosyllransferase
[EC:2.4 .2.10]
aspartaíe [EC:2.1.3.2] and f Tcace_N;
pmithine (EC:2.1.3.3j TCace
carbamoyl- lransferase
Fa1a1ylic chain
pa rbamoyl-phosphale r ps ase- sm_cha in;
:synlhase small chain ATase
l EC:6.3.5.5j
r ibose-phosphale nbosylt ran
pyrophosphokinase
'¡EC:2.7.6.1)
IMP dehydrogenase ¡MPDH (1rst. hall) ;

[EC :1.1.1.205] and ~:CBS ' CBS;
:hypolhellcal proleins MPDH (2nd. hall)

adenylo succinate Iyase yase_1
[EC:4.3.2.2j
~midophosphoribosyllransfer ATase_2;
fl se [EC:2.4 .2.14] ribosyltran
'pyruvale kinase PK;
[EC :2.7.1.40¡ l'K_C
1,IhioredOXin reduclase and r r_redox
,olher reduclases
[EC :1.8.1.9]

I
glucosamine-fruclose-6- bATase 2;
phosphate aminolransferase [ IS; SIS

i~jsomerizing) [EC:2.6.1.16j
melal dependenl hydrolase midohydro 1
superfarn ily [EC :3.5.-.-] -
,IJDP-galac1ose 4-epimerase pimerase
IEC :5.1.3.2) and others
:nucleotidyltransferase TP_lransferase;

activity [EC: 2.7.7.-j ~exapep

.,

hYPOlhel ical nucleos ide- am1p_like
,I riphosphalase [EC:3.6 .1.15]
enolase [EC:4.2.1.11j nolase N; .
! nOlase=C
phosphogJycerale kinase GK
[EC:2.7.2.3)
pho sphomannomulase EGM_PMM-' ;
IEC:5.4.2 .81 f-GM_PMM_II ;
! E<:'M_PMM-'II ;
i E.?M_PMM_IV
:sugar Iransferases r 'YCOS_fransf_1

¡sugar Iransferases ~IYCOS_lransf_2

flUcleotide-binding prole ins IT.
phosphogJycerale -Hacid dh;
oehvdroqenase [EC:1.1.1.9512-Hacid- dh C;

ACT - -

;NAD synlhelase [EC:6.3.1.5,NAD_synlhase
'3.3.5.11 I
,ilavoprolein enzymes f lavoprolein
,UPP svnthetase [EC:2.5.1.-] prenyllransf
.Iryplophan synlhase PALP
!<[l-chain) [EC:4.2.1.20] I
tryptoohan synlhase [lrp synlA
:<a-chain) [EC:4.2.1.20] 1 -
hislid inol-phosphal e \lI.m inolran 1 2
~minot ransferase I - -
[EC:2.6.1.91 I
,Polyprenyl synlhelas e polyprenyl_synl
lEC: 2.5.1-] I
probable glyoxylase " Laclamase B
[EC:3.1.2.6] 1' -
'probable peroxi redoxin \lI.hpC-TSA
[EC:1.6.4.-j I
Tablc l . (continuationv
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Yl R259C, YJR064W , YJ1111W ,
YD1143W, YI1142W, YDR188W,
YJl 014W , YDR212W , YJL008C

YPR088C, YDR292C

I ..ME rPfam do ainDescription m . ca I / . ¡ GnnGSC 111 • . cerevIs/GerE'" netícases
p EAD; p0797, b3162, b1343, ~0669, MJ1401, MJ1574, ;YJl 138C, YKR059W, YDR021W,
Helicase_C 1.3780. >2576. esezz.r'" MJ0383. MJl124 ~PL1 1 9C, Y0R204W, YGlO78C,

b1653 N1112W, YDl16OC. YllOO8W.
;YHR065C, YDl084W. YHR169W ,

I iYJl 033W , YDR243C, YOR046C,
ivBR237W. YMR29OC,YGl171W,

I
;YFl OO2C, YDl031W, YDR194C,
;YlR276C, YBR142W, YKR024C,

I
~Gl064C , YNR038W, YDR291W ,
:YGl 251C. YER172C. YMR19OC.
:YGR271W

~TP synthesis (atpA, atpB) ~TP-Synt_ab_N; ~,b3732, b1941 ~,MJ0216 YBl 099W, YJR121W, YDL185W,I TP-synl ab; .YBR127C
. . . . . . TP-synl-<J!l_C .L _ ____ 1
Repllcation, recombtnatlo~ I
iand repair fact ors ---1
~efarñ;:¡':i'y:'::p:::ro:7teC7inC-:s- ¡;:AA --+'-P-=047.7""O"', ""b3"'1~7=8~, b~O=892 , )iXi 1422, MJ0884, MJ1156," -YJR068W, YNl29OW , YOl094C,
!<c1amp-loading, y r subunils) I I MJ1176, MJ1494 YMR089C, YER017C, YD1126C
, 1" YBROaX , YPR024~'l", YGR270Vl.,

YPR173C, YK1145W, YGl048C,
¡ YOR259C , YDlOO7W, YOR117W ,i ,i YDR394W , YlR397C, YNl329C '

YLL034C, YKl197C, YGR028W ,
1, I 11 YPl 074W, YER047C, YDR375C,

=- ~Y7.BR 1 86W
;ribonuclease HII iRNase HII b0183 MJ0135 YNl 072W
,Fndonuclease "' ~.~~~GPD (1rsl. hall): 1~ 1 633 ' b2961 MJ1434, MJ06""1"'3-----"'"Y!-:A7'lO:ó-1;..:5':':C!--, ~Y~OL:;-O"'4~3:-=CC------~--I,

i ~HhH-GPD (Znd, hall); !
,DNA topoi sornera se l and 111 ~oprim; 'b1274, b1763 :MJ1652, MJ1512 Yl R234W

~BC transporters---V\ggjr~~ bac - - jb0448, b1290, b1291 ;i;T f02'3-;-MJ1088, MJ1242-:-YKR1 04W , Yl1015W, YNR070W,
! ! ib1496, b1682, b1709, MJ1267, MJ1367, MJ1508, YOR011W, YOR328W, YPl058C, I
! I ¡b1756, b2201, b3479, ~J 1 572 , MJ1662 YPl 147W, YCR011C, YDR091C,
, ! l.b4058, b4096, b0066, . YFR009W , YGR281W , YHl035C, II b0127 , b0151, b0199, YKl 209C, Yl1048C, Yl R188W,

1

,'1:>0262, b0366, b0449, YL.R249W, YMR301C, YNl014W.
ib0490, b0495, b0588, YOl 075C, YOR153W , YPl226W,I ~0652 , b0760, b0794, YPl 270W

I ¡b0809, b0820, b0829,

I
,b0855, b0864, b0879,
¡b0886, b0887, b0914,

I b0933,b0949, b1117,
, Ib1126, b1246, b1247, :
I [b1318, b1441, b1483, I
I b1484. b1513. b1858. ,
1

1

ib1900, b1917, b2129, i
¡b2149, b2180, b2306, I
p2422, b2547, b2677, I

:~;~~b : ~;~;~ : ~;~~~ : i
, I
,b3463, b3480, b3486, I
;b3540, b3541, b3567, ¡
¡b3725, b3749, b4035, ¡

I i ¡b4087, b4097, b4106, :

l--o-- :1;-.---- b4228, b4287, b4391 I
frotein management ~ r
r ignal recognil ion particle RP54_N; b2610. b3464 MJ0101, MJ0291

r"""" f:~~¡'B I 1
t~_aperon in Cpn60 ' pn60_TCP1 ~4 1 43 i J0999_ _.. . e ~. _

Table L (continuation) .
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Abstraet

Rccognition 01' the sens ing properties 01' RNA molecules involved in the control 01' several mejor metabolic routes.
including biosynthesis of pnrines, vitamins and amino acids, have been interprcted as evidence 01' regularory
mechanism in the RNA world . Alarmones, on the other hand , are modified ribotides that fonn part 01' regulatory .
systems that are activated when cel!s sense stress conditions. The chemical nature 01' alannones and their relativel y
simple biosynthetic pathways, which involve nucleotide-modifying enzymes, suggest that some 01' them like cyclic
AMP and ZTP may have appeared in an RNA/protein world, prior to the evolutionary development 01' DNA genomes .
This suggests an early start for intra- and extracel!ular chernically-based com.munication systems based on cAMP and
other alannones. The phylogenetic distribution 01' alarmones and their biosynthetic eIlZ)'1I1es suggest a complex
evolutionary history that includes the independent emergence 01' signal molecules, However, profile-based computer
searches have demonstrated the presence 01' its adenylyl cycla se 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 com.mon ancestor 01' al! extant lifefonns. Biochemical studies and genomic analysis have failed to identify ppGpp
and pppGpp and their biosynthetic enzymes in Archaea . These results , combined with the diversity 01' non-homologous
eubacterial ACs, indicate that Bacteria have explored the wide st range 01' alarmone biosyntheses and utilization.



1. lntruduction

Living bcings do nol livc in blissful isolation, They are constantly cxchanging matter and cnergy with thcir
surroundings aJJ(1 with other organisms, whcther of their samc srecics or not, wilh whom they share thcir environmems.
Such iutcractious involve a wide arrav 01' diflerent sensorv systems and signaling mechanisms, which in somc cases
partake nol onlv in cxtracellular responses but also in Ihe regulation 01' mctabolic processes wilhin cells. While OlC
cvolutionarv historv 01" animals and plants wears testimony lo a number 01" major innovations Ihat havc shaped thcir
ditlcrent sen sorv svs tems, there is also conclusive cvidcncc that manv diflcrcnt traits 01" their sensorv systems,
including cdl-li)-c~1I signaling, wcrc asscmbled lrom componcnts Ihat ' originatcd in Ihe prokaryotic anccstors 01'
nuclcatcd ccll s.

The lradilional dcpiction 01' bacteri a as mere intectious agents und Iheir 19'11 century classification as thallophyta, i.e,
lower plants, conce ivcd them as passivc microbes with littlc or no abilities lo perceive Iheir surroundings and lo
respond lo out sidc stimuli, Although this simplistic schcmc has been challcnged by an acknowlcdgcmcnt 01" Ole
unparallel mctabolic diversitv 01' prokaryotes and their surprisinggcographical distribution, it is often nol realized that
thcv are also endowed with elaborare sensorv svstems that allow thcm lo monitor and respond to their environment. !l
is ~eas()nabk lo ussume that early lifefom;s must havc dcvclopcd very rapidly receptors capable 01" sensing Iheir
cnviromucnt . takin g cues frorn intra- and extracellular chemical signal s. This possibility is supported by the existcncc
01" naturallv occurring mcchanisms for transcriptiou control that dcpend solely on the sensing 01' small molecules by
RNA and naturul metabolite-responsive riboz ymcs , i.e., riboswitches. Characterization 01' these riboswitches, which are
known lo be prcscnt in the Ihrce major biological domains, has demonstrated the cxistencc al' regulatory properties in
RNA molecules and the possibilitv 01' the development 01' sensing abilities prior lo thc ernergence 01' proleins (Winkler
el al .. 2()()4 .1

Stress conditions are also sensed by alannones (alann + hormones, el. Walson el al., 1(87), which aresmall signal
mctabolitcs that are rapidl y svnlhe s'izeú when speciíic mtracellular starvíng condítions develop due lo Iack 01' amino
acids or sugars. or in rcsponse lo cnvirorunental insult s such as heat . ethan ol ami a wide variety 01' oxidants. Alarmones
are modified purine-ribotides (Figure 1) and include cyclic AMI' (cAMI', adeno sine 3' ,5'-cyc!ic monophosphale),
cGMP (guanosine :-' ,5 ' -c\"clic monophosphale), I\ppppl\ (diadenosinc Ielraphosphale), ZTP (5-innino- 4-imidazole
carbo'\amide riboside 5' -lriphosphale), which signals rolale detícienc\" (Bochner and Ames, 1982), as well as ppGPI'
(guanosine Ielrapho sphate ) and pppGpp (guanosine penlaphosphale), \\hich plav a dirccl role in Ihe inhibilion 01' slablc ·
RNA synlhesis in Bacteria, (Slephens el aL, 1(75). Asargued here, Ihe chcmical nalure 01' some alannones like cAMP,
íts biofogical dislribulion, and mode ofac\Íon af( Supp0rllhe possibiiÍl\ Ihallhey arc pan oCa slress -sensing reguJalory
svslem eSlablished in RNNprolein world prior to Ihe evolutional)' devel opmenl 01' DNI\ genomes (Figure 2) .

11. The evolutioH:lry hislory of chernical signals and sensory syslerns:
sorne cautionary notes

The awareness lhal genes ami genomes are cXlraord.íJwriJy rich hisloricaJ dOCllllle]lls Jrom which a weaJ!Jl al"
evolulionarv intonnalion can be relrieved has widened Ihe range 01' phylo genetic sludies lo previolLsly unsuspecled
heighls. The tk velopmenl 01' el1ícienl nuc!eic acid scquencing lechniques, which now allows the rapid sequencing 01'
complcle cellular genomes, combincd with Ihe simultaneous and independenl blossoming 01' compuler science, has led
nol onl y lo an c'\plosive growlh of dala bases and new sophislicaled lools lor Iheir exploilalion, bul also lo lhe
reco gnilion Ihal dil1crenl macromolcculcs may be uniquc!v suiled as molecular chronomclers in Ole construction 01'
nearl y IUliversal phvlogenies. lhis is particularly Irue 01' rRNA. Comparison 01' small subunil ribo~;omal RNA ( l6/l8S
rRNI\) scquences led lo Ihe conslmclion of a Irifurcaled, unrooled Iree in which all knov"l1 organisms can be grouped
in onc 01' Ihree major monophvlelic cel! lineages (Wocse and Fo'\ , 1(77), now refcrrcd lo as Ole dom ains Bacleria,
Archaea, and Eucarva (Woesc el al., 19(0).

Analv sis 01' an increasingl\" large number 01'complelcly sequcnccd cellul ar genomes has revealed major discrepancies
wilh lhe lopologv 01' rRNI\ Irees. There are manilold rcasons for such discrepm1cies , inc!uding inadequale biodiversily
sampling, polyph yletic gene losse s, convergence and pol yphil y, and unequal rales 01' evolulion, among olhers.
However. very olten Ihese clitlerenccs havc becn inlerpretcd as evidencc 01' horizontal gene Irmlsler (HGT) cvenls
belwecn dilferenl species , que slioning the leasibilily of Ihe recon slruclion and proper underslanding 01' earl y biological
hislorv (I)ooliltlc, 1( 99). There is clear cvidence Ihal genomcs have a mosaic-like nalure whose componenls come
lrom a variel\" of sources (OC!unan el aL, 20()O). Depending on lheir ditlerenl advocalcs, a wide spectrum of mix-and
malch recombinalion processes have been described, ranging trom Ihe laleral transfer 01' few gcncs via conjugalion,
transduction or transfonnatioIl. lo cel! rusion eveIlls involving organi sms from dilli:renl domains.

Neverlhdcss. Ihere is evidcIlce Ihal lhe hislorical record 01' pasl evolulionary evenls has nol bcen complctdy losl.
Compari sons 01' combined orlholog prolein dala seis lhal exc!udc scquences Ihal may ha ve undergonc lateral lransler
are cOIlsistent \\ ilh rRN/\ trces (BnJ\\11 el al. , 200 1). GeIlomic ln."es ¡¡I so e'\hibil an e'\ccllenl broad -Ievd agrcemcnl



with rRNA-based phylogenies (Fitz-Gi bbon and House, 1999; Snel ct al ., 1999; Tek aia ct al ., 1999). Gcnomic irces are
not clado grams but phen ograms, i.c., thcv are hierarchical rcpre scn tat ions 01' similarities ¡U1d difl ercnccs in gene
contcnt, wher e the presence or absc ncc 01' a sequence is cou nted as a character. Sincc dilTerent lincagcs evolve al
dilTcn:nl rares, such ovcrall simiJarily nwy be an equivocaJ indicaíor 01'genea logica l rcJalioJlsh ips. 'J11t' robusmess
exhibi ted by these diflerent meth odologies indicates that although lateral gene transfer has played major role in ccllular
evo lution, massive lateral transfer evcnts bctwcen distant gro ups has not completcly uprootcd thc trce 01' lile .

Bccau se 01' their chemical naturc, alarmo ncs cannot he used lo coustruct such phylogcnies. Noncthclc ss, important
ins ights on their evolutiona ry historv can he accomplishcd by compa ring the phylogcny and genomic distrih ution of the
cnzymes invol ved in their biosynthescs . 0 1' course, reticulatc phylogenies greatly complicare the understanding 01' the
cvolution 01'sensory sys tems. JI has been argued that a significan: niunbcr 01'thc genes involved in animal ccll-to-cell
signa ling, which is essential in thc nervous, neuroendocrine and immuue svstems, have undergone massive horizontal
transtcr ( Iycr et al., 20(4 ), and thcre is cvidcnce 01' lateral transtc r bctwccn Gram positivo bacteria and Archaea 01' the
chemotactic scnsory system (Faguy and Jarrell, 1999 ). Sequences involved in alarmone biosynthesis have not escaped
this fatc , However, it appears that the last conunon ancestor (LCA) 01' all extant liteforms, i.c., the cenancestor (Figure
2) was a modcrn-type ofprokaryote alreadv endowed with alarmones and elabora te scnsorv svs tcms . This conclusi ón is
supported by the evolutionary conservation 01' the intracellular di strihution of methvl-accepting chem otaxic protcins,
which partake in the chemotactic respon se system 01' prokaryotcs, and which concentrare in thc cell poles 01' an
evolutionary diverse array ofbactcrial and arch aeal species (Ge stwicki et al. , 2(00). When and how did thesc molecular
scnsory and regulatory systems tirst evo lve?

11I, Thc evolution and phylogcnetic distribution of alarmoncs

The presencc 01' alan no nes has becn reported in all three primal)' biological lineages. Current cvidcncc indicares that
thcir high est strucrural and fimctional diversity is 1'CHUld ÍJJ rhc Bac teria (Tahle J). JI is likely that this conclusi on is not
shaped by inadequate biodiversity sampling 01' the Archaea and the Eucarya. or by our incomplete knowledge 01' the

.basic biochcmical processes 01' these groups. The biosynthesis 01' guanosinc 5' -diphosphate 3' -diphos pha te (ppGpp or
guauos ine tetraphosphate), and guanosine 5 ' -triphosphate 3' -diphos phate (pppGpp, guanos ine pentaphosphate), which
act as genera l signa ls for ami no acid starva tion conditions by adj usting the rates 01' rRNA and tRNA svntheses
(Stephens et al., 1975), is mediatcd hv GTP pvr ophosp hokinase (Tablc 1). This is a dip hosphotran sti:rase encoded by
the re/A gen, which was li rst descri hcd in cnterohac teria . Biochemical ana lysis tililed to ident i l~' ppG pp and pppGpp
among Euryarchaeota and Crenarchcaota (Cellini et aL, 2(04), suggcs ting that they are a typical eubacteri allrait. 'n le
search tor re/A homologs using a I3LASl analysis (Atschul et a l, 1997) has conli nned this rcsu\t (data not shown ), as
no rclated molecules are lound in the completely sequenced archaeal geno mes available as 01' August 2004 . The
presence 01' relA-related sequences in red algae Cyanidioschyzoll merolae and in Arabidposís t"al ialla may be due to
lateral gene trans fer, as no other eukaryotic hOJ11ologs have heen tound. Diadenosine telraphosphatc (AppppA, or
diadenos ine 5' ,5' ''-pl ,P'-tetraphosphate), which acclU1JUlates in the presence 01' a bacteriostatic quinone and other
o:-;idizin g agents ( Lee et a l., 1983 ) can be synthesized by aminoacyl-tRNA s~11thase (Lee et aL, 1983 ) ¡U1d by ATP
aden yly1 lransterase. A BLAST search (Atschul et al, 1997) using as que ry sequence the Saccharon!vces cerel'isiae
Al\' adenvlyl transferase, howe ver, indicated the preselice 01' homologs onl y amon g cyanohacleri a, ascom ycete s, the
red algae C. merolae and the slime mold Dictyostelllm discoidellm (Ta ble 1).

By contras t, ApppA, which is synthesized by diadenosine triphosphatase 5',5' _pi,P'-triphosphatase, appcars to be one
01' the most \\~dcly dislrihuted alannones, as suggested by the presence 01' the corresponding gene in the three primaf\ '
domains. The same may be true 01' ZTI' (F igure 1), which has been implicatcd in folate starvation signaling (Bochner
and Ame s, 1982 ). lts biosynthesis in\'olves the translcr 01' a pyrophosphatc group 01' 5-phosphoribosyl-l-pyrophosphate
to the rihoside monophosphate hy 5-phosphoribosyl- l -pyrophosphate synthetase, i.e., I'RP P synthetasc (Sa bina et al.,
1984) , an almost universall y dislributl.u, highly con served enzyme that plays a key role in purine and histidine
hiosyntheses (Figure 3). 'nJe sea rch lor homologs in all completely sequenced cellular genomes indica ted that it is
absent in the chlamydial and rickettsial genomes, a result which can be explained as one 01' 01' the many secondar)'
losses that these parasitic speci t..'S ha\'e undergone.

Cyclic AMP appears to the most \\ldely di stributed alarmone (Ta ble 1). This ubiquity probabl\' rel1ects both its
antiquity and the polyphyletic origin 01' adenylyl cyelase (AC) t..11Z)'lnes involved in its biosynthesis (Danchin, 1993).
ACs have divided on the hasis 01' conse rved mot ifs into scveml clas sc'S, which inelude cGM P ·bios\1lthctic enz)'lnes
(Sismeiro et a l., 1998; 13aker and Kell y, 2004), which appear to be de scendants 01' ACs ( Sheno~' ¡md Viswcswariah ,
20(4). Structural anal ysis 01' cla ss 11I ACs have led to their c1assili cation into six dil1crent families 01' proteins, with no
sequencc similarities mnong them (Shenoy and Visweswariah, 2( 04 ). C¡ass III adenyl\'1cvclases are a lso known as the
universal class, hut this name is not rellected in their hiological dislribution. As sununa rizLu by Shenov and
Visweswariah . (2004) , they are absent Irom several major Bacteria clades ( the l3acilllls"C/ostridilllll and the
DeillococClIs groups, lrom the Chhunydiae, ¡md the (;- mJd 8-proteobacteria). I¡¡ghl y divergent cla ss 1II ACs are present



in fcw methanogenie curyarchaeota (Mcthanosarcina acetivorans strain C2A, Methanopvrus kandleri. und
Metha nothe rmobacter thermoautotrophic unn , but otherwise thcy are abscnt from the Archaea, (Tablc I j . .

Bicchemical tcpons 01' Ihc OCCtlTTC1lCC of cyclic /lMI' in arrhaea (LcichlJin el al ., )986) very JikeJy rellectcd U!t: ac¡jvi!)
01' adcuylyl eyclase 2 (AC2). Sequence analysis demonstraled that this enzymc, first described in the bacteria
. lerolloTl/o1/0S hvdrophi la, has no sequcnce similarity lo previously reponed ACs (Sismeiro el al., 1998) . Analysis 01'
protein databases revealed the existence 01'AC2-related sequcnccs in Methanoccocus jannascltii, Metha nobacterium
thermoautotrophicum and Archa eoglobus fulgidus , which lead to suggcstions that its prcsence in 11. hydrophila was
due lo laleral gene transfcr írom a mcthanoge n (Sismeiro el al., 1998 ). A profile-based search (PFam ) in a dataset that
includes approximately 140 completcly sequcnced ccllular genomes (dala nol shown) suggests otherwisc. As
sumrnarized in Table l , with JC\\l exceptions, which include threc euryarchaeal spccies (Thenioplasma ncidophilum, 1:
volcanium, and Picrophilus torndusy and the episymbiotic archaeon Nanoarchaeum equitans ; AC2 sequcnces are
universally distributed. '111is ubiquity suggest that the last eommon anccsto r (LCA ) 01' all extant litctorms, i.e ., the
cenancestor, was al ready cndowed with AC2 signal molecu les.

IV. Sensing in the RNA wurld

Sincc all extant cclls are cndowcd with DNA genomcs, thc most parsimonious conclusi ón is that this gcuctic polvmcr
was alrea dy present ÍJJ the cenancestral population. SÍJJce thc late 1960's , howcver, Woesc ( 1967), Crick (1968) and
Orgel (1968) argued independen tly that RNA had preceded not only DNA but also proteins (Figure 2), a slage now
reíerrcd lo as the RNA world (Gilbert, 1 986~ Joycc, 2002). As rcviewcd clsewherc (Lazcano ct al., 1988), thc
possibility that RNA played a mueh more conspicuous role in early biological evolution is strongly supported by (a)
the geuetic infonnation storage capacity 01' RNA moleculcs; (b) the central role thal ditferent RNAs in protein
synthesis: (e) the evidence that many cocnzvmes are in fact ribonucleotide derivativos; (u) Ihat luct Ihat with Icw
exccptions , all cellular und most viralDNA genome s require RNA primers for their replicat ion; (e) thc evidcncc UUII
ribon ucleotidcs are metabolic prccursors 01'deoxyribonucleotides ; and (1) the increasingly large numbcr 01' reponed
catalytic activities 01' RNA molccule s. which include their direct involvemcnt in ribosome-media tcd svnthesis 01'
peptide-bonds (Nisscn el al.; 2000 ).

The roots 01' cAMP utilization might lic in the RNA world , The existence 01' naturallv occurring mechanisms for
transcription conlrol Ihat depend solely' on the sensing 01'small moleeules by RNA and nalural mctabolile-responsiv<:
ribozymes , i.e., riboswitches (Wiukler et al. , 2002; Vitreschak et al., 2(04). demon strate Ihal RNA molecules are
endowcd with re,gulalory properlies which may havc funclioned as metabolile sensors prior lo Ule emerg<:nce 01'
proteins (Wink lcr el al. , 20(4 ). 111 vilro seleetion 01' aptrnners , which bind lo the adeno sine moiely 01'ATI' , NAD, and
acel yl-CoA (Sas santar and S7.0slak , 1993; Burgsta ller and Famulok, 1994: Burke and Gold, 1997), as well as Ihe
existcnce 01'eAMP-. eGMP- and cCAMP-responsive ribozymes (Koizumi el al., 1999) suggest thal cyclic AMI' may
have been par! 01'Ihe RNA world . 'l11esc results, combined with Ihe engine ering 01'hammerheau riboz\1nes that self
destmct by sclf-cleavage reaclions in Ule prescnce 01' cAMI' or cGMP (Koisumi el al. , 1999b) , give aduilio nal
credibility to Ihe possibilil y 01' mI ancestral all-RNA-bascd mctabolism with regulatory mechanis1l1s based on binding
01' cyclie nucleotides and other encctor molecules. Sinee Ihe intramolecular cyclization reaction requ ired for eAM P
from its AMP precursor is mechan istically equivalent lo polynucleotide elongation, il could have been cata lyzed in an
RNA world devoid 01' proleins by a ribozy me wilh polymerizing abilities .

V. Alarmunes ano lhe RNA/prutcin ,,"urlo

C01l1paralivegeno mics does nol provide direc t evidenee 01'an RNA world or its sensing abililics. However. al the time
bejng phylogenetic anal)'sis ol' some molecular markcrs can he e.xtrapolilled lo a per.iod ol' ceJluJilr evolut jOJl in whjel]
protein biosyll Ules is \Vas already' in opera tion, ¡.e" an RNAlprotein world . Older stages Me not yel amenab le to
mol<:cular phylogenelic analysi s, but clues 01' Ihe RNAlprotein world stage can be inferred when \Vhole genome.
analysis is perlonned. OR1"s whose products Syl1lhesize, degrade, or inleract with RNA, are rnnong Ihe most highl y
conserved scquenees commol1 to all kJ10\~11 genomes. 'Illeir conserva lion slro ngly validale s Ihe idea 01'an RNAlprotein
\Vorld Ihat exisled prior lo Ule extanl DNA-encoding cells , and proviue insighls inlo an eMly stage in cell evolution
during whjch RNA plaveu il mueh more eonspicuous biologie<ll role (Tekaia el al. , 1999; Delaye and LazernlO, 2000~

Ananlharaman d al.. 20(2). "111e dive rgence 01' AC2 homologs puls lhem apart from Ihis sel 01' high ly conscrved
sequences. Nonet heless , the proli le-based searehes (P1"am) reporled here (Table 1) suggest Ulal AC2 may have been
parl 01' the cata lytic repertoire 01' the lasl cOl1unon ance slor , lmd may have evolved among ils anceslors in Ihe
RNAlprotein world . 'l11<: hYPolhesis 01' pre-DNA AC2s in RNAlprolein eeHs is eonsistenl \\'ith ils use 01' a
ribonu cl<:ot ide as a subslmte, which mav be interprcted as a vestige trom ,m <:ra when .RNA and ribonucleol ides played
a mor<: conspiclloUS rol<: in biologieal processcs. This hyvolhesis is supported by' Ihe inlrinsic simplicity 01' lhe
inlramolecular eyclization r<:uetiol1 r<:quirl--J I(Jr eAMP Irom its AMI' pr<:eursor, whieh is involves a nucl<:ophilic attack
01'th<: 3' -OH ribose moictv associall-'d with pyrop hosphat<: releas<:.



The stmctural homology between the class III bacterial cAMP-synthesizing adenylyl cyclases and the univcrsallv
distributcd highly conserved palm domain 01' manifold polymerases (Artymiuk et al ., 1997; Bryant et al ., 1997: Araviud
and Koonin, 1999), could also be interpretcd as evidence that these enz ymes also evolved in the RNAlprotein world
(Figure 4). This raises the possibility Ihal rhe LeA endowed with IWD phylogeneric unrelated cAMP-syntllesjzjng
cnzymes. This hypothesis, however, is at odds with the phylogenetic distribution 01' class III ACs, which, with the solc
exception 01' few mcthanogcns, are not found in Archaea. It could be argued that abscnce 01' these set 01' cnzymes in thc
:\rchaea is due to a secondary loss that took place soon alter their divergence trom the Bacteria and the Eucarya. We
favor an alternative, less-parsimonious explanation, according to which class III AC resulted from the evolutionary
recruitmcnt 01' a polymerase palm domain homolog in the line leading to Bacteria. '111is hypothesis is consistent with
the surprising diversity 01' non-homologous bacterial adenylyl cyclase s (Table 1), that demonstrates the polyphyletic
origin 01' enzyrnes invol ved in the intramolecular cyclizations reactions n ..xiuircd Jor cAMP biosynthesis

VI. 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 lirst organized biological world. The evolutionary advantages that

the early emergencc 01' simple sensing mechanisms and RNA-based control mechanisms, spccially once spatial
separalion appeared, are easy ID understand, and may expj;¡jn the exisrence of narurally occurring mechanisms for .
transcription control that depend on riboswitches.

As argud here , its is possible that cAMP and perhaps other alarmones are fossil s 01' an intermediate stage in thc
evolution 01' chemical signaling and metabolite sensing that íollowed the RNA-dependent sensing mechanisms that
may have existed in the RNA world. This hypothesis implies an early start for intra- and extracellular chemically
based conununication systems dependent on cAMP and other alarmones, Like nuclcic aeid polymerases, ACs appear to
he 01' polyphyletic origin.. JI is likely that this reflects the pervasivcrolcs of nucleotides and their availability in the
intracellular environment, Jt is somewhat surprising, however, that pyrimidine-ribotides are not part 01' the inventory 01'
intra- and extracellular alarmones. It has been proposed that the reverse cyclase reaction may generate ATP from
cAMP (Barzu and Danchin, 1994). It is also possible, however, that the abundance 01' purine moietiesin alarmones

. (Table 1) rel1ects the intrinsic chemical stability 01' purines as compared lo pyrimidines,

'[11e prescnce 01' cAMP and the widely distributed AC2s found in all thrce major biological domains (Bacteria,
Archaea, and Eucarya) dernonstrates that cyclic AMP has been conserved across prokaryotes and nucleated cells. The
fact that more than one biosvnthetic enzyme to cAMP have bcen identified ernphasizes the fact that cyclic AMI' has
been selected as a secondary messengerby manifold convergent processes. The phylogcnetic distribution 01' ACs defies
a simple explanation. The available information indicates that the genes involved in cAMP synthesis have undergone
branch-specific gene duplications, lateral transfer events, and secondarv losses , and appear to be 01' polyphyletic origino
Such diversity and unequal distribution indicates not only the !K'Cd Ior 'mofe detailed studies 01' alarmone evolution, but
also points out to the wide diversity 01' sensing stratcgies and signal mcchanisms that the biosphere has successíully
explored during four billion years 01' constant chango.
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Figu re captions

Figure 1. Alarmoncs are modi ficd ribotides, and include cyclic AMP (cAMI', adenosinc 3'Y-cyelic monopho sphatc),
ZTP (5-illnino- -í-imidazcle carboxamide riboside 5' -triphosphaíc), .I\ppp.t\ (diadenosinc 5',5 " ' -P ''p3 !ripJlOSpJW!C.),
and AppppA (d iadenosine S·,S.. .. -Pl.P' tctraho sphatc)

Figure 2. Origin and early evolution 01' lile. Aden ylyl cyclasc 2 is hypothesized lo be the oldest alarmone-synthezing
cnzvmc which Iirst cvolved in thc RNA/prolcin stage.

Figu re 3. Biosvnthes is 01' purines , histidinc, and ZTP. The diagrarn cmphasizes the kev role 01' PRPP synthctase

Figure 4. 13iological distribution olthe DNA polymerase 13 palm domain and its homologs.
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AC'" class I (entercbactaríal) Escherichia coli y-Proteobacteria

cAMP

AC class 11 (calmodulin-act ivated)

AC class 11 1 (palm dornaín)

Bacillus anthracis

Rattus norvegicus

Proteobacteria , and
one Flrrnicutes

Several Bacteria,. 2 Few E:uryarchaea,.3 Several Eucarya'"

AC class VI Rhizobium et/i

AC class V Prevotella ruminicola

Dladen ostne 5, 5-P1 , P3--triphosphatase ~acharomyces cerevisiee Most Eucarya

Most Eucarya

Severa l Eucarya' "

Ascomycetes, red
alaae and slime mold

A. gambiae , red algae
and plants,9

Most Arc haea

Most Archaea

Severa l Archaeas,.6

Most Bacteria

Cyanobacteria

Several Bacter ia'"

Several bacteria,8

P. ruminicola
(Bacteroides)

a -Proteobacteria, few
~piroch.!."a'.':e~te~s~ -=-:-_-c-:---, _
Most Bacte ria

Aeromonas hydropf1i1a

ATP adenYlyltransferase Sacharomyces cerevisiae

PRPP synthetase Homo sapiens
~hosphoribosyl- I-PPsynthetase)
GTP pyrophosphokinase Salmonella thiphimurium

AC class IV (AC2)

ZTP

ppGpp

._--- -------_..•. _-- - ._------_._.._--_._-_.-_._. _._--_.._-_._--_.__....__...._.... .._ .__._- - - _ .._-- -- -- ----

Table l . Phylogenetic distribution of alarmone synthesizing enzymes. Red alga refers to Cyanidioschyzon merolae; slime mold refers
to Dictyostelinm discoidenm . *1 AC: adenylate cyclases. *2Cyanobacteria, Actinobacteria, Proteobacteria, Planctomycetes, Spirochaetes.
Not present in Baciltusttltostrtdium, Deinococcus, Chlamidiae, and E- and S-Proteobacteria (Shenoy, et al., 2004) . *3Present in
Methanosarcina acetivorans str. C2A, Methanopyrus kandlery, and Methanothermobacter thermoautotrophicus (Shenoy, et al., 2004).
*"Lacking in A,' thaliana. *5 Cyanobacteria, Actinobacteria, Bacteroidetes, Proteobacteria, Planctomycetes, Spirochaetes, Firmicutes,
Bacillales.*6 AC2 is not present in the Archaeas Thermoplasma acidophilum, T. volcanium and Picrophilus torridus. *7Metazoa,
Mycetozoa, Diplomonadida and Viridip lantae (Iacking in Fungi) . *8Aquificae, Actinobacteria, Deinococcus-thermus, Bacteroidetes,
Proteobacteria, Spirochaetes, Firrnicutes, Cyanobacteria, Therrnotogae, Fusobacteria, Chlorobi . *9Anopheles gambiae , Díptera.
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Abstraer

RNA-binding protcin domains are sorne 01' the oldcst polypept idcs we can recognize. Among thcm, therc is evidence of
sOJJ]e of íhc oldcst proccss that shaped early cell evolution. Thcse includes gene duplications, gene fusions , pnJc.iJwm:k
evolution in ribosome assemblv and an ancient mechan ism 01' gene regulation.

l.ist s of abbreviations:
last conunon auccs tor (LeA '

RNA first, DNA la st un d th e RNAlprotein world
Thc thcory of the RNA-world suggcst that this biomolecule played a prominent roll d uring the lirs t steps 01' the
cvolution 01' lile on Earth, lunctioning as both an information carrier polymer and a cata lytic ribozyme 111. Bascd on
the tollowiug tunctional and historica l arguments 121 it has bccn argued that pro tcins and not DNA evo lved direetl y
from thc RNA world : a) the sultur-based biochemistry of ribonueleotide reduction that involves a free-radical may be
o ut of the scope 01' RNA biochcmistry (a lthough it has been proposed thal RNA could have uscd another meehani sm 01'
ribonucleotide red uction , such as an attachcd purine Iol lowed by ac id-cata lysed elimin ation 01' the ribosc 2 ' -hydro xyl
J3[); b) despite the high numher 01' di vergences between families of ribonucleot ide reductases, all 01' them share the
same basi c biochemistrv, suggesting that thi s is the only mechanism nature has Iound for ribonucleotide reduction; e )
protcins are synt hesizcd main ly by RNA (the ce ll machinery responsible of synt hesizing prote ins is hasieall y made 01'
Iunctional RNA molcculcs such as the ri bosome and the tRNAs), while DNA is synthes ized basically by proteins
(ribonucleotidc reductases . thvmid ilate synt hases, and DNA polymerases, to name a few) . A palien! that strongly
suggest that proteins are the direct invention of the RNA world, while DNA evol ved trom protcin biochemistry.

Thc RNA-prolein wor ld stage 01' ecl lular evol ution began with the origin 01' the genetic code and thc tirst ribosome
svnthcsizcd poivpeptides, and ended with the synthesis of the tirst DNA genomes. Several important aspeets 01' extant
ccll s, like the structurc of the genetic cede, the topo logies 01' the first proteins, or very ancient biochemical pathways
with universal distribution, prcsumably evolved during this stage 01' evolution. The first cells eapable 01' syn thcsizing
ribo some mediatcd proteins had an enonnous selective advantage over those cell s which lacked that hiochemieal ability
mainlv tor : i) their superior catalytic capacities as compared to those of RNA , ii ) their capacity to íunction as very
simple trunsmcmbran al transporters of aneient cell membranes, iii ) or their capacity to hind lo the RNA molecule in
ordcr to stahilize its slmcUlre . as still happens with ribosomal proteins in the ribosome. Altho ugh it is not c!ear at all
which of lhe prev iolls flUlctions the li rst coded pro teins had , it is likel y that the function of the translation machinery
improved as more RNA-hinding protein domains were added to it, thllS extending the evolutionary capabilities 01' cells.

11 has been previouslv sllggesled that exta nt RNA -bindi ng protein domains wide!y con served in the lh rec main ce llular
Iineages are alllong lhe anciest polypeptides sti ll recog nizable [4],[51 . Here \Ve di sCIL~S some recently discovered
aspecls 01' lhe eml \' cvol lltion of lhi s protein domain s.

Ancienl RNA-binuing prolein uomains anu their It/llde 01' evolution
Prolei ll domaill boulldaries anel phylogenetie relationships be tweell doma ins are best identi lied at lhe lhird stm cUlre
Ievc!' In Table 1 we show lhe struct ural c!assilication at lhe liuni lv leve! according lo Structural Chlssiliclltion 01'
Protein s (SCOP) ua tab ase [http://scop.mre-lmb.cmu.ae.uk/scop/j 01' 68 di tTerent RNA-binding protein domain s with
knO\\11 structure, alollg wilh its phyioge ne tic dis tribut ion. Clearly, RNA hinding act ivitv has evo lved several times, and
dilTcrellt prolcin topologies are suitablc for this function (i .e. , seeondary stmeture composition can be all bela, all alpha
as well as alphalbeta). According to its phyloge netic distri bution [5) 35 01' this RNA-bin ding domains \Vere ÍJlheri ted
Irom lhe last cOllllllon anceslor (Figure 1). Very likely, some 01' them may predate lrolll the RNA-p rotein world. 'TIlÍs
sct is composed bv ribosomal proteins . anticodon binding domains from arninoacyl-tRNA synthetases, domains from
EF-Ci aud EF-TlI, protein secretion domains (Flh), tRNA modilication domains, reglllation oftranscri ption, and general
RNA-binding domains like lhe KH dOlllain. 'Olere are some likely cases 01' domains pn.:sent in reprt:Sentatives from
Archaea . Bacleria and ElIcaf\a hecause 01' horizontal gene transler. RNA-binding protein domains widel y distributed in
OllC or two lineages but prescnl in small number in the other(s) lincage(s) likely represent cases of horizontal gene
transfcr events. For exalllple: cold shock protein 8 that is widel y reprcscnted in Bacteria, but only prcsent in
f{alo{¡acferillfll sp. wiúlin úle Archaea.

According to SCOP, all lhe protein domains c1assili ed in lhe smne Fami(v have a c1ear evoiulionary rclationship, wlúle
protein domains c1assilied in the sarne SlIpe lfami(v have a very probable common evollltionary originoAs long as a
similar l()ld al lhe dOlllain str uclure level retleels conunon ancestry bctween proteins. a c!ear patten! is lhe or igin of
lle\\' fUllction s dliven by lhe tltsion 01' pre-cxisting protein domains (Figure 2). 'l1lis is c1earlv lhe case 01' ribosomal
proleill S5 ( RpS5). Composed 01' lwo ditlerent domains, one similar lo the do uble stranded RNA-bi nding domain Irolll
Sia uii.:n proiein, anei (he olher sim iiar io domain iV irolll Eiongalion ¡¡leior G. A sillliiar paliem is SilOWll ior EF-G a
multi -doJl1ain protein \\11ere lwo 01' ils domains are homologous to ribosoma l proleins (ribosomal prolein L3 and
rihosoma l prot eill S5 l()r dOll1ai ns 11 anel lV 01' EF-G resp <-'Clivcly) . Also , lhe anl icodo n nucleic acid bindillg dOlllaill of
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Aspart yl tRNA synthe tasc (NOll) belongs to the superfamilv of Nuclcic acid-binding proteins Irom seop that includes
ribo somal proteins S 12 and S 17 and are likcly hornologou s. The lact that all these dom ain s havc an universal
d istribution suggcs t that these domaiu s originated by duplications of pre-e xistin g domains prior the existcnce 01' the last
COlllJllOJl ancesíor (LeA). AcconJing lo lhe CDncepl of evohnion by linxering ¡b}, evolurion procecds by thc use !mil
rccombination 01' prc-cxistin g e lcments in ordcr to generare evolutionarv innovations. The outcome 01' this process is
thoughl lo be highly dcpcndent on historical contingences. The pattcm 01' domain tusion herc describcd suggcst that
evolution by tinkering was active during the very early steps of lile on Earth. This evolutionary mecnanism is clearly
con sistcnt with the notion of domain s as thc structural and evolutionarv units ol' protcins 171.

According to the patchwork hypothcsis, primordial biosynthctic pathwavs werc usscmb led bv thc recruitmcnt 01' slow,
inc íli cient enzym es 01' bread substrato specificity }R). 111C patchwork hvn orhcsis prctends lo exnlain not OlC origin 01'

protcin structurc by thc íusion ol' ditferent domains, but the origin of biochemical pathways hv recruitment 01' enzymes
01' dilferent evoluti onarv origins . Ribosomal proteins S 12p and S 17 that bclong to the seo!' íamily 01' cold shock
DNA -hinding domain likc , and ribo som al protcins SS and S9 thal bclong to the seop familv of translation machinery
compoucnts are an example of this mode 01' cvolution . Although thosc prote ius do not parti cipare directly in a
mctabol ic pathway, thev do participare in the assc mblv 01' the SSU rRNA (Fig ure ~ 1. Spccifi cal lv, ribosomal protcin
S 17 is (me 01' thc six priman' rRN A-billding proteins necessary lo start thc assemblv of thc SS U rRNi\. Ribosomal
protcins SS and S9 are hoth sccondarv nrotcins in the assemblv nroces s. but are still imnortant one s as can bededuced
fr om its universal phvlogenetic distril ;ution. . . . .

It is known that sorne 01' the ribosomal protein s adopt strateg ies sim ilar tor RNA-binding to other non- ribo somal RNA
binding proteins [91 . It ha s becn arg ued that once the ~[) structures 01' scvc ral R."iA-hinding domains inc ludin g
ribosomal and non -ribosomal proteins became known, it would be possible to know if sorne 01' cxtaut RNA-binding
domain s evol ved from ribosoma l RNA-binding proleins [ I()l.

Thi s is pcrhaps the case for some 01' lhe domains 01' the SCOP Super túmily 01' "'\'uc!e ic acid binding prolcins".
Accord ing to seop dat abasc, libosomal proteins SI2 and S 17, the C-t enninal domain ol' el F-Sa, and the cold shock
proleÍn B (cspB), helong aH to lhe tamily of "Coid shock DNA-binding domain -likc" and are likclv homologous lo lhe
anti codon binding domaÍn 01' aspart yl-tRNA synthetase (aH belong lo the smne superfamily). Wl1Íle lhe ribosomal
prot ein s and lhe anticodo n hinding domain have a univer sal distribution . the e IF-5a e-tcnninal domain and the cspB
are reslricted to lhe Archaea-E uearya and Bacteri a dades rcspectiveh . 'l11Ís suggesI ¡hat the last l\\'() domains \\'ere
deri vcd from the rib osomal protein s bv duplicat ion alter the SL1)aration 01' ccHular lineagcs

We observe a similar pattem in the N-tenninal domain 01' ribo somal protcin SS that has universal distribution, while
thc douhle stranded RNA bind ing domain (dsRBD) is restri cted to Bacle ria and Eucan a. Perhaps lhis domain
orig inated in Bac te ria by duplication trom the ribo som al protein, and thcn \\'as transl~rred to Eucarya through
endosymbiosis . Al so , RNaase P protein may have originated lr om lran slation ma.:l1inen · alter the divergence 01'
13actelia [111. 'l11Ís protein has a distribulion restricted to Bacleria \\'h ile its homolo gous. the domain IV 01' EF-G, lhe
C- ten ninal domain 01' ribosomal protein SS, and lhc ribosomal prolein S9 have 'In luJi\ crsal di slribution.

r he KO W úom ain (namcd a ller Kvrpiúcs, Woese anú O uzounis, [[ 2 [) mav (x: anotllL'f case ol' a domain that has its
origin in riho somal proteins. Thi s domain has an universal distribution iFigure 1) and is presen t in a wide llumber 01'
dilrerent proteins. Thi s dom ain is present in ribosomal protein L24p, ribosomal protein L27e [13] , bacterial
lranscription clongation ¡¡¡clor NlIsG [12]. and in lhe eucan'otic initi ation lactor 5a N-ten ninal domain, Because
ribosomal protein L24p is lhe only wilh an universal distribution among lhe prevÍous prote ins , and hecause il ha s an
esscntia l funclion in rihosome assembly process ofthe LSU rRNA [14 ] it is very likel\ that this protein is the (lIlciest
trom which the olher membcrs 01' this ¡¿unily evolved by duplications atier the d ivergcncc 01' lhe main cellular linea ges
lro m the LeA

A modcl for early n .'gulatioll uf protein expressiun
Rihosomal prolein S 17p pertonns several ti.mctions in E. eoli. First as a lr<lIls1ational repressor protein by regulating (he
e\pression 01' the sIr opero n by binding to its 0\\11 ll1RNA Second, it is one 01' lhc priman ' rRNA binding proteins
binding directly lo 16S rR NA where it nucl ealL'S the assemblv 01' the head domain 01' the ~ ()S subunit. Third, it prohably
block s lhe e\it 01' lhe E-site tRNA [IS] . l11Ís ribosoll1al protein is a!so universall y conserved (F igure 1), lhus it may
predare trom rIle RNA-prorein \Vorld. rr is likei y rhar irs mode oCgene reguiarion represenr me mode oCgene expression
01' some 01' the ti rsl coded protein s. Such relativcly multiti.ll1etional enZ\llle s might rcpresenl a meehm1Ísm hy which
primilive ceHs wilh sll1aH RNA genomes could overcome lheir lim ited cod ing abili¡ies. Thi s is con sistent with lhe
notion 01' a Icss accura le, error prone primordial primitive lranslational appara lus sQlthes izing sll1aH "slatistiea l"
enzvll1es 11 61.

A chimerical nature for the origin of Eucaryots
l( is in(cres(ing (o see írom Figure ¡ (lia( w/lile (he in(ersec(ions o( 13ac(eria and Ellw nH (B-E), ana Arcilaea al1li
Euca rva (A-E) share RNA-bindi ng domains, the intersection 01' Bacleria and Archaea is emplv. Its has been suggesl ed



that Eucaryots evolved via symbiogenesis by an Archaca cnlermoplasma-like) and a Bacteria (Spirochaeta-usc ) [1 71.
'111e pattem 01' conscrvation at the fundamental lcvel 01' RNA-binding proteins domains is what we nUI\' expcct ir
Eucaryots had a chimeric origin bctwccn an Archaea aud a Bacteria. It would be interesting to sec ir this pancrn
extends /0 orherrs) Iuncti onal eJass(es) DI'protcins.

An anal ysis 01' the phylogenctic distribution using BLAST P8] and ORFandDB (Falta referencia ORF¡mdDI3) 11 9[ 01'
RNA-binding domains together with domains definitions C<1I1 be downloaded lrom
Ihttp://bacteria.fciencias.unam.mx/Rl-IAbinding/ l.
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Table l. Structural classification of 68 RNA-binding proteins domains. Domain s are classified accordi ng lo ccl lular
ti.mction. Domain dcfinition is according lo SCOP database. Scco ndary struc turc compo sition is given acco rdi ng lo thc
class levcl in SCOP classification.. Grav colored cells in " Phylogenetic distribution" column with LCA rcprcscnt s
J omains widcly dis tributed in Archaca, Bacteria and Eucarya , thus inícrred lo he present in thc Last Commou
Ancestor.
,..SWlSSPROT source: hllp://ca .expasy.orglsprol/ [1 51.

Figure l . Overvicw uf the phylogenetic d istribution of 68 RNA-h inuing domain s. Protcin domai ns wide ly
con served in cellular proteomes from Bacteria, Archaea and Eucarya are assumed lo he prescnt in the LCA. HGT
(LCA) are domai ns that are suspccted to beprescnt in the thrce lineages becausc 01' horizontal gene transler. *Eucaryal
ribosomal proteins shared with Bacteria and not with Archaea are 01' organelle origino

Figure 2. Evid ence uf evolut ion of domain fusion in sorn e uf the uni versally conse rvc d R NA-binding proteins.
Aspartyl lRNA synthctase sharc an homologou s RNA -binding domain with ribosomal pro teius S 12 aud S 17. EF-G
share RNA- binuing doma íns with ribosomal pro tein S5 and 1.3, and also has an íntcrnal duphcat ion.

Figure 3 . Homologous pruteins in the assembly map of the 30S ribosom al suhunit fr om E coli. AITOWS bct wecn
proteins indicare the tacil itatiug effec t of one pro tein on the bindi ng 01' another . A th ick arrow indica tes a major
Iacilitating eflect. The thick lUTOWS trom 16S RNA lo S4 , S8, S 15, S 17, and S20 indicare s that each 01' thcsc protcin s
binds dircctly to rRNA in thc absence of other proteins, Rib osomal proteins in grm are con scrved in Bacteria . Archaca
and Eucarya . Proteins S 12 and S 17 belong lo the SCOP famil y of Cold shock DNA-hind ing domain likc , und proteins
SSand SlJ lo thc SCOP tanuíyTranslation machinery components . Modi ticd trorn Nolícr and Nomura [[ 4/ .
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Large subunit ribosomal protein domains
RNA.bindi n g domain Do rnain definition Secondary structure Information/function of the Phylogenet ic Crys tal structure

composition'" proteio distribution referenc e

Ribo somal prote in 11 1, Rlbosomal protei n L11, C- AII alp ha protein s Recognizes and binds tight ly to a ' LCA [20]
e -termi nal dornain termin al domam (5 COP highly conserved 58 nucleotide

n,110 lamilvl l amlly) domain 01235 ribosomal RNA
Ribo somal protein L13 Ribo somal prote in L13 Alpha and beta prole ins Intera cts substanbally with LCA [21]

(L13p lami ly) (5 COP lamlly) (alb) dcrnain Vial 235 rRNA and
participa tes In the protein duster

composed 01L3. L6, L13, L14
and l24e that IS found clase to

the factor blndlOQ site
Rlbosomal protein L14 Ribosomal pro tem L14 Al! beta proteins Occ upies a centrallocabon LCA [22]

(L 14p lam ily) (5COP famlly) between the peptidyl tran sferase
and GTPase reglDnsof the large

ribosomal suoumt
Ribosornal prote in L19 Ribosomal prote in L19 AII alpha protein s Interacts substantlally with Archaea and [21J

n,1ge lamilvl n,1ge) r5COP family) domain 11 , 111 and IV 01235 rRNA Eucarva
Rib osomal protein L21 e Ribosom al proteins L24 p Al! beta proteins Attac hes to helix 1 and helix 213 Archaea and [21)

(L21e farruly , and L21e (5C OP famll y) 0155 rRN A and dornems 11 and V Eucar ya
SH3-" ke ¡l ·barre l) of 235 rRNA

Ribosom al prote in L22 Ribosomal protem L22 Alpha and beta protems Is one of ñve proteins necessary LCA [23J
(L22p family) (5 COP lamily) (a-b) for the farm ation of an ea rly

foldin9 interrn ediate of the 235
rRNA and rnteracts with a ll six

domains 01235 rRNA
Ribosomal protein L23 L23p (5C OP laml ly) Alpha and beta proteins lnteract s substantially with LCA [21J

(L23 P famllv\ ra+bl dornain 111 of 235 rRNA
Ribosomal protein L24e Ribosomal prote in L24e Small proteins Interacts substantially wtth Archaea and [2 1]

(L24e famli y) (SCO P tarruly } do rnain Vial 235 rRNA and Eucarya
participates in the protein cluster

composed of L3 L6, L13. L14
and L24e that IS found cla se to

the factor bmdino site
Ribosomal protem L25 Ribosomal proteio L25·llke Al! beta proteins Binds to the 55 rRN A- Bacteria [24]

(L250 familvl (5 COP la mlly) cHGT t e Eucarya?I

Rlbosomal prote in L29 Ribosomal protein L29 Al! alpha proteins Interacts substantially wit h LCA [21]
(L290 la mily) rL290l r5 CO P (am M dc rnain I of 235 rRNA

Eukaryotic ribosoma l l30e /L7ae nbosomal Alpha and beta prote ins Negatively auto regul ates rts Archa ea and [25]
protein L30 prote rns (5COP famlly) (a- b) production by bindtng to a hehx- Eucarya (HGT lo
(L30e fam ily loop -he lix structure formed in rts Bactena vt

pelota doma l'n) ore-mR NA and ItS mRNA
Prokaryotic ribosomal Ribosomal protein Alpha and beta proteins In Ha JoarcuJamarismorlui LCA (26)

protein L30 L30pl L7e (5COP famlly) (a+b) interacts substantially wrt.h
(L30 p la mily) dornams " 01235 rRNA and to

tne 55 rRNA
Ribosomal protein L3 1e Ribosomal protein L3 1e Alpha and beta protems Interacts .substantially with Arcnaea and [21J

(L3 1e fam ily) (5 COP fam lly) (a+b) dornains 111. IV and Vial 235 Eucarya
rRNA

Ribosomal protem L36 Rrbosomar protein L36 Small proteins Conta ins a zmc-r rbbon hke fold Bacteria and [27J
(L36 p lamlly) (5COP fanuly } Eucaryotic

oraanelles
Ribosomat protem L37e Ribosomal orotem L37e SmaJl proteins lnteracts substantially with Arcnaea and [211

IL 37e familvl I (5 COP famlly) dornam s 1.11 and 111 01235 rRNA Euc arva
Ribosoma l pro tein L3ge Ribosomal prote m L3ge AH alpha protems lnteracts substantially with Arch aea and [21J

rL3ge tarnilvl (5 COP la mil y) dornain s I and 111 of 235 rRNA Eucarva
Ribosomal protein L3 Rrbos oma t protein L3 AII beta proteins lnteract s substantially with LCA [21)

(L3p fam ily) (SCOP farnily ) dornams IV. V and VI of 235
rRNA and participates in the

prote in cluster compose d of L3
L6, L13. L14 and L24e that IS

found close to me factor binding
si te

Rrbosomal protem L44 e Rrbo sorna t pro tem L44e Small prote ins Interacts substantially wi th Archae a and [21]
(L44e lamil vl fSCO P farrulvl domains I and V of 235 rRNA Eucarva

Ribosomal protein L5 C· Ribosoma l protein L5 C· Alph a andObeta Interacts substantlally with LC A [21]
term inal doma in terminal domatn (Pfam proteins (a+b) do main V 01235 rRN A

(L50 fam ilvl lamllv Ribosomal L5 C)
Rib osom al prote in L5 N- Ribo som al protein L5 N- Alpha and beta proteins Interaet s substantially wlth LCA [21]

termin al dornain termin al doma tn (Pfam (a+br dom ain Vol 235 rRNA
rL50 lamllvl faml ly R.bosomal L5)

Ribosom al proteln Ribosomal proteln L7J12 . Alpha and beta prote ins Presumed to be tnvolved In the Bacteria and (28)
L7112, C·terminal C-termln al doma;n (5C OP (a+b) binding of transJation tactors , Euc aryotic

domaln (L12p lamily) fami/Y) stlmulating factor·dependen t orga n-:>Ies
GTP hvdrol SIS



Small subunit ribosomal protein domains

RNA-bind in g domain Domain definition Secondary structure Inf or mali on/ funct i on of the Phylogenetic Crystal structure
co mpos ition" prote in distr ibut ion reference

Ribosornal protein 510 Ribosoma l protein S10 Alpha and beta proteins Involved in the binding 01tRN A to LCA [29J
(S10p family) (SCOP family) (a+b) the ribosomes"

R,bosomal pro tein Sll Ribosomal protein L18 Alpha a nd beta proteins Packs tlat against the minar LCA [29J
(51 1p (5 14.) fam ilvl and 511 (5COP family) (a/b) oroove of rRNA

Ribosomal protein 5 12 Cc ld shock ONA.binding Al! beta prote ins Is mvolved in the translation LCA (29J
(S 12p fam ily) domam-like (SCOP irutiauon step-

famllYI
Ribosomal protein S14 Ribosomal protein 5 14 Small proteins Known to be req uired far the LCA (29J

(S14p fami ly) (SCOP fam,ly) assembly of the 30S particíes
and may also be responsrble tor
determining the co nformatí an of

the 16S rRNA at the A site"
Ribosomal protein S15 Ribosomal protein S15 AII alpha protems 15 one of the 16S ribosom a/ RNA LCA [29J

(515p family) (SCO P family) bindinq proteins'"
Ribosomal protein S16 Ribosomal protein S16 Alpha and beta protein s Selongs to the S16 P famlly of Ba cteria and [29J

(S16p fam ily) (SCOP family) (a+b) ribosomal proteins - Euca ryotic
orqa nelles

Ribosomal pro tein S18 Ribosomal protein S18 AII alpha protein s This protein has been implicat ed Ba cte ria and [29J
(S18p fam ily) (SCOP family) in aminoac yl-tra nsfe r RN A Euca ryotic

binding. lt appe ars te be situated c rganelles
at the decoding site of

messenge r RNA~

Ribosom al protein 5 19 Ribosomal protein 5 19 Alpha a nd beta prote ins Form s a com plex w ith 5 13 that LCA [29J
(S19p lamily) (SCOP fam ily) (a+b) binds strong ly to the 16S rRNA-

Ribosomal protein S2 Ribosom al protem 52 Alpha and bet a protems Contains a long helica l n -hairpin LCA [29]
(S2p tarmly) (SCOP family) (a/b) extension

Ribosomal prote in 55 Tra nslationat machine ry Alpha an d beta prote ins Is impo rtant in the assembly and LCA (30J
Ccterminal dornain components (SCOP (a+b) funetion of the 30S ribosomal

(S5p tarnil y) family) subunit ..
Ribosomal protein S5 Rib osom al SS protein, N- Alpha a nd beta proteins Is rmportan t in the assembly and LCA (30J

N -te rm inal dornain terminal dornain (SCOP (a+b) tuncnon of the 30S nbosomal
(S5p fam i/y) fam'ly) subumt ...

Ribosom al prote in 5 6 Ribosomal prote in S6 Alpha and beta proteins Binds togeth er with S18 to 165 Bac te ria and {29J
(S6 p fam, ly) (SCOP family) (a+b) rRNA · Eucarvotrc

crcaneues
Rib oso m al prote in 57 Ribosoma l protein 5 7 AII alpha proteins 15 one of the primary 16S rRNA- LCA (31J

(S7p farnily) (SCO P fami ly) bindlng prote ins resp on sable for
initiating the assembly of the

head of the 305 subumt and has
been shown to be the major

protejo comp onent to cross ..Ii nk
with tRNA molecule s bound at
both the (A) and (P) Mes 01the

nbosome
Ribosom al protejo 59 Tran slational machmery Alpha and beta protems Belonq s to the S9P tarmly of LCA (29J

(S9P fam ily) compcnents (SCOP (a+b) ribosom al protem s '
farmlv)

Ribosomal prote in 517 Cold shock ONA-binding Al! beta proteins Protei n 5 17 binds specifically to LCA (32)
(S17p family) dcmain-hke (SCOP the 5' end ot 16S rRNA ·

fam,ly)

Aminoacyl-tRNA synthetases related domains

RNA.binding do main Domain definlt ion Secondary struct ure lnformat ion/function of the Phylogenet ic Cryst al st ruct ure
composiucn" prot eio di str ibu tio n ref er ence

Hisbdyl -tRNA synthetase Anticodon-binding Alpha and beta protems tR NA recoqninon a nd LCA [33J
(HisRS) , C-terminal dom ain of Class 11 aaRS (a/b) a minoae ylation

dornain (SCOP farnily)
(u/ll ACS H/GfTlP)

Arginyl-tR NA synthetase Arginyl -tRNA synthetase Alpha a nd be ta prct ems tRNA recog nition a nd LCA [~4J

(Ar9RS), N-term inal (ArgRS) . N·te rmina l (a-b) armncacylatio n
'addinonal' dcmam N.Ar g 'add itiona r domam

(SCO P tamnvl
Anticodon -binding Anticodcn-bmdinq Al! a/pha protem s tRNA recoqnrtron and LCA [34J

domain 01 a subclass 01 dornain 01a subclass 01 a mtnoacylation
c1ass I a minoaeyl-tRN A c1ass I am inoacyl·tRNA

synthetases synthetases (SCOP
. (DALRI farni lv)

As partyl-tRNA synthetase Ae ticooon-bmdinq Al! beta proteins tRNA recog nition a nd LCA (35J
(AspRS) Anbcodo n- dom ajn amlnoacylallon

bindin g domam (SCOP fold OB fold)
(NOB)

Mult ilunctiona l G lu· Pro- a tRNA syntha se doma In Al! alp ha proteins This repeated m otlf ma y Eu car ya (36J
tRNA synthas e (EPRS) (SCOP fam,ly) repr esent a nove l type of general

second repea ted element RN A.b indíng doma in a ppe nded
(Pfam: WHEP-TRS) to Euearyoti c am lnoa cyl..tRN A

synthetases to se rve as a CIS ·

act,na tRNA -b,nd,nq cofactor



Elongation and initiation factors related domains

RNA-binding doma in Dornain definition Secondary structure Information/function of the Phylogenetic Crystal structure
composition·· proteio distribution refer ence

Elongabon laclor G (EF- Elongabon lactor Tu AII beta proteins Catalyz es the tran sbcation step LCA [37]
G), domain 11 domam 2 (Pfam famll y 01 tran slation

GTP EFTU D2l
Elong abon factor G (EF. Translational machinery Alpha and beta proteins Cata lyzes the translocation step LCA [37J

G). do maIn IV com ponents (SCOP (a+b) 01 tran slation
famil vl

Elon gabon factor G (EF- Elongabon factor G (EF. Alpha and beta proteins Catalyzes the translocation step LCA [37]
ci . corna m V G). domains '" and V (a+b) 01 tran slation

(SCOP familv)
Elongation factor Tu EF.Tu/eEF-1a lpha C· Al! beta proteins Placmq the armno acid s In their LCA [38]
(EF.Tu) Cvterm tnat term inal domain (SCOP correct arder whe n messe nger

dcm ain or dorn ain 111 family) RNA 15 translated into a proteio
seouence on the nbosome

Cvterrmnal dornajo 01 Co ld shock DNA -blnd lng Al! beta proteins lniti ation 01protem biosy nthesis Archaea and [39]
eukaryotic inmation dorna m-like (SCOP famlly) Eucarya
trans lation factor 5a

-N-terminal domain of N-te rm inal domain of A IJ beta prote ins lnitiation of protein biosynthesis LCA ¡39]
eukaryotrc imtianon eukaryotJc initiati on
trans lanon factor 5a translatlon factor 5a
(Pla m KOW domain) (SCOP famlly)

Secretion protein related domains
RNA-bindlng demaln Dam ain definit ían Secandary str ueture Infarmatían/tunetían af the Phylogenetic Crystal structure

compos iti an'" proteín distribution reference

Siq nat recagni tion Siq nal recoqnition Alpha and beta prote ins Recagn izes the signal sequence Euca rya [40]
partic le 14 kDa protein particle alu RNA bindlng (a-b) ot the naseent polypeptide chain

(srp9/ 14) heterodimer. SRP9/1 4 eme rging from the nbosome. and
(SCO P famlly) targets the ribosome-nascen t

chatn·SRP com plex to the rough
endootasmic rencvtum

Slgnal sequenc e bmdmq Siqnal peptide-binding Al! beta protems Responsible tor targeting LCA [41J
prctem Ffh do main (SCO P Iarnily) protems to the mner membrane

In Prokarya

tRNA modification related domains
RNA- bindlng doma," Dorn aín def in i t ia n Secondary structure Informationlfunction of the Phylogenetic Cryst al str uc ture

compositicn" protein distribution referen c e

Met hlo nyl.IRNAlmet Methlonyl·tRNAlmet Al! beta protems Formylation of the methionyl Bac teria and [421
form yltransferase . C· form yltransferase. C- mo iety estenfied to the 3' end of Eucarya

term inal dorna¡n terrrunal dorna in (SCOP tRN A(f)Met
(Met ·tRNA· f) family)

tRNA·guanine tRNA.guanine Alpha and beta lnvo lved m the hyper - LCA [431
transgly cosylase tran sglyco sy lase (SCOP protein s (alb) modificatian of cogna te tRNAs

(TGT) family} leadinq to the exchange of G34
at the wobble posit ron in the

anucooon loop by preQ1
RNase P protein RNase P prctein (SCOP Alpha and beta S· malurabon 01pre ·tRNA Ba cteria [11]

farnilv) erotema (a- b) substrates
tRNA sphcmq tRNA splícing Alpha and beta Cleaves pre -tRNA at the S· and Archaea and [44]

endonuclease. C-tenninal endonuclease, Cvterrrunat proteins (a/b) 3' splice sites to release the Euca rya
corna m ItRNA-lnl endo ) domain (SCOP familv) mtron

tRNA sphclng tRNA sphcmg Alpha and beta Cleaves pre·tRNA al the S· and Archaea [44]
endonudease EdnA. N- endonuclease EdnA. N· proteins (a+b) 3· splic e sites to relea se the

terminal doma in terminal domai n (SCOP rntron
(tRNA-mt end o) familv)
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Abstraer

Nucleic acid polvmerization is onc 01' the most ancient functions and is central to all forms 01' lile on Earth. In extant
cclls, polymerization is perfonaed by a plethora of enzymes írom different phylogcneric origins Although aJl present
dav organisms have DNA based genomes, there has been substantial discussion regarding the chemical nature 01' the
genome 01 the Last Common Ancestor (LCA), (whether it had DNA or RNA), mainly because 01' the lack 01'
conservation 01' thc central replicative DNA polymerase in the tree cellular lineages (Archaea, Bacteria and Eucarya).
Here we review the phylogenetic distribution, the complex domain structure and sorne aspects 01' the general pattem 01'
thc cvolution 01' nucleic acid polymerases. We show that the evolution 01' nucleic acid polymerization function has been
shaped in scveral cases by convcrgences and non-orthologous gene displaccments. We suggest that this mode 01'
evolution could explain that the lack 01' conservation 01' the central DNA replicative enzyme betwcen present day
organisms, a proposal that is in concordance with the most parsimonious scenario, a LCA with a DNA bascd genome.
We also show that the catalytic domain, the so called "palm" domain, is associated to polymerases trom differeut
families having all the functions neccssaries to understand the transition trom an RNA-protein world to the present day
DNA-RNI\-protein world (thcse are RNA polymerases, Reverse transcriptases, and DNA polymerases), thus, it is
likely that this domain can be traced back to the ancestral replicase 01' the RNA-protein stage 01' evolution ,

Introduction.

Polymcrization 01' genetic material is one 01' the central process to all lile on Earth. lis origin is intimatcly coupled with
the appearance 01' lile and the beginning 01' Darwinian evolution, The evolution 01' genetic material itself , is somehow
coupled lo the evolution 01' the molecules implicated on nucleic acid metabolism, being polvmerases ene al' ilie central
cnzvmes.

In extant biologicaI systcms, nucleic acids are polymenzed by a plethora of enzymes This enzymes are in some cases
clearly homologous, or related because they share homologous domains, mainly Ihe catalytic ones. But in another
cases, the polymerases are definitively unrelated, as long as enzymes having differeut folds have different evolutionary
origins. The functions that nucleic acid polytuerases perform in cell s are also extremelv varied, going from template
dependent replication 01' genetic material during replication, DNA repair, tran scription 01' different kinds 01' RNA ,
retrotranscription (by retroviruses), ternplate independent polymerizarion 01' CCA onto the :r terminus 01' inunature
tRNA, polyadenylation 01' pre-ml(NA, generation 01' diversity in the vertebrate immune svstem, transfer 01' a nuclcotide
to a non-nucleic acid mo íecules involved in several metaboíic pathwavs, or antibiotic resístance in bacteria, between
others. Clearlv, sorne 01' thesc functions are more ancient than others,

Due lo the ant iquity and relevance 01' the process 01' DNA replication, it was reasonable to expect that the enzymes
responsible 01' such nucleic acid polymerization, had to be well conserved across the three main cellular lineages,
Archaea, Bacteria and Eucarya, as is in fact the case 01' transcription and trans lation cell machinery. But quite
surprisingly this happens not to be the case, cellular lineages differ in the kind 01' enzvmes used to polymerize nucleic
acids, in such degree that , excludíng the main cellular RNA transcriptase ~ and ~ ' there is no nucleic acid poíymerase
that is conserved across the broad phylogenetic spectrum 01' the three main cellular lineages (Archaea, Bacteria and
Eucarya). As reviewed by Olsen and Woese (1997), Bacteria use one kind 01' pol~lerase known as DNA pol~erasc

1Il, while Archaea and Euearya use DNA polymerases from lamily rr as their main replicative enz~nes, (although it is
possible that Euryarchaea uses another kind 01' DNA pol~erase called pol~lIlerasc D as its main replicative enz~le

(Cann et al, 1998; Bohlke, et al 2002)) . Several hypothesis has been proposed to e"plain this pattem. Edgell and
Doolittle (1997) suggested that the LCA had a DNA genome and proposed three (not mutually exclusive) possibilities
to explain the lack of conservation of the central replicative enz~es: (i) ditrerent replicating proteins are in faef
homologous but we are unable to recognize the phylogenetie relationship due to extreme sequenee divergence between
e"tant enzYTIleS, (ii) the last common ancestor (LCA) or cenancestor contained both s\'stems (Bacterial and Archaea
Eucaryotic, perhaps one lor reparation and the other lor replication) ¡Uld difTerent components were lost alter
divergence, (iii) non homologous proteins were recmited into replication lunetion in one or the other lineages,
replacing cenancestral components.

An other hypothesis based on (he idea ofa higher rate of horizontal gene transter during the early evolution ol' lile and
Ihe observation 01' the dilTerent degrees 01' conservalion 01' difierent componenls 01' the cell maehinery (i.e.,
transcription and translation versus replication machinery), was proposed by Woese (1998) \Vho has suggested that
during primeval stages 01' tile evolution 01' lile, tile notion 01' cellular ancestor had no physical mealúng, becausc
biological entities, at that time, behavcd more like an evolving community, coupled by intense horizontal transter, in
such a way that \Ve can uot reconstruct the gene complement oLa single ceH or population 01' cells beeause they didn't
exist as such. He suggested that the most conserved proteins in the cellular lineages are the ones that belong to syslems
t/wl 'cryslallized ' firsl (lheir indi~'id((al cOll1poncnls began lo be ~'er1ically inheriled ml/¡cr l/¡al horizonlally imnsternxl



more ofien). In this way, translation function was one 01' the firsts systerns lo ' crystallizc ' while replication function
' crystallized ' laler on, so generating thc patlern that we scc loday. But, it is also Iikcly that bv the lime of the
cenancestor this model ofannealing massive horizontal gene transfer (ifit existed at all) wasn 't as intense as suggested
by Woese (1998), and thedifferences in rhe panerns of conservarion between different parts ofthe cell marhinerj
(replication versus transcription) are due to a plethora 01' difTerent reasons.

A difTerent proposal, based on an exlensive sequence analysis ofthe enzymes involved in DNA replication (Lcipe et
al , 1999) , conc1uded that the most parsimonious explanation was that the cenancestor had a retrovirus-like genetic
system, and modern DNA rcplication was invented twice , once in the Bacterial linca gc, and once in the Archaeal
Eucaryal lineage, In this cellular ancestor, DNA was retrotranscribed from RNA by a reverse transcriptase. According
to Lcipc el al, (1999), once DNA polymerases DNA dependents evolved, selection favored elimination 01'
reversetranscriptase enzymes to prevent 'backward' propagation 01' damage to RNA onto DNA. The lauer model may
be important because at sorne stage in the evolution 01' life, cellular genetic systems based on RNA had to be somehow
retrotranscribed onto DNA without loosing coded genetic information, although it is also likely that due to replicases
with low discriminatory power between ribonucleotides and desoxyribonuc1eotides a cellular stage in which a reverse
transcriptase played a central role in genome replication, may not be neces sary . This mean s. that it is Iikely that sorne 01'
the extant genes predate from an evolutionary stage where the sole infonnative biomolecules were RNA and protein
and fuere was no DNA. Anyway, the lack 01' conservation 01' the enzymes participating in a particular cellular function
(in this case, DNA polymerization) can still be explained by one 01' the proposals made by Edgell and Doolittle (1997),
specially ir we find the biological reasons for the extreme divergence 01' the proteins involved in the function, or the
process that had replaccd DNA replicating proteins so frequently and intensely, specifically in the divergence between
Bacterial and Archaea-Eucaryal lineages.

Recently, Forterrc (1999) has suggested a mechanism that could explain the lack 01" conservation of DNA replication
related enzymes. He proposed that non-orthologous gene displacement (in which viruses and phages played are a
bountiful source 01' displacing proteins), could account for the lack 01' conscrvation 01' DNA polymerases and other
proteins 01' the replication apparatus and the puzzling phylogenetic patterns, Viruses and phages could have played
either, as vchiclcs for transportation and modification 01' proteins trom one cellular lineage lo another, or as a source 01'
proteins frorn viral origino He also suggested that proteins relatcd to the translation apparatus haven't suffered Irom this
process because viruses can not be a source 01' new genes involved in protein synthcsis (except for a few regulatory
proteins). Latter on , he went further (Forterre, 2002), and proposed that DNA was indeed invented in viruses 01'

phages, latter, DNA and DNA replication proteins were transferred to RNA celIs to give a DNA cel!.

Anyway, besides the fact that DNA polymerases are not conserved between the main cellular lineages, DNA
rcplication, as have been noted by Leipe et al, (1999), is basically achievcd .in the same way in alI extant celIs: (i)
replication is semiconservative; (ii) replication always initiate at defined origins with the participation 01' a origin
recognition system; (iii) replicalion 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;
(vi) nuc1eases , polymcrases and ligases replace the RNA primers with DNA and seal the remaining nicks. It is possible
that several 01' this conunon characteristics 01' DNA replication are fue result 01' functional constrainls rather than fue
result 01' conunon ancestry (perhaps it is not possible to have two leading strands). Or perhaps, some 01' them are
neccssary convergenccs due to evolution from a common ground (DNA already cxisted, and primases were invented
twice in different lineages in order to replicate the molecule). Anyway, it is not for granted that all cells uses DNA as
their genetic material. As Forterre (1999) has pointed out, many types 01' nucleic acids could have been produced from
RNA modification, so it seems unlikely that fue LCA had an RNA genome as originally suggested by Mushegian and
Koonin, (1996), beca use DNA had to be invented at least twice , or invented in one lineage and then , horizontally
transfer the molecular machinery to other lineage. Anyway, there are some proteins for DNA replication that are
homologous between fue tree celIular 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 fue light ofprescnt knowledge
can nol be completely ruled out. 11' it was in fact fue case, why are DNA polyrnerases so different between extant
cellular lineages?

In order to get insight about the earIy evolution 01' replication, (i .e., whether or not the LCA could had a DNA
polymerase), we review the phylogenetic distribution, polymerases, crystal structures and c1assification schemes 01
nucleic acid polymerases. From this poinl of view, it is clear that the evolutionary history 01' nucleic acid polymerase
function seems to be really dynamic, including non-orthologous gene displacement, convergent evolution and domain
shutl1ing. Our aim is to provide a general view on the evolution 01' this fascinating enzymes to try to understand why
this molecules are so diflerent in character between the three cellular lineages, a question that is clearIy related to the
nalure 01' the LCA or cenancestor. Here we provide evidcnce relating the DNA-RNA-protein worId with the previOlL~

RNA-prolein world lhrough the central replicase.



Material and methods.

The following crystal structures from representatives 01' each family of nuclcic acids polymerases were downloadcd
from thc Brookhaven Protein Dala Bank (www.rcsb.org/pdb/): DNA polymcrase 1 Irom Escherichia coli (lkís)
(Brautigam, el al, 1998); DNA dependent DNA polyrnerase from bacteriophage T7 (1 t7p) (Doublie, el al, 1998); DNA
depcndent RNA polymerase from bacteriophage T7 (Icez) (Cheetham, el al , 1999); DNA polymcrase 11 frorn
Desulfurococcus sp . (ld5a) (Zhao, el al , 1999); Bacteriophage RB69 DNA polymerasc (1 waj) (Wang, el al 1997);
Reverse transcriptase from HIV-1 (Sarafianos, el al, 1999); Poliovirus 3d polymerase RNA-dependenl RNA
polymerase (1 rdr) (Hansen, el al, 1997); DinB Lesion Bypass DNA polymerase Sulfolobus solfataricus (1 im4) (Zhou,
et al, 2001); DNA polyrnerase P from Rattus norvegicus (2bpf) (Pelletier, el al 1994); Terminal
deoxjnucleotidylrransferase (1dI) from MJISmusculus ( 1jms) (Delarue, el al, 2(02); Kanamycin »ucleotidyltransferase
(KNT) from Staphylococcus aureus (lkan) (Sakon, el al, 1993); RNA poly(A) polymerase from Bos taurus (lf5a)
(Mart ín, el al , 2000); CCA-adding enzyme from Bacillus stearothermophilus (Imiw) (Li, ct al, 2002); DNA primase
from Escherichia coli (ldd9) (Keck, et al , 2000); DNA primase from Pyrococcus furiosus (1g71) (Agust ín, et al,
2001); RNA polymerase DNA dependent from Thermus aquaticus (liw7) (Vassylyev, el al, 2002).

Due to the lack 01' crystal structures the following sequences were downloaded trom NCBI (National Center for
Biotechnology Information al www.ncbi .nlm.nih .gov/) Mitochondrial DNA directct RNA polymerase Irom
Saccharomyces cerevisiae ssRNP (RPOM_YEAST); RNA polymerase RNA dependent trom Petunia x hybrida (gil
4138343); DNA polymerase III alpha chain fromE coli (DP3A_ECOLI); Polymerase DPl and DP2 from Pirococcus

[uriosus (DP2S]YRFU, DP2L]YRFU); QP replicase from QP Bacteriophage (RRPO_BPQBE).

For proteins with known 3D structure, domain identification was followed using original papers. Whenever possible,
numbers 01' CATH c1assification were added to the domains. For proteins with undetermined 3D structure, domain
identification was assigned according to Pfam database ('Www.sangeLac .ukJSothvarelPfam/),(Bateman, et al, 2002).

The phylogenetic distribution 01' the nucleic acid polymerases in our database was analyzed using PSI-BLAST
algorithm (Altschul, et al 1997) with an e-value cutotT 0.000 1 until convergence on complete proteomes: 15 Eucaryotic
(sorne of them fragmentary) , 91 Bacterial and 16 Archaeal. Proteomes werc downloaded from KEGG database
(www.genome.ad .jp/kegg/) (Kanehisa, el al , 2002). The list 01' species with complete proteomes or with partial
complete ones used in this analysis is: Eucarya : Homo sapiens (fragment), Mus musculus (fragment), Rattus
norvegicus (fragment), Danio rerio (fragrnent), Drosophila melanogaster, Cacnorhabditis elegans, Arabidopsis
thaliana, Oryza saliva (fragment), Zea mays (fragment), Plasmodium falciparum (fragment), Dictyostelium discoideum
(Iragment), Candida albicans (fragment), Saccharomyces cerevisiae , Schizosaccharomyces pombe, Encephalitozoon
cuniculi; Bacteria: Escherichia coli K-12 MG 1655, Escherichia coli K-12 W3110, Escherichia coli 0157 EDL933,
Escherichia coli 0157 Sakai , Escherichia coli CFT073 , Salmonella typhi , Salmonella typhimurium, Yersinia pestis
C092, Yersinia peslis KIM, Shigella flexneri . Haemophilus influenzae , Pasteurella muttocida.Xylella fastidiosa 9a5c ,
Xylella fastidiosa Temecula1, Xanthomonas campes tris , Xanthomonas axonopodis , I'ibrio cholerae , Vibrio vulnificus,
Pseudomonas aeruginosa, Pseudomonas pulida, Shewanella oneidensis , Buchnera sp. APS , Buchnera aphidicola
iSchizaphis graminumi, Buchnera aphidicola (Baizongia pistaciae), Wigglesworthia brevipalpis, Neisseria
meningitidis MC58 (serogroup B), Neisseria meningitidis Z249 [ (serogroup A), Ralstonia solanacearum,
Helicobacter pylori 26695, Helicobacter pylori J99 , Campy lobacter jejuni, Rickettsia prowazekii , Rickettsia 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 iheyensis, Staphylococcus aureus N315 (MRSA),
Staphylococcus aureus Mu50 (VRSA), Staphylococcus aureus MW2 , Staphylococcus epidermidis Listeria
monocytogenes, Listeria innocua, LactOCOCCllS laclis, Streptococcus pyogenes SF370 (serotype MI), Streptococcus
pyogenes MGASS232 (serotype MIS), StreptococClls pyogenes MGAS315 (serotype l\G), Streptococcus pneumoniae
TIGR4, Streptococcus pneumoniae R6, Streptococcus agalacliae 2603 , Streptococcus agalactiae NEM316,
Stl-eptococCllS mutans, Clostridium acetoblltylicum, Clostridium peifringens, Clostridium tetani , Thermoanaerobacter
tengcol/gel/sis, lvlycoplasma genitalium, Alycoplasma pneumol/iae, lvfycoplasma pulmonis, Mycoplasma penetral/s,
Ureaplasma IIrea(vticum, lv~l'cobacterium tllbermlosis H37Rv (lab strain), Alycobacterillm tuberculosis CDC 1551,
A'~vcobacterium leprae , COI)?iebacterium glutamicllm , Corynebacten'um e.fJiciells, Streptomyces coelicolor,
Bifidobacterium longum, Fusobacterium nucleatum , Chlamydia trachomalis, Chlam.Hfia muridal1lm , Chlamydophila
pneumol/iae C'vV1~029, Clu'amydophit'a pneumoniae AR39, Clu'amya'oplu"t'a pneumolllae Jl38, BorrellG ólIrgdOl:fen',
Treponema pallidum, Leptospira illten'ogans, Synechocystis ~;p. PCC6803, ThemlOsynechococcus elongatus,
.'lnabaena sp. PCC7120 (Nostoc sp. PCC7120), Chlorobium tepidum , Deil/ococcus radiodurans, Aquifex aeoliClls,
Thermotoga maritima; Archaea: ¡\,-fethallococclls ja/lllGschii, Alethanosarcina acetivoralls, Alethanosarcina mazei,
Alethanobacterium thermoautotrophicllm, lvfethanopYl1ls kandleri , Archaeoglobuslulgidlls, Halobacterium sp.NRC-l ,
111erllloplasma acidophilum, 111emlOplasma I'olcallium, l~vrococclls IlOrikoshii, l~vrococ(1IS abyssi, Pyrococclls
jiJrioslls , AeropYl1lm pernix, SlIlfolobus solfatariclIs, Sulfoloblls tokodaii, Pyrobaclllllm aerophilllm.



Results.

Classification 01polvmerases
Nucleic acids polymerases has been classified in several occasions, One of us (Lazcano, et al 1988) had alreadj
classifi ed some 01' the RNA polymerases discussed in this paper into two farnilies (cellular 13J3' transcriptases and viral
RNA polymerases). Later on, the bases ol' the modero elassification of DNA polymerases were settle down by Ito and
Braithwaite (1991). They elassified polymerases into four families, these are : farnily A (DNA polymerase 1 from E.
coli) , family B (E. coli DNA polymerase JI and replicative Eucaryotic a, 8, and & DNA polymerase as well as Archaeal
B DNA polymerases), familyC (Bacterial DNA polymerase) and farnily X (nueleotidyltransferases).

More recenrly, using amino acid comparasions as well as crystal strucrure analjsis Joyce and Steiíz (1994), and Steitz
(1999), elassified polymerases into five families , (four of them are the sarne as in Ito and Braithwaite, 1991). These are :
DNA polymerasc I Iamily or simply family A that ineludes the K.lenow fragments of E. coli and Bacillus DNA poi 1,
Thermus aquaticus DNA polymerase and the TI RNA and DNA polymerases; DNA polymerase a farnily or farnily B,
that ineludes all eucaryotic replicating polymerases (a, 8, and e), polymerases from phages T4 and RB69, and archaeal
B polymerases; Nucleotidyltransferases(family X) Ihat inelude rat DNA polymerase 13 and a large variety of molecules;
and on the basis 01' sequence comparisons but no crystal structure DNA polymerase ID (family C) that shows no
rel.~ledness ID Ihe o/1Jer f..~milies oi pol)'merases; and finall)' Reverse ImnsaiplaseS (RT), RJ\TA. dependenl RJ\TA.
polymerases and telomerases seems to conform another family of enzymes.

Recently, new polyrnerases have been found in Euryarchaea named D polymerase (lshino, et al 1998) and in Bacteria
and Eucarya (Goodman and Tippin, 2000). With this fmdings, a new elassification of polymerases that inelude the
previous elassitication 01' Ito and Braithwaite (1991) plus the new Euryarchaeal farnily D of polymerases and the farnily
y 01' polymerases that inelude members from the three domains (Bacteria: DinX, DinB and UmuD; Eucarya: Rad30, i ,

Din B aIla REVI ; Archaea: Dah ) has bees pmposed ay Fileé el al (2002). As we can see, lhe classificalioIl oi
pol ymera ses has grown up to accommodate the new molecules that have recently been discovered and described.

In thi s paper, we want to expand the elassification of polymerases to inelude also other important enzymes that
polymerize nucleic acids, not ineluded in previous elassifications, and that generically conform a group of enzymes that
pol ymerize nucleic acid s. Accordingly, cellular polymerases (and sorne phage and viral homologs) can be elassitied at
least on 10 different families(Table 1). There are crystal structures for representatives of 8 of the farnilies (DNA poi 1,
DNA pol 11, Reverse transcriptase and RNA poljmerase, family Y, Nucleotidyltransferases, fue/erial primases,
Arch aeal-Eucaryal primases and the cellular 1313' transcriptase), there are not structures available for the remaining two
famili es (Bacterial DNA poi IDand /he Euryarchaeal DNA poi O) .

Phylogeneticdistribution 01polymerases
In order to review as much as possible the phylogenetic distribution of /he membcrs from 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 anal ysis (Nakamurn and Cech, 1998; Fileé, el al 2002; Bohlke el al, 2002; Aravind and Koonin,
1999) Ior the sake 01' comparison and completeness.

For instance DNA polymerases from family I has a wide distribution among Bacteria (it was found in almost all
bacterial genomes analyzed here) . In Eucaryots DNA poi 1 Mus308 and its homologues (also called DNA poi eta in
human and theta in mouse) it is present in some plants and animals. For instance, a BLAST search ofhuman Mus308
(gill 64 18479) against non-redundant database from NCBI, retrieve sequences homologues from Mus musculus , Rattus
norvergicus, Anopheles gambiae, Drosophila melanogaster and Arabidopsis thaliana. On the other hand,
mitochondria also harbors DNA polymerases and DNA dependent RNA polymerases from farnily 1 elosely related to
the DNA dependent DNA polymerasc from Bacteriophage TI (lt7p) and the DNA dependent RNA polymerase frorn
Bacteriophage T7 ( Icez). Phylogenetic analysis of farnily lONA 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 T3m (Fileé, et
al 2002; Gray and Lang 1998) . Although this conelusion should be taken with caution because the DNA poi 1 famil y
tree is unrooted (Eileé, et al 2002 ).

Although members from DNA polymerase family JI 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 famil y only in the proteomes of the proteobacterias E. coli,
Salmonella sp., Yersinia pestis, Shigella flexneri , Vibrio sp., Pseudomonas sp., Shewanella oneidensis , the
cyanobacteria Anabaena sp., and the green-sulfur bacteria Chlorobium tepidum. In Bacteria this enzyme has been
implicated in the SOS repair response (Kornberg and Baker, 1992). On the other Polymerases a, 8, and r. from this
Iamily have been involved in chromosomal DNA replication in Eucaryonts (Hubscher et al, 2000). And as expected,



members 01' this family were Iound in all complete Eucaryal proteomes anal yzed here . Also, members 01' this farnily
were Iound in all Arch acal proteome s. In Crenarchaea, it has bcen sugges ted that thev are the main replicative enzyrnes
(reviewed in Bohlke el al, 2002 ) while in Euryarchaca they may pla y another role (perhaps reparation), In Archaea
DNA poJymcrascs JJ are further subdivided in íhn..'C subfamilies (B I, B2 and I,3J). Chrenarchaeal species posses tWD

(8 1 and 83) or three (HI, 82 and 83) family II DNA polymerases and Euryarchaea posses onl y DNA polymcrase type
8 3, with thc cxception 01'A. fulgidus and Halobacterium NRC I which also have a 82 type DNA polymerase (rcviewed
in Bohlke el al , 2002 ).

As reviewed by Steitz ( 1999) Telomerases, Reverse Transcriptases and RNA dependent RNA polymerasc appe ar lo
show some common structural similarities . Attempts lo .understand their phylogcnctic rclationships have been
pcrformed by Nakamura and Cech ( 1998) . This family comprises a diverse set 01' enzvmes that rnakcs it dillicult to
undersiand its phylogenetic distributi on Using Reverso tran scriptase Jrom HIV -! ( !qc!) as a query agains t our datase!
01'complete proteomes we found homologous enzymes onl y in lhe Eucaryal proteomes 01'D. melanogaster, C. elegans,
A. titaliana , S. cerevis iae , and S. pombe. And we were unable lo dctect any homologous sequcncc lo the RNA
dependenl RNA polymerase from Poliovirus (1rdr). Anyway, it has been reported that there are several genetic
elements encoding homologou s enzymes from this famil y from a wide phylogenetic spectrum encompassing Bacteria
and Eucarya: retrovirus and hepadnavirus in mammals and bird s, caulimoviurs in plant s, LTR , non-L'FR
rctrotransposons and Telomerases in Animals, Plants, Fungi and Protoctist, grollp 1I inlron in Bacteria, Fungi and Plant
mitochondria, and chloroplast algae plastid, and Retron (msDNA) iJJ purple and ot]JCJ bacteria (Nakam ura el a], ] 998),
According lo Pfam database, rever ses transcriptases and telomerase s (rvt family, accession number: PF00078) are
encoded by a varicty 01' Eucaryots (Fungi, Animals, Protists and Plants) , Bacteria (Cyanobacteria, Actinobacteria,
Bacteroidetes, Proteobacteria, Fusobacteria and Firmicutes) and Euryarchaeotas (.\ fetltanosarcilla acetivorans and
Me thanosarcina mazei) as well as viruses. On the other hand, RNA dependent RNA polymerases
(RNA_depJ <NA_ pol domain.. accession number: PF0068U) is enc odcd by a wide variety 01' viru ses . Based on the
nearl y universal distribution 01' telomerases among Animals, Plants , Fungi and Protoctist , it has been sugges ted by
Nakamura el al ( 1998) that such enzyme was already present in the fir st Eucaryots .

DinB Lesion Bypass DNA polym erase from Sulfolobus solfataricus ( 1im4) belong lo the Y fam ily 01' DNA
polyme rases . These polymerases are implicated in replace stalled replicative polymer ase s and synthesize DNA pasl the
damaged si te when DNA has been damaged and it hasn ' t been n...paired prcv ious ly. Acco rding lo Zhou el al, (200 1) thi s
family 01'po lymerase s can be subdivi ded in severa l subfamilies: DinB subfamily is present in a ll three domains 01'liíe ,
UmuC subfamily has only been found in Bacteria.. and the Rad30AlJ;l and Rev l sub famili es have only been found in
Eucaryonts . Although the family 01' DNA polymerase s Y is presenl in the lbree cellular Iineages. lhe phylogenetic
analysis done by Fileé el al (2002) didn 'l suggest any clcar evolutionary hypothesis abo ul its origins . This lacl , togelher
with its sca rce phylogenetic dislribulion ( i.c., they are pre sent in some 01'the gen ome s 01' An imals, Proti sts, Fungi,
Prolcobacleria, Finnicules, Actinobacteria, Fusobacleria, SpjTochelc, Cyanobacteria.. and in some 01'lhc Euryarchaeas
and Crenarchaeas analyzed here ), make it dit1ícult lo asses if lhis kind 01'eIlZjlneS were a lread~' part 01'lhe genome 01'
thc Le A

Nucleotidyllranslerases is a family lhat include a large variely 01'molecules lhal can be subdividcd in al least nine
dilTerent groups (Aravind and Koonin, 1999). DNA polymerase 0 from Rattll5 lIorvegiclls (2bpl), Tenninal
deoxynucleolidyllransferasc (TdT) fwm MI/S nlllsclIlllS (Ijms), Kml~nlycin nucleotidyltransferase (KNT) lroin
Staphy/ococclls allrel/S (1kan), RNA poly(A) pol ymerasc Irom Bos talln/s (\ f5a) and CCA-add ing enzymc trom
Bacilllls stearolhermophill/s ( 1miw) belong all lo lhe famil y 01' nucleotid\"ltranslera~es . Membcrs 01' the
Nucleolidyltnmslerase lamily 01' pOI)1l1erases are found in lhe lhree cellular lineages, bul only one 01' the groups
orthologous 01'nucleotidyltrmlslerases (DNA pol ymerase X group) has members on lhe three domains 01'life. Anyway ,
its ph ylogenetic distribulion is palchy among the Bacteria and in Archaea is laund only in ¡\'fethallobac terillm
lhermoalltolrophicllm (Ara vind aud Koonin, 1999 ), so, it seems that lhere is no a single group 01'orthologous proteins
from this lamily lhat is presenl in a \vide number o(genomes and could be conlidently traced back lo the LCA, as is lhe

case 01'lhe cellular transcriptase 00'. Nucleotidyltransferases are characlerized by sharing the " head" catalytic domain
(F igure 3) Li, el a l (2002) . The catalvtic motif in thi s dom ain \Vas also described b\ ' Aravind and Koonin (\999) a~
del1ini lory 01'lhe famil y 01'nucleolidyitransterases. It has also heen suggesled by Ara~ind and Koonin ( 1999) thal a sel
01'nuccleolidyltransterases comprising the minimal domain harboring lhe del1initory motif presenl in Archaca and in a
few Bacteria may represcnt the ancestral sale 01' thi s famil y 01' proteins. 11' this is true.. then lhe most parsimonious
scenario would sugges l lhal lhis lamily 01'eIlZ)11leS arose in de ur-k ingdom 01'Archaea. Anyway lhis spcc ulalion should
be laken \\ith caulion because lhese moleculcs can al so be the resull 01'redllct ive e volution.

Polyme rase DP2 lrom PirococcllS fl/riosl/s (DP2L_PYRFU) be longs lo lam il\" D 01' DNA polymerases . DNA
polymerases fmm lhc [) lamily arc restricled lo Eurya rchaea . It has been suggested that lhey are tile main replicative
enzyme in this sllbkingdom (Ca nn, et a l, 1998 ). 'llle holoenzyme is composed 01'1\\0 subunils, the large subunit (DI'2 )
harbors lhe calalytic and tile 3'-5' exonuclcase activily and has no sequence simi larity lo other polymerase s. Perhaps
once the cr yslal structure bccame knO\\ll it \vill show up similarity to the 3' -5' exonllclease domain from polymerases 1,
II and 1Il, and lo some 01'lhe calal)1i c pol )1nerizing domains lonn lhose eIlZ)1nes. 'll le catalytic reaclion occurs onl y in



the presence of the small subunit (Bohlke, et al, 2002). The small subunit (DPl) presenl similaritics lo the small
subunit of (') polymcrascs from Eucaryonls (Cann, el al , 1998). Both. secms lo mediate contacts betwccn thc
polymerascs and the accessory subunits (Bohlke, et al, 2002 1.

Each one 01' the two families 01' primases (the Bacterial and Archaeal-Eucaryal) are restricted to their phylogenetic
lincages (Leipe, el al 1999). On the other hand, ONA dependent RNA polymerase trom Thermus aquaticus (1iw7) and
the RNA polymerase RNA dependent from Petunia x hybrida (giI4138343) bclong to the family 01' ccllular
lranscriptases. While the cellular transcriptase PW is conserved in all cellular genomes and must have been present in
the LCA, the RNA polymerase RNA dependent that is involved in the amplification 01' rcgulatory microRNAs during
post-transcriptional gene silencing is restricted to Eucarya and bacteriophages (Iver , el al, 2(03). Both enzymcs share
the same calalytic double-psi p-barrel domain (Iyer, el al, 20(3). As mentioned before , DNA polymerase I1l a chain
from Eschericia coli (OP3A.:..ECOLI) belong to ONA polymerase II1 family. 111e phylogenetic distribution 01' this
family is restricted lo Bacteria. Because there is no crystal structure from this enzyme it is not known if it shares a
catalytic domain with other ONA polymerases or if it has a unique domain architecture.

As we can see , the only polymerase that is distributed in all cellular genomes, and thus can be confidently traccd back
. to very early steps during the early evolution 01' life is the PP' lranscriplase. The rest 01' the cnzymes are restricted lo
one lineage (like is the case 01'the baclerial ONA polymerasc III, the bactcrial primase, and the eurvarchaeal DNA
polyillerase D), or Iwo ol' Ihe maill cellular lilleages (like DNA ppl)merase 1,. and Ihe Archaeal-Eucaryal primases), ot
present in the three lineages but with a scatter distribution in one or two 01' the lineages, which may be an indication 01'
horizontal gene transfcr (like is the case 01'ONA polymerasc II and thc family Y 01'ONA polymerases), or present in
the three ur-kingdoms because 01'a likely combination 01'horizontal gene transfer and presence 01'different paralogs in
different lineages (like maybe is the case 01' the telomerases, reverse transcriptases and RNA dependent RNA
polymerases in one hand , and in the other, the family 01'nucleotidyltransferases ).

Conservaiion ofstructural domains between cellular nucleic acid polymerases
The first polymcrasc to be crystallizedwas the Klenow fragment from Escherichia coli ONA polymerase I (Ollis el al,
1985) . Thc core structure 01' polymerases has been described as a hand , consisting 01' subdomains: fingers , palm and
thumb (Kohlstaedt, et al, 1992) . The function 01'the palm domain appears lo be the catalysis 01'the phosphoryl transfer
reaction whereas that 01'the fingers domain includes important interactions with the incoming nucleoside thriphosphate
as well as the template base to which it is paired, the thumb on thc other hand may playa role in positioning the duplex
ONA and in processivity and translocation (Steitz, 1999). As ShO\\11 in Table 1, sorne 01' the families 01'polymerases are
interconnected through homologous domains. The paJm subdornains 01' polymerases frorn families J, JI, telomerase,
reversetranscriptase, RNA dependent RNA pOI}111eraSe and family Y ONA polymerase, share enough structural
similarity to support the hypothesis that they descend from a conunon ancestral palm doma in (Steitz, 1999; Hansen, et
al, 1997; Zhou , el al, 2001) (Figure 1). Polymerases from farnily 1 (ONA POI}111eraSe 1 from Escherichia coli, ONA
polymerase from Bacteriophage 1'7) and polymerases from family II (ONA pOI\111eraSe II from Desulfurococcus sp.
and DNA polymerase from Bacteriophage RB69) and the s subunit 01' E. coli DNA polymerase III share an
homologous 3'-5 ' exonuclease domain (Hamdan, el al , 2002) (Figure 1). This last domain (from ONA polymerase IIJ)
that·in 1]. col! correspond lo tl1e s sllbunit [ron? DhT,A. polyrnerase ho1ocnZYll1e (Komcerg andBakel, J992) is coded in
a different subunit frorn the catalytic subunit (a subunit), but in other organisms is Iused in a single polypeptide
together with the catalytic subunit, as is the case 01' the Bacteria Ureaplasma parvum ONA polymerase 1II
(OP03_UREPA). Although not in the catalytic subunit, the OPI regulatory subunit 01'DNA polymerase O from P.
furiosus shares an homologous domain with the catalytic (a subunit) 01'E. coli ONA polymerase IIJ (data not shown).
At the light 01'present knowledge, no other domains are shared between the different families 01'the catalytic subunits
01' nucleic acid polymerases. 111e fact that several different farnilies 01' polymerases are interconnected through
homologs domains thai are only rewgnizabJe as s1lcb, ni IJJeJeveJ 01' tertimystructure, cJeMJys1Igges! tbal tbere may be
a shared ancient history for these families 01'polymerases, and opens the possibility that this conm10n history may be
extended to the other lamilies 01' pol)'111emses (with out known 3D stmcture) once their tertiary structures becomc
ayailablc.

On the other hand , the stmcture 01'mt DNA polymerase P nucleotidyltransterase has also been described using lhe
metaphor 01'a hand (Sawaya, et al, 19~4) . Although there has been some discussion regarding if the classical pahn
domain 01'E. coli DNA polymerase I and the palm domain from ONA pol}1l1erase Pare homologous (Sawaya, et al,
1994) therc .'Ire importaIlt difTerellces belm~ell Ihe two Ihat c1early suggest that Ihese domaills are pl1)'logeIlelicallr
lInrc1ated (Steitz, et al, 1994). As more enzymes Irom the nucleotidyltrasn.terase family were crySlallized , it became
clear lhatall 01'lhem share the same ·'palm" catalytic domain (unrelated to the palm domain from polymerases 1, and
relaled enzymes). 111ese domain was namt.'d as "head" doma in in Ihe CCA adding enzyme Irom Bacillus
stearothermophillls for the resemblance 01'lhis enz)'me with a scahorsc, and Ihe position 01'the catalytic doma in in the
N-Ienninal region 01' the moleculc (Li el al , 20(2). ThllS, in order to avoid conlllsion between both domains (trom E.
coli Klcnow lraglllent and Irom mi DNA polymemse (3), we decide in lhis paper lo relerencc as head domain all



catalytic domains of nucleotidyltransferases, including the so named palm domain Irom rat DNA polymerase Il (Table
11.

A s the sírucrure 01' more nucleic acid polymerases became known, i! was also clear !ha! no! all of them had the classical
architecture 01' a hand with the catalytic domain positioned in the domain equivalent to the palm region 01' the hand, as
is the case 01' the CCA adding enzyme from B. stearothermophilus, the RNA poly(A) polymerase from B. laU11lS, the
DNA primase Irom E. coli, the DNA primase from P. furiosus and the RNA polymcrase DNA dependent from T
aquaticus (Keck, et a l, 2000 ; Martín, et al 2000 ; Agustin, et al, 2001 ; Li, et al, 2002; Vassylyev, et al, 2002). This
shows that different architectures can be used in order to polymerize nucleic acids. In sorne degrec, each one 01' the
architectures may rcpresent particular solutions to perform different kinds 01' nucleic acid polymerization (i.e., for
instance, the CAA adding enzyme from the family of nucleotidyltransferases is the only enzyme capabJe 01' scquence
specifi c template independent polymerization). Also , the catalytie subunit of .polymerases inside one family has unique
topologies that do not share with polymerases from other families besides those polymerases that share the palm
domain as previously mentioned.

Conserv ation 01 catalytic carboxylale motifs between nucleic acid polymerases
Basically, a ll polymcrases have carboxylate residues that are used to bind metal ions in order to catalyze the
polymerization reaction (Beese, et al, 1991; Steitz, et al, 1993). Previous alignment sequences had identified eonserved
motif s in nncleic acid polymerases (Delarue, et al J990). Recently, there has been an updare in the alignment 01' this

, rnotifs using infonnation derived from crystal structures (Wang, et al, 1997). The motifs A and C 01' Delarue et al,
( 1990) correspond approximately with the carboxylate residues involved in binding of metal ions for polymerases
containing the palm domain. We have searched visually for the equivalent 01' motif C in fue enzymes analyzed here that
weren't included in Delarue's (1990) paper. These motifs , are certainJy the result 01' eonvergence in the cases when the
catalytic topologies 01' the domains are different (Figure 2) . These convergences suggest that the chemistry 01' nucleic
acid polymerization imposes certain stereo-chemicaJ rules to the different solutions that evolution has found in the
diffcrenr families 01' polymerases iJJ order lo poJymerize nucleic acids.

Discussion .

0 11 lile polvphiletic origin 01 catalytic domains from polymerases
One 01' the striking features about nucleic acid s polymerases , is that clearly the polymerase function has been iuvented
more than once over the history 01' life . As shown in Table 1, without counting the polymerases for which there is no
structure available yet, there are at least five different catalyti c dom ains that perform this function. The fact that several
diflcrent catalytic domains can polymerize nucleic acids, suggest that the sequence space 01' proteins capable 01' nucleic
acid polymerization is rather large, and that new proteins that would eventually evolve this function, likely, would done
so from different domains extracted from the pools 01' the existing protein domains. In this vein we suggest that
domains having different structures arose independently and that all palm domains are related by common ancestry,
rather than have evolved by convergence.

On the other hand, .0111 kinds 01' nucieic acid polymerization, whether DNA or RNA replication, DNA or RNA
depcndent , as well as template independent NT P or dNTP polymerization seem s to be based in the same chernistry 01'
metal ions coordinated by conserved caroxylated residues (Beese, et al, 1991). Thi s chemistry was also proposed tor
ribozyrnes that cleavage nucieic acids like RNase P (Steitz, 1993) , so it seems that it is a general theme when dealing
with DNA or RNA cleavage or polymerization. In fact, the earboxilated residues are superimposable between the
structures 01' DNA polvmerase I from E. coli , Reverse transcriptase trom HIV- I, T7 RNA polymerase and rat DNA
polymerase 13 (Steitz, et al, 1994; Pelletier, 1994), and between rat DNA polymerase 13 and DNA primase from

.Pyrococcusfuriosus (Agustín, et al, 200I). A1though the protein domains are Slructurally unrelated (palm domain, hcad
dOl11ain and prim domain respectively for families DNA poi 1, Nucelotidyltnmslcrases and Archaeal-Eucaryal primases)
they converged to the sanle stereo-chemistry.

Two cases olnon-orthologous gene displacemenls
Thc evolutionary history of nucleic acid polymerization funetion has at least two cases 01' evenls 01' non-orthologous
gene displacements. One 01' Ule most clcar cases is lhe one 01' l11itochondria were Ule original replieative DNA
poIytllerase lIJ has heeJl repJaced by a DNA poJymerase from ¡amily l (y poJymerase) (Foury, J989), and the RNA
tnmscriptase, 01' viral origin , is also trom family 1(Gray, et al, 1998) . 'l11Ís case is speeially interesting becausc Ule fact
that a genome (in this case a mitochondrial gcnome) is replicated and transcribed only WiUl polymerases ¡rom family I
suggcs t how an ancient ceH could have survived wifu only one class 01' polymerases for these functions.

Another pattem that may suggest an cvent 01' non-orthologous gene displacement, is that 01' P. /i¡rioslls DNA
polymcmse trol11 lamily D. ll1e pob.merase is an heterodimcr composed 01' DPI and DP2 independl:nt sllbunils (Cmm,
et al, 1998). The enzytne DP2 has Ule polytnerase and Ule 3' -S' exonuclcase activity, ¡md has no sequ encc similarity to
1m)' o!her !amily of poJymerases al prima!)' s!ruc!ure leve! . On Ihe olher hanu, DP2 reguJales Ihe level 01' DNA
polymcrasc activity, and is homologous to the non catalytic Eucaryotic 1'01 8 small subunit. The catal ytic subunit 01'



Eucaryotic PoI <5 is a DNA polymerase Irom family II (Eucaryotic 1'01 8 large subunit) and P. fu r iosus has in fact a
DNA polymcrase from family II (1'01 1) (Uemori, ct al , 1993). Anyway. DPl interacts with DP2 rather than with Poi 1
as would be cxpccted (Cann , et al, 1998). Although we can not discard the possibility that DP2 is homologous to
polymerases from Ül1lllJy11 and we are unable lo derect the relaiionship at the Ievel 01' primary strucrure, il is also Jikely
that during the early evolution 01' Euryarchaea, DP2 had an independent origin and displaced an enzyme from DNA poI
1I family.

The kev, the lock ami evolution 01substrate specificity, the weak conne ction
From an cvolutionarv point 01'view, it also scem to be easy for polymerascs to change thc specifícity for one kind 01'
nucleotides for other (NTP, dNTP) . As we can see Irom Table 1, diflerent kinds 01'polymerizations has evolvcd inside
several 01' thc families 01' polymerases [i.e., in Iamily J Ihere are enzymes ·Iha! cm) poJymcrize both kinds 01' nucleic
acids, DNA and RNA) . In fact, it has been reported that a single mutation in Molone murine leukemia virus reverse
transcriptase is suffic icnt to change the specificity 01' this enzyme frorn DNA to RNA (Gao , et al, 1997). Also, as
reviewed by Lazcano el al , ( 1988) and Lazcano et al , (1991) it has been shown experimentalIy that substituting Mg++
by Mn++ increase the misincorporation 01'deoxyribonucleotides by DNA-dependent DNA polymerases and in DNA
dcpcndent RNA polymerases and alters their substrate specifi cities. This is important because suggest that once dNTP
evolved, existing RNA polymera ses could have retrotranscribed RNA to DNA and then polymeri zed DNA without too
many changos.

Two likely cas es o/ modular evolution amollg polymerases
As happens with the majority 01'proteins (Henikoff, el al. 1997 ), the evoluti on 01' DNA polymerases is modular to some
extent. Thi s is, domains are the structural and evolutionarv unit, and recru itment and shuffl ing 01' domain s is an
important factor in the cvolution 01' this enzymes. This seems to be true lar palm and head catalytic doma ins. In both
cases, these domains are found associated with ditlcrcnt domains in different tamilie s, (lar nucleotidyltransferases the
head domain is associated wi th different domains inside the same familv 01' proteins.. and the palm domain is associated
with different domain s in the difterent famili es 01'polymerases, Figure 3). The distribution 01'the palm domain goes
further because this domain is Iound in the cata lytic domain 01' adenylyl.cyclase (Artymiuk , et al, 1997). Domains .
similar lo the palm doma in has abo been reported for several prote ins: UI A RRM, ribosom al protein s L71L12 and S6,
the anticodon binding domain 01' phen ylalanyl-tRNA svnthetase, the phosphocarrier protein Hpr, the enzyme acyl
phosphatase, the signal transducing protein PIJ, the regulator y subunit 01' aspartate transcarbamylase , nucleotide
diphosphate kinase and procarboxypept idase (Hansen, et al, 1997, and references therein ). Whether the similitude 01'
these domains is due to convergent or divergent evolution is still unknown but if its due to common ancestry it suggest
that this domain bclon g to an ancient lineage that goes well before the LeA

0 11 the early evolution oIDX ·¡polymerases
As we have seen, the evoluti on 01'polymerase function shows a wide spectrum 01'evolutionary patterns that goes from
polyphyletic origin 01'enzymes and structural convergence 01'active sites, events 01'non-orthologous gene displacement
and cases in which the enzvme is conserved across all cellular genome s.

On the other hand, although the central enzyme s 01' DNA replication are not conserved between the main cellular
lineages, as mentioned before, genome replicati on is a process that is perfonned in a similar \Vay in all extanl cells
(Leipe, et al, 1999). Because aH cells had DNA based genome s, in principie, the most parsimonious scenario is a
common ancestor with a DNA based genome. How can \\'e expl ain this pattem?

For instanc e, Ste iz (1999) has suggestcd that perhaps a riboz)me DNA polymerase originating in the "RNA \Vorld"
may have persisled beyond Ihe diverg ence 01' Eukaryotes illld Prokaryotes and was replaced domúin by domain
ditlc rently. Anywa y, it is also possible that by the time 01'the LeA lrus ribozyme was already replaced by a protein
enzymc and anothcr proce ss is responsible 01'the pattem thal \Ve see today, Also, Lazcano et al, (1988) and Lazcano et
al, ( 1992) in concordance \\'ith the high degree 01' conservation 01' e~tant RNA transcriptase ~~' among cellular
genomes, has propo sed Ihat this enzyme tlll1ctioned as a repli case during the RNA-p rotein world . Anywa y, \Ve still
need a theory 01' how illld \\hen extant replicative machinerie s evolved, Nakamura et al (1998) also proposcd that
according lo the RNA-world hypothesis, the RNA pOI\111eraSeS RNA dependent virus-like (belon ging to the sume
family 01'reverse transcriptase and te\omerase) was the replica se and thal reverse transcriptases arose in the tnmsition
trom the RNA-proteín to the present DNA-RNA-protein \Vorld by gene duplícalíon.

Here , we would likc to propose an hypothesis to explain the conservation 01'several aspects 01'DNA rcplication, and
the ditlerences between the diflerenl replil<'1tive polymerases is nceded based on recognizable patterns 01'polymerase
evolution, sllch as lhe pohVhiletic origin 01' lhe ditTerenl cnzymes lhat polymerizc nucleic acids, the cases 01' non
orthologous gene displacemenls and lhe degree 01'conservation 01'the pall11 domain .

In accordance with the RNA world hypothesis, and ir' DNA was preceded by proleins (Frcelillld, et al , [999), we
suggest lhat a polymerase having the palm domain \Vas the first protein enzY11Je Úlat replicated an RNA genome during
lhe RNJ\-prolein slage 01' evolution, pre \'ious to lhe LCA (F igure 4) . 'l1ús ancient ellzyme may have n_"Scmblcdexlant



viral RNA polymerases RNA dependents like the Poliovirus 3d polymerase RNA dependent RNA polvmernse in the
sensc that it is a RNA polymcrase with a palm domain. With the apparcance 01' DNA, genetic infonnation coded on
RNA has to be retrotranscribcd into DNA. In this way, RNA polymerases RNA dependent could have originated
Rcversetrascriprases (in fact borh kind DI' enzjmes belong lo íhe same Jamily), although 111is slep may nol be lolaJJ) .
indispensable because, as mcntioned before, there is certain degree 01' lack 01' specificity 01' polymerases. Finaly, this
enzymes (perhaps Reversetranscriptases or RNA polymerascs) originated DNA polymerases DNA dependcnts,
harboring a palm domain, in order to duplicare a DNA genome. As mentioned before, in mitochondria, polymerases
lrom Iamily l perform both functions , replication and transcriptiou, suggesting how ancient cells could have survivcd
only with this kind 01' polymerases , AIso, enzymes having the palm doma in are the main replicative enzymes in
Archaca (at least in Chrenarchaea) and in Eucaryonts (polymcrascs Irom tamily 11). 11' this scenaryo is true , then thc
replicative machinery 01' Archaeas and Eucaryonrs was the replicativc marchinery 01' the LeA ami evolved prior the
rcplicative machincry ol' Bacteria, The replicative machinery 01' Bacteria arrosc in the split 01' this lineage from the
Archaeal-Eucaryal linage by a non-orthologous genc displaccment event . The origin 01' Bactcrial DNA polymcrasc as
an event 01' non-orthologous gene displaccment has been suggcsted betorc (Cavalier-Smith, 2002). Here, we suggest
that extant Archaeal-Eucaryal replication machinery can be traccd back as the replication machinery 01' the LCA. On
the other hand, if extant Revcrse Transcriptases and Viral RNA polymerascs RNA dependents are direct descendants 01'
thc enzymes that preceded the proposed replication machinery 01' the LeA (i.c., cxtant viral RNA polymerases RNA
dependents are direct descentants from the RNA-protcin world) or if thcy arosc after the divergence ol' thc cellular
lincages, is a difficult question that is out 01' the scope of this paper. Thc central point is that all the important functions
nccessary to undcrstand the lincage 01' cvolutionary transitions trom an ancient cell with an RNA genome replicatcd by
a protein enzyme to onc ofthe cxtant rcplication machineries (the Archacal-Eucaryal onc) are harbored by tour Iamilies
01' DNA polymerases sharing the palm catalytic domain (DNA polymerases from families 1, 1I, Telomerase Reverse
Transcriptases and RNA dependent RNA polymerascs and family Y 01' DNA polymerases),
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Table 1. Shows each one 01' the families 01' cellular polymerascs. It is also shown their corresponding catalytic domains
for those with known tertiarv struc turc (see text) , and a summary 01' their phylogenetic distribution at the leve! 01' the
main cellular Iincages. The kinds 01' polymerization associated to cach family 01' polymerases are also shown. Keys for
kind 01' polymerization: DdDp, DNA dependent DNA polymerization; DdRp, DNA dependent RNA polymerization;
RdDp, RNA dependent DNA polyrnerization; ndDNAp, non dependent DNA polymerization; ndRNAp, non dependent
RNA polymerization; RdRp, RNA dependent RNA polymcri zation. *Originally, although structurally and evolutionary
unrelatcd, the catalytic domain 01' rat DNA polymerase [) (a nucleotidyltransferase) was named as palm domain
(Pellctier, et al , 1994) , in analogy to the palm domain 01' Klenow fragment from Escherichia eoli DNA polymerasc 1. In
order to avoid confusions between the palm domai.n 01' DNA polymerase I and its homologous, and the so called palm
domain 01' thc DNA polymerase ~ from Rattus norvegicus (2bpl) 01' different evolutionary origin, here we propose to
rename this latter domain as "head" doma in, 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 [)[r and also remark the fact that several distinct
families 01' polymerases share homologous domains.

Figure 1. Representative sequences from each 01' the families 01' nuc!eic acid polymerases sharing homologous
domains in their catalytic subunits. J-\omologous domains are colored with the same pattem. The palm doma in from
DNA polymerases from familics 1, Il, telomerase rcversetranscriptase, RNA dependent RNA polymcrasc and family Y
DNA polymerase, share enough structural similarity lo suspect that they descend from a common ancestral palm
domain. DNA polymerases from family 1, II and III share an homologous 3' -5' exonuclease domain. Motifs described
by Delante (1990) are also shown. Motifs C from DNA polymerase II from Desulfurococcus sp., DinB and DNA
polymerase III were not originally described by Delante et al. ( 1990 ). '111e length in amino acid residues is ShO\\-11 for
each sequence and for domain boundaries inside each sequence. For Telomerase reversetranscriptase and RNA
dependent RNA polymerases, numbers in cursive are for the complete pol ypeptide. CATH numbers are shown for each
ciomain when avai lable.

Figure 2. Catalytic motifs in nucleic acid polymerases. Motits (A) and (B) enclosed in squares are as proposed by
Delarue (19 90) with the modifications as suggested by Wan g, ct al. ( 1997). Important residues for metal binciing are
colorcd in gray. * For Motif C it is ShO\\11 in which domain is found in the protein. Note that the order 01' motifs in
DNA primase from Pyrococcus furiosus ( Jg7 J) is reversed in order lo show rhefunrrional convergence,

Figure 3 . Domain structure for Nucleotidyltransferase family (NT) of polymera ses. Motifs in DNA polymerase ~ from
Rattus norvegicus and Terminal deox ynucleotidyltransferase frorn MI/S musculus are as described by Delarue (1990).
The corresponding motifs C in the other enzymes were found by visual inspection . Note that the only domain shared by
all the members 01' the family is the catalytic " head' domain. The phylogenetic distribution is for the complete genomes
anal yzcd here.

Figure 4. The early evolution 01' polymerase function. 'm e first protein pol ymerase that arose could have had a palm
domain. This RNA polymerase RNA dependent eventually gave origin to Reversetranscriptase (RT) and to DNA
dependent DNA polymerase, The replicative machinery 01' the LCA was inherited to the Archaeal-Eucaryal lineage,
whilc in the Bacteriallineage a non-orthologous gene displacement gave origin to DNA pol ymerase III.
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V. DISCUSiÓN

¿Se ha perdido el pasado biotogico?

De acuerdo a Saber (19SS) 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 destructor de informa ción o

conservador de información. En un proceso destructor de información. sin importar el estado inicial del

sistema. el estado final del sistema será siempre el mismo . Un caso sencillo pero ilustrativo lo representa el

sistema formado por una canica que dejamos caer en una concavidad. Inicialmente la canica oscilará 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 'inició su recorrido, Un proceso destructor de informacion es un proceso convergente,

Por el contrario. un proceso conservador de información es aquél en el cual el estado final del sistema es

altamente dependiente de las condiciones iniciales del mismo, Esto es. los estados finales del sistema tienden

a ser divergentes dependiendo de variaciones en el estado inicial. Por lo tanto. en un proceso conservador de

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

Aspectos de la evolución que conservan las huellas del pasado

La enorme diversidad de la biota sugiere que en principio. el proceso evolutivo es en esencia IUl proceso

divergente y por lo tanto puede conservar las huellas de su pasado . Es decir. que los caminos que puede tomar

la evolución son tan numerosos que las convergencias absolutas en la evolución biológica. son prácticamente

inexistentes. El ojo de los pulpos y el de los humanos han convergido por la acción de la selección natural. sin

embargo. son distintos en sus detalles estructurales. Esto también implica que la similitud entre dos

estructuras (aunque se encuentren desempe ñando funciones distintas en especies separadas. como por ejemplo

las extremidades de los caballos y de las ballenas). es debida a ancestría común (Darwin. 1859).

Si estudiamos detenidamente el proceso básico de evolución al nivel molecular. observaremos que las

moléculas pueden guardar una gran cantidad de información histórica (como había sido sugerido por

Zuckerkandl y Pauling (1965» . La evoluci ón molecular es básicamente IUl proceso de dos etapas: a)

generación de variación heredable. y b) transmisión diferencial de ésta variación. Como el DNA es la

molécula de la herencia. solo la variación que en ella se genere. será en última instancia trascendente para la

evolución. Por otro lado. el destino de la variación heredable (su eliminación o su perpetuación en todos los

miembros de la especie) estará determinado en última instancia por un juego entre las fuerzas de selección

natural y deriva génica (Figura 7). Con respecto a la primer etapa del proceso evolutivo. la ·cantidad de

variación que se puede generar es enorme. por ejemplo. haciendo un cálculo grueso. el número de posibles

secuencias distintas de DNA para un gen de 900 pares de bases es astronómico 491
)1) . Claramente la evolución

solo ha explorado un espacio muy peque ño del "esp acio de secuencia" posible. ¿Cómo exploran las

secuencias este espacio? La primer etapa del proceso evolutivo es la generación de variación azarosa . Ello
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Figura 7. Evolución molecular. De forma reduccionista, la evolución se puede representar como un proceso
de dos etapas: a) generación de variación y b) destino de la variación por selección natural y/o deriva génica.



significa dos cosas, por un lado significa que no podemos determinar ni en que región de la molécula de

DNA, ni en que tiempo ocurrirá la siguiente mutación. Por otro lado significa que no existe la mutación

dirigida (es decir. el ambiente no puede influenciar la aparición preferencial de aquellas mutaciones que

redundarán en una mayor adecuación para el organismo en un ambiente determinado). En el DNA la

información se codifica por un arreglo lineal de 4 símbolos distintos (A. T, e. G), el estado de la variación en

el tiempo ( +/ que se puede alcanzar por mutación (por ejemplo una mutación puntual). dependerá

estrictamente del estado de la variación en el tiempo t. Como se muestra a continuación los estados A2 y AJ

no pueden ser alcanzados con una mutación puntual a partir del estado An.

(u

ATCTGACT

..;:.

A:
ATCAAACT

1
A l

ATCT~ACT

AJ

AGGTGACT

Esta combinación de factores (un enorme espacio de secuencia. generación de variación azarosa y

dependencia de la variaci ónalcanzable por mutación en el tiempo t +/ del tiempo t) hacen que sea muy poco

probable que una vez que una determinada secuencia recorrió 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

sustitución alélica), tanto la deriva génica (que fija alelas o los elimina de la población de forma azarosa)

como la selección natural (que elimina alelas o los fija en la población. dependiendo de la relación entre la

función y su desempeño en un ambiente determinado. el cual es variable también) actúan solamente a partir

de la variación disponible en un determinado momento de la historia de la población. La combinación de los

factores que vimos previamente hacen de la evolución prácticamente un proceso irrepetible .

El proceso evolutivo no borra las huellas de su propio pasado. Si encontramos dos secuencias de DNA o de

aminoácidos que comparten un grado de similitud superior a lo que podríamos encontrar por azar. entonces

podemos sospechar que son homólogos. En este sentido, si las convergencias estructurales de proteínas son

raras o inexistentes. la similitud que existe entre los dominios "palm" de las distintas polimerasas. así como

las topologías similares de los distintos dominios de unión a RNA sugieren ancestria común.

Por ejemplo. con respecto a la evolución temprana d~ la vida, la existencia del código genético universal

sugiere firmemente que los seres vivos actuales somos monofiléticos. El hecho de que en la actualidad existen

algunos códigos genéticos ligeramente distintos del código genético "universal" en algunas ramas terminales
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del árbol universal. indica que otros códigos genéticos son posibles (es decir. que la estructura del código

genético. la asignación de determinados aminoácidos con detcnninados codones. no es determinista. es decir

que no es necesariamente el resultado de la interacción entre aminoácidos y codones debido a sus propiedades

fisicoquinucas) y abre la posibilidad de que durante la evolución temprana del código pudieron haber existido

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

Aspectos de la evolución que horran las huellas del pasado

Sin embargo. como se mencionó anteriormente existen dos procesos que pueden borrar las huellas del pasado

biológico. El primero de ellos es la pérdida polifilética o total de algún carácter. Por ejemplo. si existió una

molécula infonnacional y catalítica previa al RNA. las evidencias de su pasada existencia se han perdido por

completo en los seres vivos actuales. y su existencia puede ser inferida solamente a partir de conjeturas. Es

decir. la existencia de dicha molécula es una necesidad hipotética. Por un lado'. la biología indica qus el RNA

evolucionó previo al DNA y las proteínas. sin embargo los experimentos sobre química prebiótica no han

encontrado un camino directo de la sopa prebiótica al mundo del RNA. Por lo tanto se hace necesaria la

existencia de un mundo intermedio entre la sopa prebiótica yel mundo del R..t'JA. Por otro lado. si un gen

determinado o una ruta metabólica completa. la cual se encontrase en el último ancestro universal y se perdió

en 11110 o más linajes. habremos perdido la evidencia directa que indique su presencia en el cenancestro.

El otro proceso que puede nublar la reconstrucci ón del pasado es la transferencia horizontal de genes entre

linajes seguido de sustituciones no ortólogas. 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 proteo mas completos rescatan los tres dominios celulares. Por otro lado

existen moléculas centrales tales como la DNA polimerasa III que claramente se encuentran en un solo linaje.

el linaje bacteriano en este caso y que indican que por alguna razón 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 evolución molecular.
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VI. CONCLUSIONES

Sobre el significado de las reconstruccionesy la naturaleza del cenancestro

Existe una serie de complicaciones no triviales relacionadas a la inferencia de la evoluci ón temprana de la

vida mediante la comparación de genes y genomas. Los procesos de pérdidas polifiléticas secundarias . las

sustituciones no ortólogas y la transferencia horizontal de genes. aunado al sesgo en el muestreo. nublan

nuestra capacidad de reconstruir la naturaleza del último ancestro común (Becerra. et al 1(97). Además. cada

grupo de genes ortólogos identificados COIllO altamente conservados mediante la comparación de genomas

celulares. se pudo haber originado en distintas etapas de la evolución celular (Doolittle. 2000: Zhaxybayeva y

Gogarten, 2(04). Yno necesariamente todos ellos tuvieron que estar presentes en el genoma del cenancestro.

Algunos genes pudieron haber sido transferidos horizontalmente a los linajes actuales . desde linajes que

posteriormente se extinguieron. Sin embargo. si la transferencia horizontal de genes es un fenómeno más

común entre especies cercanas que entre especies filogenéticamente lejanas. entonces. es probable que la

transferencia horizontal no haya borrado del todo el patrón de herencia vertical. Además. distintos linajes

pueden estar sujetos a distintas tasas de transferencia horizontal (Zhaxybayeva, et al 2004) Yes 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 intentan describir la naturaleza del último ancestro común

utilizando metodologías distintas. pero todas basadas finalmente eu la identificación de caracteres homólogos.

Recientemente. Harris et al (2003) buscaron en la base de datos de genes ortólogos COG (Tarusov, et al 2(01)

genes ortólogos que estuviesen universalmente conservados'y que además mostraran una 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 SO se encontraron universalmente conservados. y solamente 50 de

ellos mostraron tener una filogenia compatible con la filogenia del rRNA (genes denominados tres dominios) .

De los 5.0 genes tres dominios 37 de ellos están fisicamente asociados con el ribosoma en las células actuales

(proteínas ribosomales y factores de traducción y transcripción). El resto de los genes tres dominios está

formado por proteínas asociadas a funciones ribosomales como: la metionina aminopeptidasa,

metiltransferasas. proteína ffh ; proteínas asociadas a la transcripción y replicación del DNA tales como: tres

subunidades de la RNA polimerasa DNA dependiente . y la proteína NusG. la denominada sliding clamp

(DnaN en E. coti v; la exonculeasa 5'-3' de la DNA polimerasa 1 y la proteína de recombinación RecA: y dos

proteínas sin función asociada (una ATPasy una GTPasa) . El resto de las 30 proteínas universalmente

conservadas que no muestran una filogenia tres dominios está conformado por tRNA aminoacil transferasas.
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timidin cinasa, topoisomerasa lA. fosfomanom utasa, proteasas, una subunidad de la DNA polimerasa Ill.

entre otros.

En IUl análisis distinto. basado en un simple esquema de clasificación que utiliza la presencia o la ausencia de

superfamilias de proteínas (definida según la base de datos SCOP), Yang, et al (2005) construyen una matriz

de presencias y ausencias de fami lias de proteínas en 174 genomas completos. con la cual reconstruyen una

filogenia universal en donde Arqueas. Bacterias y Eucariontes se muest ran como grupos monofi léticos .

Mediante su estu dio, identifican a 49 superfamilias universalmente conservadas. Las superfamilias

identificadas comprenden una variedad de funcio nes que van más allá de proteínas asociadas al ribosoma

(Yang , et al 2005).

Claramente. las diferencia entre los resultados realizados por Harris el al (2003). Yang, et a l 2005 y Delaye et

-al, (en prensa). se debe a las distintas metodo logías utilizadas en cada caso . En el caso de Harris et al (2003)

un primer filtro se impone al momento de elegir solo aquellos ·genes universalmente conservados

identificados mediante la metodología de la base de datos COG (Tatusov, et al 200 1). El siguiente filtro es

filogenético . al elegir solo aquellas secuencias que reflejan la filogenia de los tres dominios. Es probable que

algunos genes no sean asignados al genoma del último ancestro común debido a errores en la reconstrucción

filogenética tales como atracción de ramas largas . En el caso de Yang. et al (2005) se eligen ' solamente

familias de proteínas con estructura terciaria conocida. Es de esperarse que el número de genes asignados al

LCA se incremente co nforme se cono zcan nuevas estructuras terciarias. Sin embargo, un estimado del

número de proteínas que serán finalmente asignadas al LCA mediante esta metodología se puede obtener

graficando el número de estructuras universalmente conservadas contra el tamaño de la base de datos (SCOP

en este caso). El estu dio de Yang et a l (2005) está restringido a la fracció n de fami lias de proteínas para las

cua les se co noce su estructura terciaria . Sin embrago. es el estudio que más proteomas abarca (174 ¡ Y el

. número fina l de estruc turas no varia demasiado si se utiliza solo una fracción de los pro teomas analizados (llJ

de cada linaje) o si se uti lizan las topologías (en lugar de las superfamilias) para hacer el análisis (Yang et al

2(05). Además. utilizar perfiles basados en estructuras terciarias de proteínas tienen la ventaja de identificar

homó logos lejanos ya que los métodos de búsqueda basados en estructura primaria no son capaces de

identificar homología entre secuencias extremadamente divergentes. Finalmente, la precisión del análisis

realizado por Delaye, et al (en prensa). depende de la habilidad de BLAST para detectar todos los homólogos

(minimizar el número de falsos negativos) y excluir los falsos positivos. El número de familias de proteínas

(en este caso dominios Pfam) asignados al genoma del LCA es mayor para el análisis 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) y el caso de Yang, et al (2005) (49) . Las diferencias se puede deber

a la exclusión de genomas de parásitos por parte de Delaye. et a l (en prensa). Un análisis futuro podría
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consistir en realizar filogenias a los genes universalmente conservados detectados por Delaye et al (en prensa)

para determinar 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. es claro

que independientemente de las diferencias metodológicas. los resultados son similares entre si (entre 50 y 100

genes universalmente conservados. la mayoría relacionados a la maquinaria ribosomal. genes de

transcripción. componentes accesorios de la replicación del DNA y algunos genes relacionados al

metabolismo. en especial de nucleótidos y amino ácidos). Claramente. este conjunto de genes es insuficiente

para mantener un sistema celular. En el mejor de los casos. este conjunto de genes representa el genom a del

cenancestro de la misma forma que un fósil representa evidencia de la existencia de vida pasada . Al igual que

en un fósil en donde solo se conservan algunas de la estructuras del organismo ancestral. no todas los genes

que pudieron estar presentes en el genoma del cenancest ro se encuentran conservados. pero es posible inferir

la existencia de algunas funciones si algunas de las moléculas involucradas en la función se conservan. En

especial si se trata de genes ortólogos. De los genes detectados por Harris et al (2003) como genes tres

dominios tres de ellos están relacionados directamente con la replicación y reparación del DNA. estos son la

sliding clamp (la cual es necesaria para la alta procesividad de las DNA polimerasas durante la replicación).

exonculeasa 5' -3 ' de la DNA polimerasa I y la enzima de recombinación RecA. Relacionado al DNA pero de

forma distinta. también pertenece a éste grupo las subunidades centrales de la transcriptasa celular. Si bien. la

maquinaria de repl icación central no está universalmente conservada. el hecho 'de que estas proteinas si lo

estén. sugiere que el último ancestro común utilizaba DNA para su continuidad genética y que probablemente

las DNA polimerasas.no estén conservadas debido a otros factores . tales como la sustituci ón no homóloga.

como se sugi ere en esta tesis.

Carl Woese (199 8) ha sugerido que el ancestro universal estaba formado por una comunidad de células

diversas que sobrevivía y evolucionaba como una unidad. la cual poseía una historia física más no

genealógica. Esta comunidad estaba conformada por entidades celulares (progenotes) con una maquinaria de

procesamiento de la informaci ón muy simple y poco precisa. en donde la tasa de mutación y la transferencia

horizontal de genes era muy elevada. a tal grado que la dinámica evolutiva estaba regida por la transferenc ia

horizontal. De acuerdo a Woese (1998) . conforme evolucionaron estructuras biológicas más complejas y

precisas. las temperaturas evolutivas disminuyeron (es decir. la tasa de mutación y la transferencia

horizontal) , distintos sistemas celulares cristalizaron (probablemente el primero en hacerlo fueron los

aparatos de traducción y transcripción y debido a ello se encuentran altamente conservados) y la dinámica

evolutiva comenzó a parecerse a la de las células actuales . Si bien. es muy probable que los primeros sistemas

replica tivos fueron muy sencillos. el patrón de conservación de los genes en los genomas actuales se puede

comprender también si suponemos un cenancestro similar en complejidad a un procarionte actual y apelamos

a diferencias en lasas de evolución entre genes homólogos. pérdidas secundarias, transferencia horizontal y
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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 hipótesis de Woese (1998) no hay en principio razón para preferir su hipótesis con respecto a

otras. salvo la existencia de una tasa de transferencia horizontal mucho mayor a la de los genomas actuales

durante la existencia del cenancestro. El último ancestro común no tiene que estar necesariamente cercano

cualitativamente al origen de la vida (Becerra. et al 2000 : Zhaxybayeva. et al 2004).
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1. Los genes universalmente conservados en 20 genomas de organismos no parásitos. sugieren la

existencia previa de lUl mundo de RNNproteína.

2. Debido a la universalidad del DNA como molécula de la herencia y a la conservación en los tres

linajes celulares de un grupo de enzimas relacionadas a su replicación. la parsimonia sugiere que

el último ancestro común poseía un genoma de DNA. Tal como parece haber ocurrido en el caso

de las Euryarchaeas y las mitocoudrias, las sustituciones no ortólogas han jugado un papel

importante en la evolución de algunas DNA polimerasas. Sugerimos que es más parsimonioso

suponer que la enzima central replicativa no está universalmente conservada por haber sufrido

una sustitución no ortóloga posterior a la existencia del cenancestrccz sugerir que el último

ancestro universal poseía un genoma de RNA y la replicación del DNA evolucionó

independientemente dos veces . una en el linaje bacteriano y otra en el linaje arqueo/eucarionte.

3. Las DNA polimerasas pertenecientes a las familias l. [1. RNA polimerasas virales y reverso

transcriptasas comparten mi dominio palm homólogo. el cual proviene de una etapa anterior al

cenancestro y probablemente era responsable de replicar el material genético en el mundo del

RNNproteína.

4. Entre las proteínas más antiguas que se pueden identificar (los dominios de unión a RNA

universalmente conservados) . se encuentran evidencias de evolución por patchwork.

5. Como lo sugieren los dominios de unión a RNA universalmente conservados. la duplicación de

genes seguida de divergencia parece haber jugado un papel central en la evolución de nuevas

funciones desde etapas muy tempranas de la evolución de la vida en la Tierra.
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VII. PERSPECTIVAS

El origen de nuevas proteínas

Dos de las preguntas centrales cn evolución molecular son: cuánt as familias de gcncs existen y ¿cuál es el

mecanismo(s) mediante el(los) cualies) se originan los nuevos genes? Co n respecto a la primer pregunta, lo

que tratamos de saber es cuántos grupos monofiléticos de enzimas existen. Como veremos. la respuesta a esta

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

Después de la publicación de El Origen de las Especies (Darwin. 1859). la similitud entre estructuras de

origen bio lógico pasó a interpretarse como evidencia de ancestría común. es dec ir. de homologia: De esta

forma , la similitud entre las extremidades de los vertebrados. se interpretó como evidencia de que todos -Ios

vertebrados compartimos un ancestro común con" extremidades . A nivel molecu lar. dos secuencias de

aminoácidos que se parecen más de lo que esperariamos por azar suponemos que tienen un ancestro común

(por ejemplo de forma simplificada. dos proteínas que se parecen en más de 30 aminoácidos por cada 100

sospechamos que son homólogas). De igual forma. dos proteínas que comparten la misma estructura terciaria

(o la misma topolo gía . definida ésta como el mismo arreglo espacial de estructuras secundarias con la misma

conectividad). en principio suponemos que comparten un ancestro com ún . El argumento an terior puede estar

basado por ej emplo en la siguiente 'observación: debido a que el número de posibl es secuencias de proteinas

es tan grande 20" (donde n representa el número de aminoácidos de una secuencia). la cantidad de formas

distintas en las cua les se pueda plegar una secuencia de am inoácidos probablemente sea muy grande también.

y por lo tanto es poco parsimonioso suponer que pueda existir convergencia a este nivel (aunque no todas las

secuencias posibles de aminoácidos se puedan plegar en una prote ína globular). De esta forma. casos en los

cuales dos proteínas comparten la misma topología a pesar de compartir una similitud en aminoácidos menor

a la que esperaríamos por azar, suponemos que son homólogas. Además la estructura primaria parece diver gir

más rápidamente que la estructura terciaria. Las hipótesis planteadas en este trabajo. (la homologia del

domino pa lm entre las distintas familias de polimerasas y el modelo de evolución en pa tchwork para los

dominios de unión a RNA) están basados en la suposición de que dos proteínas que comparten la misma

estructura terciaria comparten un ancestro COmlUI.

Por otro lado. con la acumulación de diversos cr istales de proteínas. comenzó a ser evide nte que distintas

regiones de una proteína se pueden plegar de formas muy diferentes en el espacio tridimensional (una

proteína puede estar formada por la fusión de dos o más dominios distintos cada uno con una topología

diferente) y es común encontrar que dos proteinas distintas son homólogas solamente en lITIO de los dominios.

Con ello llegó la hipótesis de que el dominio es la unidad estructura l y evolutiva dc las proteínas. De esta

forma. parte de la evo lució n de proteínas sc explica mediante el modelo de "Lego" (Henikoff, 19(6). Es decir.

una nueva proteína. se puede formar mediante la fusión. o duplicación de dom inios ' preexistentes (las
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unidades básicas). Si los dominios son en realidad las unidades estructurales y evolutivas de las proteínas.

entonces para trazar el origen de un grupo de proteínas homólogas debernos trazar el origen de sus dominios.

Entonces. la pregunta de ¿cuántas familias de proteínas existen? se puede replantear como. ¿,cuántas familias

de domínios existen? En un artículo ya clásico. Chothia (1992) estimó que deberían existir alrededor de 1000

topologías distintas. Un número extremadamente peque ño de formas. si pensamos que por ejemplo una

bacteria como Escherichia coli tiene alrededor de 4000 genes y que la evolución biológica ha estado

experimentando con la evolución de las proteínas por al menos J.500 millones de a ños, En la actualidad. la

base de datos SCOP (Structural C1assification of Proteins versión 1.65) tiene clasificados alrededor de 800

topologías diferentes clasificados en unas 1.294 superfamilias.

Existen una serie de preguntas fundamentales con respecto a estas unidades estructurales y evolutivas de las

proteínas que son los dominios: ¿Cómo y cnando se originaron estos dominios en la naturaleza? ¿Es posible la

evolución de una topología determinada a otra distinta mediante mutaciones puntuales? ¿O la evolución de

estos dominios estuvo precedida por la recombiuación de elementos estructurales más peque ños, tal y como

en la actualidad los dominios actuales se combinan para formar las proteínas multidominio? ¿Realmente todas

las proteínas que comparten una misma topología son homólogas o es probable la convergencia a este nivel?

Con respecto a esta última pregunta las opiniones son encontradas. Recientemente Denton y Marshall (2001)

han sugerido que el número posible de topologías de proteínas es relativamente peque ño debido a las " reglas

de construcci ón' de las proteínas. De acuerdo a ellos . el cálculo realizado por Chothia (1992) apoya esta

visión .

Si bien. es posible realizar una serie de argumentos que contradicen la interpretación de Denton y Marshall

(200 1) la forma ideal de abordar la pregunta de "que tan común es la convergencia de topologías" o dicho de

otra forma "que tan grande es el espacio de plegamiento" es realizando un experimento. el cual describiremos

a continuación.

La evolución de proteínas ocurre principalmente debido a la duplicación genética seguida de divergencia y/o

recombinaci ón. De esta forma se generan las familias de proteínas. En principio. aproximadamente cada

topología que existe en la naturaleza y que define una familia de secuencias homólogas. se debió haber

inventado por lo menos una vez en la naturaleza (esto solo si la hipótesis. que sugiere que todos los genes

actuales provienen de un solo gen es falsa) . Lo que necesitamos hacer es ' encontrar casos en donde . un

determinado gen se haya originado de 1'101'0 . Estos genes formados de novo representan nuestro experimento

evolutivo. Podemos comparar las topologias de las proteinas originadas de nol'o. con el resto de las topologías

de proteínas. Si encontramos que reiteradamente los nuevos genes codifican para proteínas con topologías que

ya han sido "descubiertas" por otros genes (con un origen independiente), entonces el numero posible de

27



topologías será más bien pequeño y la convergencia a nivel estructural será común . Por el contrario. si cada

gen nuevo que identifiquemos, codifica para una topología nueva. esto será una indicación de que el número

de topologías que pueden existir será con seguridad más grande que lo que se a sugerido.

Parte del éxito de este experimento tendrá que ver con la correcta identificación de los genes nuevos.

Afortunadamente, la naturaleza parece habemos brindado una oportunidad para poder realizar este

experimento. Se ha encontrado que un segmento de DNA puede codificar para más de IUl gen mediante el uso

de distintos marcos de lectura . Este fenómeno parece ser común en virus. y probablemente ocurra .en

bacterias. El caso canónico es el óel bacteriofago de cadena sencilla de DNA ~XI74 . Varios genes

sobrelapados se pueden observar en este caso. por ejemplo el gen 8 está completamente contenido en el gen

A (Figura. 8). ¿Cuál es el origen de estos genes sobrelapados? Si bien es probable que ambos genes hayan

existido previamente y que una mutación que eliminó la señal de termino de uno de los genes (el gen A por

ejemplo) lo cual hizo recorrer el marco de lectura hasta la siguiente se ñal de t érmino (que pudo estar después

de que terminara el gen .8 ). También es probable que el gen 8 se haya originado de novo a partir de una

mutación que iniciara un marco de lectura junto con un siíio de iniciación de la transcripción 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. y si codifica para una proteína globular. se puede estudiar su topología .

El reto. será identificar todos los genes codificados en los genomas secuenciad~s que contengan proteínas

sobrlapadas y buscar si dichos genes tienen un homólogo cristalizado en la base de datos de estructuras

terciarias PD8 (Protein Data Bank 8rokhaven). Para después hacer la comparación con las bases de datos de

genes originados independientemente. Si este experimento tiene resultado. ayudará a comprender el origen de

las formas en las proteínas y la importancia relativa de la selección natural en conjunto con las leyes de

plegamiento que determinan las formas biológicas cuando menos en el ámbito de lo muy peque ño.
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Figura 8. Genes sobrelapados. El bacteriofago de cadena sencilla de DNA ~X174 contiene varios genes
sobrelapados, obsérvese el gen B, el cual está totalmente incluido dentro del gen A (Tomado de Li, 1997).
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