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INTRODucaON 

El uso de la subunidad pequeña del rRNA como marcador molecular ha permitido 

desarrollar una filogenia universal, en donde todos los organismos quedan agrupados 

en alguno de los tres principales linajes celulares, eubacter!a, arqueo bacterias y 

eucariontes, ahora denominados como los dominios: Bacteria, Arquea y Eucarya 

(Woese et al., 1990). Este árbol evolutivo sin raíz, que result6 de la comparación de las 

secuencias de genes ortólogos de rRNA, se trifurca a partir de un ancestro común, al 

que Woese y Fox (1 977) denominaron progenote. Debido a que no se ha descubierto 

un organismo que pueda servir como grupo externo a estos tres linajes celulares, el 

progenote fue definido no sólo como el ancestro común a las eubacterias, las 

arqueo bacterias y los eucariontes, sino también como una entidad hipotética primitiva 

en la que la separación de fenotípo y genotipo aún no había tenido lugar (Woese y Fox, 

1977). Años mas tarde, Woese (1983, 1987) continuó desarrollando su hipótesis y 

propuso que el progenote era un sistema donde el material hereditario estaba 

constituído por moléculas fragmentádas de RNA que aún no estaban integradas en un 

solo polímero genético. 

No todos aceptaron la posibilidad de c;ue el último ancestro común fuese, en efecto, un 

progenote. A partir del análisis de las secuencias de tRNAs de los tres linajes 

celulares, Fitch y Upper (1987) sugirieron que ei ancestro común a estos ya poseía un 

código genético equivalente al de las células contemporáneas, y propusieron que el 

árbol del rRNA se trifurcaba no a partir de un progenote sino de un organismo 

complejo 01 que denominaron cenancestro. Por otra parte, la comparación de las 

secuencias ho¡nólogas comunes a organismos de los tres linajes permitió proponer que 

el ancestro común del árbol de rRNA era, en realidad, una célula procarionte dotada 



de los mismos rasgos biológicos de una bacteria contemporánea (Lazcano et 01.,1992; 

Lazcano, 1995). A pesar de que no se puede exciuir del todo ni la posibilidad de que 

hayan ocurrido fenómenos de transporte horizontal entre los tres linajes, ni de que 

al., 1997), la caracterización del ancestro común a estos tres grupos como una célula 

procarionte compleja sugiere la existencia de una fase de evolución biológica previo a 

ia trifürcadón. 

Como es sabido, no fue sino haSTa que se utilizaron conjuntos de genes parálogos que 

se habían duplicado antes de la separación de los tres linajes cuando se pudo comenzar 

a construir árboles universales con raíz, la cual se ha ubicado en la rama eubacteriano 

(Gogarten et al., 1989; Iwabe et al., 1989). Aunque la idea de que las eubacterias 

corresponden al fenotipo más antiguo de todas las formas actuales de vida ha ido 

ganando una aceptación creciente (Brown y Dolittle, 1995), es igualmente cierto que 

existen anomalías aún no explicadas, entre las que se incluyen las filogenias 

construidas con secuencias de glutamato deshidrogenasas, glutamino sintetasas 

(Forterre et al., 1993), carbamoil-fosfato sintetasas, proteínas de choque térmico y 

otras más. Ello ha llevado a sugerir que en el pasado pudo haber ocurrido un 

transporte masivo de genes entre I()s ancestr()s de bacterias gram positivas y las 

arqueobacterias (Gogarten, 1994). 

La descripción del último ancestro común a los tres linajes celulares puede ser 

inferida por la distribución de !es caracteres homólogos entre sus descendientes. La 

disponibHidao de secuencias provenientes de geno mas completos en bases con acceso 

publico ha aumentado ias herramientas para la caracterización de la naTuralez·;:¡ del 

centJncesfro. Sin embarao. ~úS diferencias en e! reoeri'orio metabólico tiJnto come en -- -- - - - ~ . - , 

ios mecanismos de expresióll de genes de¡¡tro de los tres dominios (Oisen and Vi!oese, 

1997), demuestra que la caracterizaci6n del ultimo ancestro común está aún lejos y 



por el momento subsiste tina fuerte controversia sobre su naturaleza (Doolittle 

2000). 

En principio, se pueden intertar reconstrucciones de estados ancestrales con una 

metodología relativamente simple. Dada la disponibiHdad de secuencias de genomas 

completos de los tres dominios celulares, las características del cenancestro estarían 

definidas por las propiedades que Se comparten en todos los organismos vivientes, 

menos aquellos que son el resultado de evoiución convergente y :os que son adquiridos 

por transporte horizontal (Figura 1). Sin embargo, el análisis de la intersección de 

genomas puede complicarse por las proteínas que no han sido identificadas, además de 

aquellas que han modificado su secuencia rápidamente y por ende no se reconoce su 

ancestría común. Además, se pueden hacer inferencias incorrectas si no se considera 

las pérdidas secundarias que se presentan en los descendientes, en especial aquéllos 

que son parásitos (Becerra et al., 1997). 

Eucarya 



El primer ;rrreni"o por expHcar el o!"igen de las rutQS metabólicas proviene del trabajo 

de Horowitz (1945), quien sugirió que el desarrollo y evolución de las vías biosintéticas 

es el resultado de una adquisición secuencias de enzimas, pero en un orden inverso al 

que actualmente poseen en una vía dada. Esta propuesta, basada erí ias ideas de Oparin 

(1938), establece una conexión evolutiva entre el ambiente primitivo y la emergencia 

del metabolismo biológico, al sugerir que los intermediarios bioquímicos de las rutas 

metabólicas básicas estaban ya presentes en el medio prebiótico. Tiempo después, el 

descubrimiento de ios operones llevó a Horowitz (1965) a desarrollar su idea ya 

conocida para entonces como la hipótesis retrógradas, al proponer que el 

agrupamiento físico de algunos genes biosintéticos, es el resultado precisamente de 

una sucesión temprana de duplicaciones génicas en tandem. 

Sin embargo, es fácil encontrar una serie de objeciones a la hipótesis retrógrada. La 

mayoría de los intermediarios metabólicos son químicamente inestables, y su 

acumulación en ia sopa primitiva resulta difícil de explicar. Además, muchos de estos 

intermediarios son compuestos fosfori!ados, los cuales no podrían permear fácilmente 

las membranas primordiales en ausei'lcia de un sistema de transporte especializado. 

Una propuesta alternativa sobre el p",el de la duplicación génica en el establecimienTO 

de rut::lS anabólicas fue desarroliada independientemente por Waley (1969), Veas 

(1974) Y Jensen (1976). Seg~~ estos auteres, ¡as rutas biosintéticas -ruerot¡ 

enzimas primitivas con unQ boja especificidad al sustrato. De o.cuerdo con esta idea, 

substratos parecidos. De esto manera, la cupHcación aénica y la d~verQencio. evolutiva 
,J J 

de k.s secuencias reslIltanTes fue el mecanismo que incrementó el tamaño de los genes 



y aumentó la especificidad de las enzimas al substrato. Diferentes ejemplos de este 

mecanismo han sido descritos (Becerra y Lazcano 1998, Islas et 01.,1998), lo que 

demuestra que la duplicación génica jugó un papel importante en la evolución temprana 

que debieron exis-rir mecanismos adicionales que participaron en el incremento del 

material genético, ya que no todos procesos metabólicos pueden ser explicados por 

eventos tipo patchwork. 

Uno de los problemas centrales en el estudio de la evolución temprana de la vida es 

entender cual es el origen del material genético a partir de lo que debieron haber sido 

genomas extremadamente reducidos. La disponibilidad de secuencias de genomas 

celulares completos provenientes de los tres linajes (Arquea, Bacteria, y Eucarya), ha 

permitido analizar este fenómeno, encontrando que la duplicación génica junto con el 

transporte horizontal y la simbiosis son los principales mecanismos que han 

incrementado el material genético. Sin embargo, pudieron existir otros mecanismos 

que incrementaron éll1l1mero y -ramaño de los genes durante la evolución temprana de 

kl vida. U{;O de estos mecanismos pudo haber sido la generación de secuencias simp!es. 

Las secuencias simples son regiones de proteínas y ácidos nucleicos que presentan un 

sesgo composicional en sus residuos 'i típicamente contienen segmentos repetitivos, es 

decir, los llamados segmentos de baja complejidad. Los segmentos de baja 

complej~dacl son prodt:ddos pul" mutaciones tipo 1 si!pped-stranci; durante ].e¡ 

f('epHco.ci6t~ ae.: materiul genético (Fig.2). s: bizi:l la oJtG frecwznóa de secuencias 

recientemente S~ ha cobrado COndeflÓc. de que este ferl6me:1o también ocurre en 

procariontes (Sau¡¡der zt 0.1. 1998; este l'rebajo). Debido a que las secuencias simples 



y aumei'rtó la especificidad de ías enzimas 01 substrato. Diferentes ejemplos de este 

mecanismo han sido descritos (Becerra y Lazcano 1998, Islas et 01.,1998), lo que 

demuestra que la duplicación génica jugó un papel importante en la evolución temprana 

que debieron existir mecanismos adicionales que par"ciciparon en el incremento del 

material genético, yo que no todos procesos metaból!cos puedei1 ser explicados por 

eventos tipo patchwork. 

Uno de los problemas centrales en el estudio de la evolución temprana de la vida es 

entender cual es el origen del material genético a partir de lo que debieron haber sido 

genomas extremadamente reducidos. La disponibilidad de secuencias de genomas 

celulares completos provenientes de los tres linajes (Arquea, Bacteria, y Eucarya), ha 

permitido analizar este fenómeno, encontrando que la duplicación génica junto con el 

transporte horizontal y la simbiosis son los principales mecanismos que han 

incrementado el material genético. Sin embargo, pudieron existir otros mecanismos 

que incrementaron él numero y tamaño de los genes durante ia evoiución temprana de 

~a vida. Une de estos mecanismos pudo haber sido la generación de secuencias simples. 

Los secuencias simples SOl'! regiones de proteínas y ácidos nucleicos que presentan un 

sesgo composicional en sus residuos y típicamente contienen segmentos repetitivos, es 

dedr, los Bamados segmentos de baja complejidad. Los segmentos de baja 

complejidaa son prodl:ddos por mutaciones tipO ¡ sHpped-strand ¡ durarrre ia 

repHccdór~ dz! illater-iúl gei'1ét~co (fig.2). S: bien ia alta frecuencia de secuencias 

procariontes (SGunder zt aL 1998; este ~"r'abajo). bebido a que las secuencias simples 



se han encontrado tanto en secuencias codificantes como no codificantes, se ha 

sugerido que juegan un papel importante como fuente de variabilidad genética y en la 

evolución del tamaño de genomas (Tautz et aL, 1986; Hancock 1995). Debido a su 

de variación fenotípica, especialmente dentro de los procariontes patógenos (Moxon 

et a!., 1994; Moxon1999). Sin embargo, el papel de las secuencias de baja complejidad 

pudo ser relevante en ia evolución temprana de la vida, dade que es un mecanismo 

rápido de amplificación del material genético. Así, junto con la duplicación interna, la 

transferencia horizontal y la simbiosis, pueden haber jugado un papel importante en la 

evolución del tamaño y de las propiedades codificantes de los genes celulares. 

Figure 2. Proceso de "s!ipped-strandl
', donde un apareo incorrecto de las cadenas de DNA 

genera la ampli ficación de la secuencia simple. 



Para conocer el papel de las secuencias simples en la evolución temprana de la vida se 

analizaron los siguientes proteomas completos de los siguientes organismos : 

Escherichia coli (Blattner el. al., 1997), Haemophilus influenzae (Fleischmann ej'. al. 

Rickettsia prowazekii (Anderson 1998), Baci/tus subtilis (Kunst et al. 1997), 

/lAycoplasma genítalium (Fraser et al. 1996), M. pneumoniae (Himmelreich er. al. 1996), 

IlIiycobacterium tuberculosis (Cale et aL1998), Chlamydia frachomatis (stephens et al. 

1998), Compylobacter jejuni (Parkhill er. al. 2000), Borre/io burgdorferi (Frase!' et al. 

1997t Treponema pa/lidum (Fraser et al. 1998), Aquifex aeo!icus (Deckert et al. 

1998), Synechocystis sp. (Kaneko et al. 1996), Deinococcus radiodurans (White et. al. 

1999), Thermotoga marítima (Ne!son er. al. 1999), Methanococcus jannaschii (Bult et 

al. 1996), Methanobacterium thermoautotrophicum (Smith et al. 1997), Archaeoglobus 

fulgidus (Klenk et al. 1997), Pyrococcus horikoshii (Kawarabayasi et 01.1998), y Jos 

proteomas de Saccharomyces cerevisiae (Goffeau er. al. 1997), y Caenorhabditis 

elegans. Utilizando el programa SEG (segment sequences by local complexity program; 

Wootton and federhen 1993), el cual cuantifica la complejidad de las secuencias. Para 

ello se utilizó el valor de granulidad: 12 2.02.2 donde el inicio de ventana (trisger) fue 

de W= 12, el valor de complejidad 1<1= 2.0; la extensión de complejidad K2= 2.2. Ei 

programa SEG se complemento con un programa en shell unix, lo que permitió le. 

identificación de secuencias cen segmentos de baja complejidad (programa 1). La 

composición de aminoácid()s de ic~ regiones con baja complejidad fue calculada usando 

el programo aacomp de le paquetería de FA STA (?earson cmd Lipman 1988). Todo le 

c.r:ter~or permite COfwczr parte de ia naTuraleza de las secuendas s¡mpies y por ~c 

tanto indagar en cual fue e! papel dz este fenómeno zn el ¡ncreme~to de! Yriaterkü 



Diversos mecanismos de fijación biológica de CO2 , explican la diversidad y éxito 

evolutivo de los oraanismos autotróficos. Seaón la formulación clósica de la teoría J - - J .--

heterótrofa del origen de vida (Oparin 1938), una vez que el suministro de 

compuestos orgánicos abióticos se volvió un factor limital'lte, ¡as primeras células 

desarrollaron otras maneras de obtener carbono y energía. Esto !Ievó al desarrol!o de 

los primeros organismos fotoautótrofos, y luego a la fotosíntesis (Oparin 1938). 

Existen diferentes evidencias que apoyan la antigüedad de la ruta de reducción de la 

pentosa-fosfato, o ciclo de Calvil'l-Benson. Ello incluye (a) la existencia de microfósiles 

tipo cianobacterias en sedimentos australianos con 3.5 )( 109 años de edad, lo que 

sugiere que el ciclo Calvin-Benson apareció durante el Arqueano temprano (Schopf 

1993); y eb) los perfiles de fragmentación isotópica del ciclo del carbono en el 

Arqueano temprano, que son consistente con el proceso de fijación del carbono 

catolizada por la RuBisco (Hayes, 1994). Sin embargo, la filogenia universal basada en 

el 16/185 rRNA indica que la fotosíntesis basada en clorofila se desarrolló 

relativamente tarde en la rama bacteriana (Woese 1987; Pace 1997). Por lo tanto los 

primeros organismos autó'rrofos debieron usar energía química en lugar de energía 

lumínica, por lo que la ruta de reducción de la pentosa-fosfato, debe haber sido 

precedida por mecanismos rn·::ís antiguos de asimHadón de caz. 

La asimiladón del dióxido de carbono es un muy extendido, pero las diferencias 

CoA, Co ruto de \f'¡ood pathway); y (e) otro rnecanismo menos común, la ílamada ruta del 



hidroxipropionato, descrita inicialmente en ChloroflextJs, una cial'lobacteria 

fotosil'ltético. no sulfurosa. 

Hace veinte años se argumentó que el ciclo de ribu!osa-difosfato evolucionó el partir 

del ciclo de la ribulosa monofosfato en una población hetreotrófica ancestral CQuayle 

y Ferencia 1978). Recientemente, Wachtershauser (1990) ha propuesto un esquema 

quimioatotrófico para el or~gen de vida, en donde ki fcrrr.aciór. de pirita se relaciona 

con la fijación dei CO2• Nosotros proponemos que ninguna de estas dos alternativas es 

correcta, y que la distribución filogenéticas de las rutas ArnoVl y Wood-pathway no 

permite deducir cual de estos dos ciclos es más al'ltíguo. También argumel'ltamos que 

existen evidencias experimel'ltales que sugierel'l que ul'la ruta semi-el'lzimática tipo 

Wood pudo haber sido. une de los primeros proceses bielógicos de fijación del carbón. 



EA.RLY NlETABOLJIC EVOLDTION: lU.~§iGiti"I§ ~·KOM CO:MPARAjrlVE 
CELL1!JJLAR GENOMl!CS 

S. ISLAS, A. BECERRA, J. r. LEGUINA, ,má A. LAZCANO 
FaC'dltad de Ciencias-Ur'¡Aivf 
Apdo. Postai 70-407, Cd. Universitaria 
04510 México D. F., MÉXICO 

The use of Siaan suburJt rRNAs as molec"lar markers has led to urJversal 
phylogenies, in which all known organisms can be grouped in one of three majo. cel1 
lineages, fue eubacteria, the archaeabacteria, ana the eukaryotic nucleocytoplasrn, now 
referred ro as fue domains Bacteria, Archaea, and Eucruya, respectively (Woese el al., 
1990). A descrlption of the last common a.1lcestof (LeA, Le., fue cenancestor), of fuese 
three primary kingdoms may be inferred from fue distribution of homo!ogous 
characters among its descendants. In conjunction with fue fragmentaly information 
available from oilier organisms, fue complete genome sequences llOW availabie in fue 
pubHc databases allow 5uch cilarncterizatiolls, and in sorne cases can even provide 
insights into fue llarure of the cemmcestor predecessors. Rere we discuss the basic 
assumptions ana strategies used in such approaches, and apply fuem to fue 
lInderstanding of fue evollltionary assemblage of argirulle biosynthesis. AOOitionaJ 
aspects of fue evolution OI metabolic mutes have been discussed in Peretó et al. (1997). 

The rustribution of illc¿lY biosynthetic erL.Z}rmes fo:.m.d in aH three pnmarj1 Unes el 
descent befare corn.plet:e genome seqD.ences beo..Jlle a?ailabie had already le!! tú tt~ 

idea that the cenru?cestor was comparable tú modero prokaryotes in its bio!ogica2 
complexH)', ecologicru adaptability, 3Ikd evolutiolla:.y po!ential (i ..... azcanoo 1995). 
H.o'7)ever~ the differe:Lces 111 ihe metabciic reYJertcire &nd ge11e ex;?ression mect:.anisfús 
fu~úng the three prirr.:ary domah15 (cf. 01sen a.~d V/oese. ! 997) der:-H)n.stta¿c Úill! 

cr:aracterization of !.pe LeA is a:c urJln!3!1ed 1ask, :inri tha~ st:-nr:g síateTe?tLo:; a~,,;' 

bread g.:;:neraliZ2~ions 5~:culd be avoided. 
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J. Che!a-Flores and F. Raulin (eds.), 
Exobio;ugy: Matter, Energy, and lr:formatiofl in th..e Ongin ar.d Evolution of Life m the Urziverse, 167-174. 
© 1998 Kluwer A-cMemic Publishers. Printed in ¡he Netherlands. 



168 S. ISLAS ET AL. 

In principie, backttack reoonstructions of ancestrnl states can be achlevOO wifu a 
simple, straigh1forward mefuodology. Given fue availability of complete genome 
sequences from me three prima.l)' domains, fue cenancestor is defined by properties 
shared by alI ¡ivingorganisms, rnmus fuose that are fue outcome of convergent 
evolution and mose acquired by horizontal trnnsfer (Figure 1). However, cross­
genomic anaIysis can be difficulted by lliIidentifioo proreills encoded by rapidIy 
evolving sequences, as well as from fue properties of a glven genomic datase .. 
Inferences en fue nature oí fue LeA can also be biased by me reduced DNA conwnt of 
parasites ana pamogellS SIlch as fue mycoplasma, which llave been selected as model 
organisms beoause of meir sntall, compact genomes (Becerra et al., 1997). Alfuough 
fue applicatiOll of shotgun sequencing has loo to an impressive grow.h of the damba.ses 
in a ve¡y short time, larger voiumes of complete geuome sequences reflecting a broader 
cross .. sectiolIl úfbiological iliversity are stiH requireC:. 

Figure l. lntersection ofilie complete sequence spaces ofthe iliree dornams defmes the gene comp1tmlen:l {)fthe 
Com..'11cn ancestor (LeA). Identmcatlop.. of rnpidJ.y~evohr.ng sequerl.ces would lead, to a bigge:r set of ancestra.i 
genes (hatched area5). 

The fúllctions üf many open reading frames (ORFS) denved mm complete geE~ome 
sequencing projects have beeíG tentatively identified by computer seMenes bas"Q on 
strnctur"aJ sirrJ1az':li1es to L"'10VlTI sequences 1!1 ,-i~mbaseso but many :nore t~t¡rcin 

urddentilled (30 t'J 5QO/Z)~ depending 011 me orgfu'11Sm). S-í!ch databases &:le ooHe::ti,,;)}.s 02 
fue sequ~nce5 that make up b~ological systew..s, bu! understa.i,ding now eacfl. compünent 
works i5 no! eZ10ugh fo! a prDper descrip!ion of hO"¡i{ fue entire :sys!e::rr prc~~eds 
(Klli¡ehls~ : :r;¡·97). Fa! instance, in tS.")_q;'; BacHi'Ms sübtitis tfyptopnan opero:c no s:e~ -_~nc~ 
encocles tbe glt~{&!Di::R~ ~Cli:io !;::a.41sferw;e requireLl !br al¿thLTel1.ilate bicsYTIthesis. ~:~~.s 

I 
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would pose a problem in comparative genomic-based meíabolic reconstructions, had 
biochemical experimeníation noí demonstrated !hat in B. :mbtilis Lile required gene is 
shared wiili ¡he folale biosynilietic route, in whose operon it is locate<! (Crawford, 
1989). 

As surnmarized in Table' 1, understanding of !he evollltionary development of 
metabolism can be obscured by a complex series (jf changes involving enzymatic 
additions, secondar-y losses, pathway replacerlients. ano funcüoflai r-edundancies. 
Addítional oompUcations can result from (a) intraespeci1i.c enzyme substitntions 
involvi..ng paralogolls pmteins; (b) ¡hat possibility iliat extant enzymes may have 
parücipated in alternative mutes which no longer exist or remain to be díscovered 
(Zubay, ¡ 993; Becerra and LazC<lJ¡-¡o, 1997); (e) homologollS .enzymes endowed wiili 
vvidely different catalJ?"..ic properties (see below); aná (d) intraceHu1ar horizontal 
tr&'11sfer -within nucleated ceHs (Embley et al., 1997). 

T ABLE L Sorne processes in metabolic evoiution. 

process examples reference 

addition of enzymatic step(s) oxygen-dependeP..t cnoJesteroí biosynthesis Bloch (1994), Ourisson 
and Nakatani (1994) 

\0$5 of mutes <U'.ld enzymes 

pathway repJacement 

functional redundacies 

archaeal biosynthesis of2,3-di-Q-phytanil 
sn-glycerol 

Stetter (1996) 

purine biosynthesis in parasites Becerra et al. (1997) 

aerobic instead ofanaerobic biosyntbesis of Bloch (1994) 
monounsaturated fatty acids 

fungallysine biosynthesis Vogel (1960) 

phosphatidylchoiine biosyniliesis Bloch (1994) 

i."Uidazole biosynthesis i..."l purme and histidine Peretó et al. (1997) 
biosyntheses 

Toe first atte~pt to expímn fue emerge:r:ce of metaboHc pafuways was develcped 
Horowitz (2945), wno 5:sggeste¿ that vlosy:1t.netic er..zy'fffies n&cl been acqui.red. via gel'le" 
duplications thaz tCD~{ place in reverse oroer as foa1l1í! t.n. exr~'1í pathways. Thls irie.z~, 

ruso known as fue retrograde hypofuesis, estabiished aD. evolutioilar:l con:rrectiGIl 
hetween the p ... imiti-ve scup ana the de-velopment of metaboHc patlnr/ay5~ and h' 
fteClue:.túy iz:vcke6 !Xi descriptic:J.3 of early bio10gical evolution Zcf. Peretó et al., 1997:", 

'i?romy~ed by ili~ ~,s'c0"?e:ry aY o~,,:'e::-0ns, HC~0witz (I965) re&,,¿z'c.ec. ms mGdet Ctrg-ci::'¿ 
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that it was SIlpported not only by fue overlap bet'"ween t.l-¡e clJemical struct!l.res of 
products a;.,d S"Jbstrates oi L.~e er.ayrnes cataJyzing successive reactiOI"IS, but ruso by h\e 
clustering of functionaUy related genes. 

Alfuough sorne operon-like gene clusters are founa in bofu bacterial ana archaeal 
genomes, who!e genome comparisons between distant prokaryotes have shown t..lmt 
gene order can be easily eroded by extensive shuIDing evenls (Mushegian 'and Koorun, 
1996). This implies that the distrlb¡¡tion in prokaryotic cmomosomes of homologous 
genes ellcoding pa!hway enzymes cannot be ¡¡sed 10 (di. )prove the Horowitz 
hypotl1esis. However, if t..!¡e enzymes calaiyzi.."J.g successive steps ¡n a given metabolic 
pa!hway resulted rrom a series of gene duplicaucll!. evenls (Horowitz, 1965), ilien they 
must snare structü1'ru similarities. The known ~xampies confirmed by sequence 
comparisons that satisfy this conditioi! are ¡imited to few pairs of enzymes and have 
been discussed elsewhere (eí Pereló et al., 1997). 

An alternative interpretation of role oí gene duplication in !he evolution of metabolism 
has been developed in the so-cal!ed patchwork hypofuesis (cí. Jensen, 1976). 
According to this scheme, biosynthetic reutes were assembled by primitive calaiysts 
that could react wi!h a wide range of chemica11y related substrates. !he recruitment of 
enzymes from di.ffieren( metabolic pailiways to seNe novel catabolic mutes llI"1der 
strong selective pressures is well document under iaboratol)' condiuons. Repeated 
oecurrences of homologous enzymes in different pathways provide independent 
evidence of patchwork tinkering, Data derived from !he ongoing genome projects has 
already demollstrated tha¡ a large portion of each organisms genes are related to each 
other as well as to genes in distantly re!ated species. As discussed in t11e followillg 
section, the central role that gene duplication and recruitmeut llave played in !he 
assemblage ofojstidine anabolism (Al.ifano et al., 1996) &Id pu..riue m.icleotide ss.!vage 
pathways (Becerra and Lazcaol.o. 1997) can also be extended to ¡uelude arginine 
bíosyn!hesis. 

The phyloge-7J.etic cstrib~ticn of argi2ine biosynthetic genes suggest fuat thls rocte W25 

already pres~nt ::: :he LeA. Hence, its absellce in both Heiicobacter pylori 2l.T.6 fue 
ü1ycoplgsma probably reflects poJyphyletic secon~ry ¡osses. Mtl~Cl!gh L\e 3ame 
cnelnicru steps in:vc!ved in argicine biosynthesis nave been fuünd in aH orga~JsmE 
sm~jeé." ttVO ,;:lifferelú'L Sua:t-::gi~s fOl" 'L1.e deacetyiation of the {;r:.~~t"mediat:; j{~ 

; • " • < _~ .~" ,- ..', ó . ce • 

acety~oro.:t~1ll:Ee 1:a~\fe ~eer:. ;;xes:;::núoo. in enterooo.ctena, tne ger.."J.3 EC:CHfWS, 8r:t {toe 
arctaeo?c1 Sul;.(."oloOU5 sO[(D.ta:"fc~¡s liTIS reactiOl1 is cata~yzed by N-acetylcrrrátrJnase" ~:~e 
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L-Glutamate 

Ace1yI-CcA~i 1 lIJ.aoetyIglutamate syr.thase, 
¿)Í ergA (&gB) 

CcASH ... , 

NAcetylglutamate 

ATP =ti. [.J-aoetyIgiutemate ki¡;ase, 
&gB(&gA) 

ADP 

N-~-y.gutamyiphospl1ate 

NADPH+W=t" - ~~gutamatep'1C6P;"!~'[e iOOUctase, 

NAOP'", Pi 
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Gutamat
e]! N-acety1omithine aminotransferase, 

&gD (bioA, gabT, r.emL) 
ct-Ketoglutarate , 

.N-AceWlonilhine 

H..,O ~ l'\I.acetylomithinase, 
&gE(dapE) 

Acetate 

L-Citrullíl1e 

L-Aspert<rte, ATP ~¡ . . . ~->h 
, Argmmosucanete ~'''" ,ase, 
, ergG 

A'/¡P,?P¡~ 
< 

L-Asglin:Guccinate 

¡ }1rgllincsuoorase:, 
,j ~rnHl=-f1. ~"mC' . Jil <;.;¡jI:} \~?~ vw,; j 

fumarat94Íf * I 
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gene product of argE (Figure 2), wbile in omer Jlrckaryotes and in fungi me acetyl 
graup 15 removed by arnitbine-g1Ula.mate acetyltransferase. There is no evidence of 
phylogenetic relationsrup between mese two different enzymes. Anomer va.TÍauou in 
!bis pamway occurs in fue E. coli K12 st.raiIl, where two homologous genes (argl, 
argF) encode a family of fouT trimenc isoenzymes, mat bine to L-orni!bine and 
caroaL'loy!-phospbate to produce L~¡trulline (G!ansdorff, 1996). 

ArgiJÚn;; biosynmesis oonsists of eigllt steps, five of wruch are mediated by enzymes 
tiJat belong to different PaF.Jogous families (Figure 2). The list illcludes fue pairs 
argA/argB, argEldapE, ami argl/argF, ana \he Ihree- ana four member fanÜlies 
argH/aspAlfumC aud argD/bioAlgabTlhemL (Riley and Labedan, 1996). A1though t.l¡e 
first two consecutive reacuol"is ¡¡¡ fue pafuway 2JrC cata1yzed by the gene products of 
homologous sequellces (argA and argB), we do no! cO!lsider tlris as conc!usive ¡¡roof of 
\he retrograde mecharusm. Bofu reactiolls are chemically equivalent, and during fue 
early evoluuoll. of this roúte fuey may have been catalyzed by an ancestral less-sp",,'ific 
enzyme. ArgiJÚne biosynthesis mus provides additiona\ evidence of fue role of enzyme 
recruitment in metabolic evolunon. 

Wi\h fue exception of proteins in wruch fue evolutionary accretion of a functional 
mom or module has led new catalytic OI bindill.g properties, al1 enzymes cncoded by 
paralogons genes can be expected to be endowed wim comparable biochemical 
properties. However, reports on fue existence of homo!ogous CI1Z}-mcs tiJat catalyze 
separare and mechanistically different reactiollS (Neidhart et al., 1990) prompted 1J.S to 
search fo! additiona\ examples in me available databases. 

This analysis was performed using me database assembled by Riley aun Labedan 
(1996), who coropared me E. coli 1,862 protein sequences !lvailable as of April 1996 
in !he SwissProt databank. They concluded \hat 52.17% of al! studíed protein 
sequellces had resulred froro gene duplicatiollS, aua classified L}¡em in paralogous 
fanlÍlies deñned by sequence similarity. Their líst ínciudes il2 small famil¡es wit,'¡ 

oruy two sequences, 38 with furee, 41 wiili Ihree to sevell, and 13 large fami!ies. As 
llOted by Riley and Labedan, most of Lile members of paralogous famiJies share 
comparable b¡ocllerr¿c;¡J properties, wiili a scarce 1.23% of homologo!!. proteÍl1 pairs 
dísplaying waaI appear (o be di.fierent functions. 

We nave re:pea(~d ttris ar&ysis by looking exhaustively at aH tIte CPNsctenzoo 
paralogo11S genes~ and exduiling fiCU1 om sam.p!e 88 ORFs reponeri F..5 .hypot}l?tical 
proteins. The resclting set was c:ro5s<hecked "vith experiwenfal data the 
corresftonéing 5::zyme ComiS5i,on (Ee) number. We have f)ill'1d z hlg}ler nlli1!.ber of 
:homologous ~enes 'Vt'ilh d.if::t.rent EC numbers~ vihich 'f1iiH be describ~d clsewhere-. A:n 
ex;?..mp~e i5 shovvz;. 121 Figure 3. }~ indudes argirJnosuccinate ~yase" "'¡,rri(:n .;;atruyze:5 the 
12S! s~ep :n 2.fginine bio:Yjlltiiesis (Fig-ure 2), anO. its hO:i1'2o!ogs é....~aK'illte Zllli-nO!J.:?,,,ryase 
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,uara!e hydratase (wlúch participates in the t."icarboxylic acid cycle). As denoted by 
eir corresponding Be number, these er.zymes catllyze different reversible reactiollS 

lon-hydrolytic cleavage, (de)amill.ation, ana a hydratíon reactioil, respectively). 
!owever, al! thice of them use fumarate as substrate, wlúch suggcst tlut the S'Jillctura! 

Jasis fur their sequellce sírrJlarily may be a large homologous bindíng site for this 
compoood. 

A.-gininosuccinase (EC 4.3.2.1) 

Aspar,ate arnmonia-lyase (EC 4.3.1.1) el ====ll!WM~· ¡¡¡·!'!í!!il-~;::::;:::::::::!!jji!j!ij!ii!$¡¡¡m0l'!!=;::::;::::::¡ 

Fumarate hydratase (Ee 4.2. j.2) 

Figure 3. A three~member family of E cali paralogous enzymes wruch different catatytic prcperties. The 
sequences were aligncd using fue Macaw prograrn. The regions \lir1th statisticaUy sigtúfic:mt sequence simííarity 
are shown in biack. 

7. COl1lldusions 

The discovery !:hat homologous enzymes Llmt cata..1yze similar biochemical reactions 
are founa in many dífferent anabolic pathways SIIpports tlle idea that enzyme 
recruitmem took place at a massive scale during fue early development of anaoolic 
palhways. Tlús conciusion ís supported by analysis of lhe available genomic databases, 
wlúch suggest !:hat approximately 50% of cellular DNA is fue outcome of paralogous 
duplications lhat may llave preceded fue divergence of the Ihree primary domains. 
Such lúgh levels of redandancy suggest t.'1at the wealth of pllylogenetic informatiml 
older than the cenancestor itself may be Jarger fuan realized, and lhat this information 
!na)' províde ITeslJ. insíghts iate a cmcial but largely ooell;plored stage of early 
biologícal evoll1tion. 
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1. futrilll"ct;oll 

Only half-a..;:entury afier !he DNA double chain mode! was firsí suggested, molecular 
biology has become one of !he most provocative, rapidly developing fields of of 
sclemillc research, !hat has led nOI only to tantalizing new findings on processes and 
rnccharjsms at the molecular leve!, huí ruso to major conceptual revolutions in me 
sciences. ls !here any hope of developing me!hodological approaches and !heoretical 
frameworks no! only lo make sense of!he overwhelming growing body of data that !hls 
relatively new field is producing, bul a1so lo use !llem lO develop a more inlegrative, 
truly multidisciplinary understanding of biological phenomena? As Peter Bawler 'Hote 
a few years ago, Charles Darwin and his foHowers were aceuteIy aware that 
flevolutionisrnrs strengtb as a tbeory r..arlle fom its ability to make sense out of a vast 
range of otherwise meaningless faets" (Bowler, 1990). Tlus situation has not ehallged. 
Evolutionary biology may be in a state 01' majar turmai!, bUl its !mifying powers have 
not diminished at all. In fae!, !hey probably represen! one ef !he mas! prOllllsmg 
possibilitres of overconüng the perils of reductiorusm that have plagued molecular 
biology since its inception. 

Molecular approaches to evolutionary issues are a centlli-y old. Tne possibility of 
developing a sucessful blending between 6eP.1 wzy h.ave been first suggested by the 
American~born British biologist &tíd physician. George H. F. Nuttal1. who in 1904 
!,)ublished a book summzrizing t-he resuits of ú"ie detailed comparison of blood proteins 
Lt)at he had used to reconstnlct fue evolutionary relationships of animais. "In the 
absence oi' palaer.tological evid~nce". !.vrcte Nuttall (1904), '"the qüestion of of tile 
interrelation-srup am.C:lgst 2nh-nals 1S based UpüTI similarities oí stnJcture in existing 
[orL1s. In judging cf fuese s~miiarities, t.he 5ubjective element may largtiy er:.ter, in 
e",,'jdence of which we need bll! ~ook at ihe histcry of the classmcation oí the Primates". 
Such subjeceve eiement, N!luali beHeved, could be succesfulIy overco;ned by 



overcomed by constructLrlg a phylogeny based not on funn but on L1¡e inmunnlogicai 
reactions of blood-related proteins. 

Although the comparative analysis of biochemical properties, metabolic 
pathways and, in few cases, morphological characteristics, had provided sorne useful 
L"1sights en t..~e evo!utionary relationships a..-rnong certai...'1 micrcorganisms, until a few 
years ago 1.l}e reconstruction of bacteria! pny!ogenies a!ld 1.l:le understanding of 
microbial ta.xonomy were both viewed with considerable skepticióm. This situation 
has undergone dramatic changes with the recognition tha.t proteins and nucleic acid 
sequen ces are historical documents of unsurpassed evolutionary significance 
(Zuckerka.."'1dl ru"1d Pauiing, 1965), ano has led to a radical renovatíon of t.l-te 
phylogeny, classification, and systematics of prokaryotic and eukaryotic microbes 
(Woese, 1987). 

But these changes have also sparked new debates, and have led to an increased 
appreciation that the scope and limits of molecular cladistic methodologies require 
clarification. As shown by the current controversies on t..l-¡e characteristics of the first 
organisms, the origin of the different components of the eukaryotic cell, and the 
soundness oftraditional taxonomic systems, the development of the full potentiai of 
molecular cladistics wil! depend !lot muy 00 methodological refinernents to improve 
the algorithms used for reconstructing evolutionary history frorn molecular data, but 
also on the critical reexamination of its theoretical framework, whieh includes a 
number of central concepts, rnost of which were grafted from c1assical evolutionary 
theory into molecular biology. Here we discuss sorne of these issues, and review 
briefly sorne of the major contribujons that they have promoted in our u)1derstanding 
ofpreviously uncharacterize~ early periods ofbiological evolution. 

2. On the fi1atu¡re of e~k2ryotk ceUs 

The awareness tha! genomes are e:l.1:raordinarily neh historical docurnents from 
which a wealth of evolutionary infonnation can be retrieved has widened the range of 
phylogenetic studies to previously únsuspected heights. The development of efficien! 
nucleic 2.cid sequencing techniques, wbich now allows the rapid sequencing of 
complete cellular genomes, cornbined with the simulta.'1eus and independent 
blossoming of coroputer scienee, has led not only ,o an explosive grow!l) of 
databases and new sop¡üsticated (ools for their exploitation, but also to 1.1,e 
recogrurion that differeni rnacfDmolecubs may be uniquel)' 5uited as moleCular 
ci:l!"onometers in the corrstruction of neariy universal phylogenies. 

A :Tzjor acruevemen! of this apprcach b.a..s been !he evolutionary cmnp2.rlson of 
smaH SUGllrut ribosomal ru..JA (rRl~A) sequences, which has allow¡;d the 
constructioa of a trifurcated, ll...'1footed tree in whicn all kno\vn orga.;.J..isms can be 
grauped in ane of three m:ijor (apparently) monophyletic cel! !ineages: the 

2 



"eubacteria, !he archaebacteria~ and me eukaryotic nudeocytoplasm, novo referred to 
as new taxonomíc categories, i.e., the domains Bacteria, Archaea, and Eucarya, 
respectively cy.¡oese et al., 1990). There is strong evidence tha! the identification of 
these lineages is not an artifact based solely upon the reductionist extrapolatíon of 
information derived from one si.'1g1e molecule. Wrule ¡rees based on whole genome 
i.n.romIation have confimled at a broad level rRNA-based phylogenies (Sne! el al., 
1999; Tekaia et aI.~ 1999), it is also true that the congruer.ce ber.veen rR.NA genes 
and other molecules is not a!ways ideal, and anomalous phylcgenies have been 
reported (Rivera and Lake, 1992; Gupta and Golding, 1993). Al the time being there 
is no general explanation to account for these peculiar topologies, and the possibility 
that \ve may have te restnct ourselves to empirical characterizations of such cases 
should be kept in mind. However, a large variety of phylogenetic trees constructed 
from DNA and RNA polymerases, e!ongation factors, F-type A TPase subunits, 
heat-shock and ribosomal proteins, and an increasingly large se! of genes encoding 
enzymes involved in biosynthetic pathways, have confirmed the existence of the three 
primary cellular lines of evolutionary descent (Doolittle and Bro\,n, 1994), between 
which extensive horizontal transfer events have ta1,:en place (DooEttle, 1999). 

The ensuing tripartite taxonomic description of the living \Vcrld fostered by 
Woese and rus followers has been disputed by a number of workers, who contend 
that Qoth eubacteria and archaebacteria are bona fide prokaryotes, regardless of the 
pecularities that separate that separate them al the molecular level, both are 
prokaryotes (Mayr, 1990; Margulis and Guerrero, 1991; Cavalier-Smith, 1992). 
F urthermore, because of their very nature, molecular dichotomous phylogenetic trees 
cannot be dra"m which inelude anastomozing branches corresponding to lhe lineages 
which gave rise to the different components of eukayotic cells. Accordingly, 
Margulis and Guerrero (199 J) have argued tha! although molecular cladistics is now 
a prime force in systematícs, phylogenetically accurate taxonomíc classifications 
shou!d be based not only on the evolutionary comparison of macromolecu!es, but 
also on metabolic pathways, chromosomal cytology, ultrastructura! morphology, 
biochemical data, life cycles. and, when available, paleontological and geochemícal 
evidence. 

\flhile molecular phylogenies have confirmed the endosymbiotic origi.~ of plastids 
anc. mitochondria, 2. number cf trees also suggest that a major pOi-tion of the 
eukaryotic nucleocytoplasm ()rig~"1.ated ITom al: afchaebacteria-li..~e ceH whose 
desce!1dz.nts fonn the monophyletic eucaryal brand1 (Gogarten-Boekels and 
Gcg?rter., 199.11). As c..sserted by Wüese aIld bis coHaborators, 2.1tñ.ough fue presence 
ef endosy:nbionts 13 of criticai im¡:crrtance ~o tne e<.lkarjotes, it 1S lJ..i'1deru2.bie ibat the 
larte! ¡lh.ave a uniqee, meaniEgful p!"-iylogenyt: (Wb.eelis et al., 1992). V/hile sud: 
viev,,r assumes ar.. z.bsolute continaity benveen t.':e nucleocywplasm ano its diree;: 
3.l"1CeSIOí, !he noi.istic argu:t!1ents advocated by MarguEs a71d GiJerrero (1991), 
Cavalier-Smith (1992), and olhers, emphasize me evolutionary emergence of an 
novel type of cell as a resuit of endosymbjoúc events. According to!he larter, the key 



tra."lsitional event leading to eukaryosis was !he evolutionary acquisition of heritable 
intracellular symbionts, and !he eucary".! branch does no! represent eukaryotic celIs 
as a whole, any more !han fungal hyphae or phycobionts like !he Trebouxia alga! 
cells exbjbit, by Lhemselves, aH tbe phenotypic and genetic characteristics of a lichen 
!hallus. 

Of course. antagonistic taxonOll1ies llave coexisted more or less peacefbHy along 
!he rustory of biology. However, !he urgent need lo critic"líy revise current 
classificatory systems cannot be underscored. Modero taxenomic schemes need lo 
acknowledge not enly !he existence of tbree major cell lineages, bul "Iso !he 
eukaryotic divergence partems, wrnch appear to be the result of rapid bursts of 
speciation (Sogin, 1994). Any such modifications in biological classification require 
the recognition of!he functional and anatomical continuity between !he eukaryotic 
cytoplasm and !he intranuclear environment, as wel! as tbe likelihood !hat the 
evolution of membrane-bounded nuclei is indeed a byproduct of perrnanent 
intracellular associations. In fact, e,,'tant amitochondrial eukaryotes such as Giardia 
and Trichomonas appear to have had mitochondria in tbe past (Gerrnont el al., 
1997), and still harbor perrnanent intracellular bacteria! endosymbionts (Margulis, 
1993). These amitochondrial cells, which may include tbe microaeropruiic, amitotic, 
multinucleated giant amoeba Pelomyxa palustris, are an localed in !he lowest 
branches of!he eucarya, and contain several types of intracellular prokaryotes which 
may be the functional equivalents of mitochondria. The ubiquity of endosymbionts 
suggests thal they may have played a critical role in tbe evolutionary development of 
nucleated censo This hypotbesis is amenable to observational and experimental 
designs, and may be supported by studying tbe possible bacterial affinities of 
membrane-bounded bydrogenosomes tbat are known to multiply by binary division 
in the Trychomonas c)-1oplasm (MüIler, 1988), 'as well as by searching for 
prokaryotic endosymbionts in species of Parabasalia, Retortomonads, Diplomonads, 
Calonymphids, a?J.d other protist !a'(a, sorne of which roay have evolved prior to 
mitochondnaJ acquisition. 

3. The mol of lhe tlree or tne "p of the tnmk? 

Toe constmction of the unrooted rRNA cree showed that no single majar branch 
predates fue other two. and aH tJ.1ree derive !rom a enroman at'1cestor. h was IDuS 
concbded that tbe latter was a progenote, which was defilled as a hypo¡;,etical entity 
in which pherrotype and genot:,rpe still had an imprecise, rudi.mentary linkage 
relaúcms!1ip [\Voese ano Fox, 1977). Acc~rd.ing to trus view, !he differences found 
&."TIong t}¡e tra.;-¡scrip:ional and ~ranslationaJ machineries of eubacteria~ 

arc:raebacteria, and eukaryotes, \\'ere the :'esJ~t of evoluticnary refíne:nents that taok 
place separately ir1 eo~ch of fuese pmnar:v ba..--'1ches of descent atter t.'1ey nave diverged 
from their universal ancestor C0loese, 1987). 
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From an evoiutionary point of view it Is reasonable to assume that at sorne point 
in time tbe ancestors of al! fonns of life must have been less eomplex tban even ¡he 
simpler extant cells, but our current knowledge of tbe eharaeteristics shared between 
tbe t.'u-ee lines has shown lhat tbe conclusion lhat tbe last common ancestor ",as a 
progenote was premature. TIús interpretation, based on rRNA-based trees for which 
no outgroups have been discovered, has been definitively superseded (Woese, 1993). 
A parcial description of the last common ancestor of eubacteria, archaebacteria, and 
eukaryotes may be inferred from the distribution Df homologous traits among its 
descendants. The sel of sueh genes tbat have been sequeneed and compared is still 
small, but tbe sketehy pictme tbat has already emerged suggests that tbe mos! recent 
COD'1JnOn ancestor of aH extzu"'1t organisms, or cenancestor, as defined by Fitch and 
Upper (1987), was a ratber sophisticated cell witb at least (a) DNA polyrnerases 
endowed witb proof-reading activity; (b) ribosome-mediated translation apparatus 
\\~tb an oligomeric RNA polyrnerase; (e) membrane-assoeiated ATP production; (d) 
signalling molecules such as cAMP and insulin-like peptides; (e) RNA processing 
enzymes; and (f) biosyntbetic pathways leading to amino acids, purmes, pyrimidines, 
coenzymes, and otber key moleeules in metabolism (ef. Lazcano, 1995). 

Altbough the possibility of horizontal transfer should always be kept in mind, tbe 
traits listed above are far to numerous and eomplex to assume tba! tbey evolved 
independently or tba! tbey are tbe resuí! of massive multidireetional horizontal 
transfer events which took place before tbe earliest speciation events recorded in 
each of tbe three lineages. Their presence suggests tbat tbe cenancestor was not a 
direct, immediate descendant of tbe RNA world, a protocell or any otber pre-life 
progenitor system. Very likely, it was aIread)' a complex organismo much akin to 
extant bacteria, and mus! be considered tbe last of a long line of simpler eariier eells 
for which no modern equivalent is knO\\TI. 

Unfortunately. the characteristics of evolutionary predecessors of L1.:le cenaI1cestor 
cannot be inferred from tbe plesiomorphic traits found in tbe space defined by rR.NA 
sequences. A!tbough trees constmeted from such universally shared charaeters 
appear to be free of internal inconsistencies, tbe lacK of outgroups leads to topologies 
tbat specify bra.llehing relationship, but no! L'1e position of the ancestral phenotype. 
Thus~ such trees carmot be i"ooted. This phylogenetic cul-ae-sac roay be overcomed 
by using paralogous genes, which are sequen ces tt1.¡at cliverge not tP..rough speciation 
but after a duplicatio:.1 event. As TI8ted over twenty years ago by Schwartz a..'1d 
Dayhoff (1978), rooted trees can be constructed by using ane se! of paralogo,-,s 
genes as 3-' outgíoüp fer the otheí set, a rate-ilidependent dadistic methodoiogy tilm 
expands the monephyíetic gícup:ng c:fthe sequences under comparison. 

This approach ,-vas :lsed üldep~Il:iently a few years ago by ~wabe et al (1989) and 
Gcgartel1 ~t al (1989), who a....."lalyzed paralcgol1S genes encoding (a) !he two 
elongation facto!"s (EF-G c...'1(( EF-Tu) that assist in protein biosynthesis~ and (;J) the 
aipha and beta ;'ydrophilic subunits ::lf F -type A TP syntbetases. Using differen! tree-
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constructing aigontlLms, horÍl tearos independently píaced tÍle rool of tÍle universal 
trees between tÍle eubacteria, on tÍle ane side, and archaebacteria and eukaryoles an 
tÍle otÍler. Their results imply tÍla! eubacteria are tÍle oldest recognizable ceilular 
phenolype, and imply tÍla! specific phylagenetic affinities exis! between tÍle archaea 
and the eucarya. 

This branching arder, which was promptly adopted by Woese el al (1990), 
appears to be consistent with structural and functional similarities which are kno\\n 
to exist in the translation and replicatíon machineries of botÍl archaebacteria and 
eukaryotes (Ouzonis and Sander, 1992; !Caine et al., 1994). However, lhe issue is far 
from solved, and has in faet been fJ.F ..... }¡er complicated by !he availability of 
completely sequenced genomes. The situatian is further aggravated by the fae! thal 
the phylogenetic analysis of seIs of ancestral paralagous genes ather than lhe 
elongation factors and the A TPase hydrophilic subunits has challenged lhe 
conclusion lhal universal trees are rooted in !he eubacterial branch (cf. Forterre el 
al., 1993). While lhe sequences of the products of genes involved in the 
transcriptiopJtranscriptional molecular machinery of eukaryctes appear to be closer 
to lhose of lhe archaea than lo the eubacteria, olher sequences such as those 
encoding heat -shock proteins and severa! enzymes suggest !he existence of 
phylogenetic affinities belween archaebacteria and Grarn positive bacteria. No 
support for a particular topology \Vas detected wnen mean interdomain distance 
analysis was used to analize a sel of approximately forty genes cormnon lo !he !hree 
lineages (Doolittle and Bro\Yn, 1994). 

The lack of congruency between differenl universal phylogenies may be !he result 
not only of the statistical problems involved in the aligment and comparison of a 
large number of sequences ¡hat may have diverged more than 3.5 x 109 years ago, 
but also of even older additional paralogous duplications (Forterre el al., 1993), and 
of horizontal gene tranfer events (Doolittle, 1999), both of whieh may be obscuring 
the natural relationships between ¡h.e lineages. Given the likelihood lhat microbial 
phylogenetic analysis wil! inerease its reliance on paralogous duplicates to define 
outgroups and character polariúes (Sidcw and Bo\\wan, 1991), detailed sludies 
should be devoted 10 assess ¡he va;;dity and linüts ofthis cladistic methodology. 

Minor differences in the basic molecular p:-ocesses of the t..lJree main celi lmes can 
be distiIlgtlished~ but al! knO\VIl organisms~ includíng me oicles1 ones

7 
share t.'le same 

essentiai features of gerrome replication, gene expression~ basic anabolic reactions, 
a..rJ.c mer.1b:a.l1e-associated ATPase mediated e~ergy prcduction. Tne molecular 
details of fuese urive~sal processes fl0L only pro vide direct evidence of the 
;:noDopilyletic origL.'1 of aH extant fom:.s of Efe, hut also imply !hat !he sets of genes 
encoding the components ofthese compiex trait5 ·"vere frozen a long time ago, i. e., 
major Cl1atlges iI1 t.,~em are Very strongiy seIected agaRilst a..-¡d are lethal. Bioioglcal 
evoiutiJn prior to trie divergence of the u~ree domains was not a contt.i.UOUS, 
unbroken chain of progressive tra.11sfommtion steadily proceeding to\vards the 
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cenancestor. H.owever~ no evolutionary intermediate stages or aTlcient simplified 
version ofthe basic biological processes have been discovered jI\ ex*.ant organisms. 

Nevertheless, clues to tbe genetic organization and biochemical complexity of ¡he 
eadíer entitíes from which tbe cenancestor evolved may be denved from tbe analysis 
of para!ogous sequen ces. Their presence h"1 the t.'1ree cell li.t"1eages iA-nplies not only 
that their last co!!unon ancestor was a complex ceE aiready endowed, among others, 
with pairs of homologous genes encoding two elongation faceors, two A TPase 
hydrophilic subunits, two sets of glutamate dehydrogenases, and tbe A and B DNA 
polymerases, bu! also ¡hat lhe cenancestor itself must have beel\ preceded by simpler 
cel1s in which only one copy of each of !bese genes existed. L"1 ot.~er words, Archearl 
paralogous genes provide evidenee of tbe existenee of aneíent organisms in which 
A TPases lacked tbe regulatory properties of its alpha subunit, protein syntbesis took 
place wilh onJy one e!ongation factor, and tbe enzymatic machínery involved in the 
replieation and repair of DNA genomes had on!y one polymerase ancestral to tbe E. 
coli DNA polymerase 1 and Il. 

By definition, the node located at tbe bottom of tbe cladogram is tbe root of a 
phylogenetic tree, and corresponds to tbe cornmon aneestor oftbe group under study. 
But names may be misleading. The recognition tbat basic biological processes like 
DNA replication, protein biosynthesis, and ATP production require today Ihe 
products of pairs of genes which arose by paralogous duplications dunng tbe early 
Archean, implies that what we have been calling tbe root of universal trees is in fael 
the tip of a trunk of unknown length in which the history of a long (but no! 
necessanly slow) senes of arehaic evolutionary even!s may still be rccorded. The 
invento!)· of paralogous genes that duplicated dunng this previously unchaetenzed 
stage of biological evolution appears to include, in addition to elongation factors, 
A TPase subunits, and DNA po!ymerases, the sequences encoding heat shock 
proteins, ferredoxins. dehydrogenases, DNA topo!somerases, severa! pairs of 
aminoacyl-tRNA synthetases, and enzymes involved in nitrogen metabolism and 
amino acid biosynthesis. lt is noteworthy tbat this lisí includes also aspartate 
transcarbamoyl transferase, ar¡ enzyme which together with carbamyl phosphale 
syntbetase (whose large subunit ;s itself the produc! of an interna!, i.e., partíai, 
paralogous duplication) cataiyzes 1.'1e initia! steps of pyrimidine biosynthesis 
(Garela-Meza el al, ¡ 995). 

Thus, prior to fue early duplic2.tion events u1at led to what ma}/ be a rather large 
rrt:mber of cenancestr2J paralogous sequences~ simpler liv';u~g systems existed. \vhich 
lacked t.~e large sets of er..zymes and the sophisticated regulatory abilites of 
contemporary celis. PJt.lo~gl1 lateral tra::1sfer of codiug sequences may be arrr.ost as 
oId as Efe itself, gene duplication rollo;F·;e¿ by Óvergence probably p!ayed a 
dorriI:&,,:t tole ii1 t.~e acc!eáon of compiex geno mes, ruAd may nave led to a rapid ra~e 
of rr..icrobial evoluticiJ.. If its is assumed that -G1e mte of gene duplicative expansion 
ofancient ceHs was comparable te today's present. values~ whicn are of 10.5 to 10.3 
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gene duplications per gene per cell generatíon (Stark and Wahl, 1984), me maximum 
time required to go from an hypothetical lOO-gene organism to one endowed \\ith a 
filamentous cyanobacterial-like genome of approximately 7000 genes would be less 
than ten million years (Lazcano and Miller, 1994). 

Although fuere are no published data on !he rate of fonnation cf new enzy1TIatic 
activities resl.llting from gene duplication events under eit.her neutral· or positive 
selection conditions, the role Df duplicates in the generation of evol¡,¡ionary novelties 
is well stablished. Once a gene duplicates, one of the copies may be free to 
accumulate non-lethal mutations and acquire new additional properties, which could 
lead mto its specialization or recruitment L.TJ.to new role. Data sunlH1anzed here 
supports the idea that primitive biosynthetic pathways were mediated by sma!!, 
inefficient enzymes of broad substrate specificity (Jensen, 1976). Larger substrate 
ranges may had no! been a disadvantage, since relatively unspecific enzymes may 
have helped ancestral cells with reduced genomes overcome the;r limited coding 
abilities (Ycas, 1974). 

The discovery thal homologous enzymes catalyzing similar biochemical reactions 
are part of different anabolic pathways supports the idea that enzyme recruitment 
tooK place during the early development of several basic anabolic pathways. 
Evolutionary tinkering of the products of duplicatíon events apparently had a major 
role in rnetabolic evolution. This is supported by the analysis of complete genome 
sequences, thal has sho\,n the large proportion of gene conten! that is the oulcome of 
duplication events (Tekaia and Dujon, 1999). Such high levels of redundancy 
represent an illuminating possibility and suggest that the wealth of phylogenetic 
infonnation older than the cenancestor may be larger than realized, and its analysis 
may provide fresh insights into a crucial bul largely undefined stage of early 
biologica! evo!ution during which majar biosynthetic pathways emerged and became 
ñxed. 

There is a major exception to ·'l1e aboye conclusion. True fungi, euglenids, and 
chrytridiornycetes synthesize Iysine via an eight-step pathway in which 0.-

3..minoadipate (AAA) is an interm"diate. This mute is dífferent from the seven-step 
diaminoplmelate pathway used by bacteria, plants, and mast protist (Bhattacharjee, 
1985). The phylogenetic distribution of lhese lwo pathways suggest that the AAA 
rClUte is fue mos! recenl one. Accordingly, ií the patchwork assembly of metabolic 
pathways (Jensen, 1976) is valíd, then it can be predicted t.l,at ¡he enzymes catalízing 
the AJ\A-r0Ute should be hOillOiogous to !hose participating in other major 
CiosYT.thetic routes. 

lbe recognition that enzyme recnütment may have played a ;n.~or role in 
metabo~ic e',/olution leads, ho\""ever, to assume sorne caution in phylogenetic 
inÍerences. Although in sorne cases metabolic patn\vays ¡nay be sucessfuEy used to 
assess ¡he phylogenetic relatíonship of prokaryotes (DeLey, 1968; MarguEs, 1.993), 
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!he possibiiity lhat sorne of the enzymes af archaic pa!hways may have survived in 
unusual orgarnsms (Keefe el al., 1994), or !ha! important portions of e)<.1ant 
metabolic roules may have been assembled by a patchwork precess (Jensen, 1976), 
suggest lhat considerable prudence should be exerted when attempting to describe 
!he physiology of truly primordial orga.'1isms by simple direel baek extrapolatian of 
eX+ • .ant metabolismo 

4. Moiecilllaa- clia¡jjistics amI the oi"igin of ¡¡fe: is diere any connection? 

"AH fue organic beings \vhich have ever lived on fr,is Eart ... l-¡I\ wrote Charles Darwin 
in the Origin of Species, "may be descended from sorne pn.."Tlordial fonn". Although 
!he plaeement of!he rool of universal trees is a matter of debate, !he developmel1! of 
molecular c!adistics has shown !ha! despite !heir overwhelming diversity arrd 
tremendous differences, all organisms are u!timately related and deseend from 
Daf\vin' s primordial ancestor. But what \Vas the nature of this progenitor? 

The heterotrophic hypothesis suggested by Oparin (1938) not only gave birth to a 
whoie new ñeld devoted to !he study of me origin of iife, but playea a central role in 
shaping several influential taxonorrllc sehemes and different bacterial phylogenies 
(Margulis 1993). Aithough the central role of glyeolysis and me wide phylogenetic 
distribution of at least sorne of its molecular components are strong indications of its 

. antiquity (Fo!hergill-Gilmore ana Michels, 1993), it is no longer possible lo support 
the ad hoc identification of putative primordial trails to assurne lhat the tirst living 
system \Vas a Clostridium-like anaerobic fermenter or a Mycoplasma type of cel! 
(cf. Lazcano et al., ! 992). Like vegetatian in a mangrove, the roots of universal 
phylogenetic trees are sumerged in the muday waters of me prebiatic broth, but ho\\' 
me transition from the non-living to me living taok place is still unkno\VTI. 

Indeed, \Ve are still very far frorn understanaing me origin and attributes cf the 
firs! living beings, wiúch may have lacked even the most familiar features in e)<.1ant 
cells. For instance, protein synL)csis is such an essential characteristíc of cells, mal it 
is frequent!y argued mat its or :15i..'" snou!d be considered synonyrnous wiü, !he 
emergence of life itself. However, the discovery of!he catalyLic activities of RNA 
molecules has led considerable S¡¡Pport 10 me possibility tllat during ead)' stages of 
bio~ogical evolution livillg SysteffiS v,¡ere endowed wit}l a prit-¡ütive replicating and 
cataiytic apparatus devoid of D::>th DNA a..Y1d proteins The scheme may be even more 
cOr:1plex, sin~e p-J'.¡A, itself rna)' have been pre~eded by sirr..p!er genetic 
macrcü10Iecdes lacking not oniy fue familiar T,5 1 phosphodiester backbones of 
lludeic acids. hut perhaps even today's bases (Lazcano at"1d Miller, 1996). 

Al~h~ugr1:t molecular cladistics may p;:-ovide clues to sorne late steps m t.~e 

developn:1ent of 'lhe genetic code) it 1S difficult 10 see how the applicabilitj of this 
approach ca.f1 be eA 'tended beyond a t.hreshold that corresponds to a penad of celh.:lar 
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evo]ution in whicn protein biosynmesis was aiready in operation. Older slages are 
not yet amenable to molecular phylogenetic analysis. Almougn mere nave been 
considerable advances in me understa¡lding of cnemical processes mat may have 
taken place before the emergence ofme first living systems, life's beginnings are stiU 
snrouded in mystery. A cladistic approacn to this problem is ::lot feasible, sinee al! 
possible intenneruates iliat may nave once existed "P..ave long smce varüshed. The 
temptation to do otherMse is best resisted. Given !he huge gap existing in current 
descriptions of me evolutionary transition belween me prebi;¡tic synmesis of 
biochemical compounds and !he cenancestor (Lazcano, 1994), it is naive to attempt 
lo describe the origin of life and the nature of the first living systems from the 
available rooted phylogenetic trees. 

Nevertheless, !here have becn several recent attempts to use macromolecular data 
to support c1ainls on me hyperthermophily of me first living organisms and me idea 
of a hot origirl of life. The examination of t..l¡e prokaryotic bra!lChes of unrooted 
rRNA trees had already suggested mat me ancestors of bom eubacteria and 
archaebacteria \vere extreme thermophiles, i.e., organisms that grow optiIP.al!y at 
temperatures in me range 90° e and above (Achenbach-Richter et al., 1987). Rooted 
universal pnylogenies appear to confirm mis possibility, sinee heat-loving bacteria 
occupy short branches in me basal portion of molecular cladograms (Stetter, 1994). 

Such correlation between hyperthermophily and primitiveness has led support te 
the idea mal heat-Ioving lifestyles are relics from early Archean high-temperature 
regimes that may have resulted from asevere impact regime (Sleep et al., ! 989). It 
has also been interpreted as evidence of a high temperature origin of life, which 
according to these h)'pomeses took place in e>.'treme enviroru-nents such as mase 
found today in deep-sea vents (Holm, 1992) or in olher sites in whieh mineral 
surfaees may have fueled me appearance of primordial chemoautolimotrophic 
biological systems (Wachtershauser, 1990). 

Such ideas are not tota!!)' witl10ut precedent. The possibility mal me firs! 
heterotrophs ma)' have evolved in a sizzling-h.ot enviromnent is in fael an old 
suggestion (Harvey, 1924). Despi;~ their long genealogy, these hypomeses have no! 
been abie to bypass me problerr. of 1.,"e chemical decompositíon faoed by anJino 
acids, RNA, and other thermolabile molecures which have very short l¡fetimes u:1der 
sucn ex1:reme condition.s (Mi!ler &'1d Bada, 1988). Alihougl-:l no mesophilic organisms 
older iban heat-loving bacteria have been discovered, it is possible that 
hyperthermophily is a seccnrbry ::ldapraúon tbat evolved i.11 ear!y geological times 
(Sleep:;t al., 1989: Cor;..falcnieri e: al., 1993~ Lazcano, 1993). Such possibility is in 
fact strongly supported. by me recent p!1y~oge~etic &,alysis of t.l-¡e G+C content of 
rR..NA genes, -0./hich suggest that !he last comrnon ancestor was not a 
hyperthermcphilic orga.'1ism (Gaitier et al., 1999). 
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In fact, hypertl¡ermophiles not only share t.t,.e saIne basíc features of t.~e molecular 
machinery of aH ofuer forms of life; fuey also require a number of specific 
biochemical adaptations. Any theory on the hat origin af life mus! address the 
question of how such traits, or their evollltionary precedessors, arose spontaneousiy 
in fue prebiotic environment. Such adaptaticns may inc!ude histone-like proteins, 
RNA modificating enzymes, and reverse gyrase, a peculiar ATP-dependent enzyme 
t~at twists DNA into a positive supercoiled ccnformation (Copl'aionieri et aL, 1993). 
Clues to fue origin of hypeithermophily may be hidden in t'Us list, and its 
evolutionary analysis may contribute lo fue understanding af lIle rai:her surprising 
phylogenetic distribution of!he i"'nmediate mesophilic descendants of heat-Ioving 
prokaryotes, wmch shows that at least five independent abandon.rnents events of 
hyperthennophilic traits taok place in widely separated branches o: universal trees, 
ane of which carresponds to lhe eukaryotic nucleocytopiasm (García-Meza et al., 
1995). 

The antiquity of hyperthermophiles appears lo be wel! established, but !here is no 
evidence t1¡at !hey have a primitive molecular genetic apparatlls. Thus, tbe most 
basic questions pertaining lo !he origin of life relate to much simpler replicating 
entities predating by a long series of evolutíona!"'j events lhe oldest recognizable 
heat-loving bacteria. Why hyperthennophiles are localed at lhe base of universal 
trees is stíi! an open question, but lhe possibllity that adaptation to extreme 
environments is part of!he evolutionary innovations !hat appeared in trun!< of the 
tree cannot be entirely dismissed. The phylogenetic distribution of heat-loving 
bacteria is no evidence by itself of a hol OrigiD of life, any more lhan the presence in 
the hyperthennophile archaeon Sulfolobus solfataric2Is of a gene encoding a 
thennostable B-t)'Pe DNA polyrnerase endowed "i1.11 3'-5' exonuclease activity 
(Pisani et al., 1992) can be interpreted to imply that the first living organism had a 
DNAgenome. 

Although in fue past fevv years ~he relationship between molecular biology and 
nllcrobial phylcgenetics has oeen embittered by frequent dashes and 3.J.Tcagonism~ tne 
developm.ent cf Tapiely 3TO\VLr.g sequence datz.ba!'J...s has provided 2. unique +v1ew of 
the eV0búoD. of bacteiz.i lliJ.¿ eukaryot:c ITljcroorganisms, and has opened new 
perspectives in several majar ñelcis cf EÍe scrences. fv10Iecular evolution was 
.JnginaI!y lhe o:.rtc:o!üt oE t:-~e wt.:dd:ng oÍ '.l1olecula:: bioiogy v!iü.\ neodan,vinian 
,:~evry, o::t it l:as ceen rapidy tr3.~5forrned irte 2 fidd Di' scientific eIl~;.liry i;1 1t5 8\V11 . 

rigbi. E)v,;ever, it5 filE d.eveicp"nent "'Gc~:üres no! oruy !he deveiopment of Iess­
expensive, ~'1ore r2.pid TI1acrGTiOle::l:3.:' Beq,..:er:z:"J.g techniques 2,21¿ ~~OTe ;:;o\verfuI 
COffip¡;te~ 2jgo:_-i.L~rns :or constnlc:;.r;g })hyloger~et¡c trees, but a!sD 1.:'1;;; av/areness of 
its n()n'~sta~ed Bssumptrol1s ar~d illcrt. precisre dei1nitions of 11:3 conceptual fra,7.e~Nork 
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As summanzea by k"auerson (1988), the theoretical foundations of moI:xular 
cladistics have been based on a number of central concepts, most of which \Vere 
ial-terited from older disciplines, such as physiology, anatomy, and neodarwinism. 
Homology, wruch is one of the key concepts in evolutionary theory, was originally 
used by Wolfgang Goethe, Ettiene Geomoy Saint-Hi!aire, Richard Owen, and 
others, to describe strucÍ'Jral resembla.rlce to an archetype (Donoghue, 1992). In 
recen! years it has not muy been repeatedly cOlliPused wit.1,. sequence similarity (Reed< 
el al., 1988), but is also used to describe a wider range of possible evolutionary 
relationships that include species- or gene-phylogeny. In faet, sorne classes of 
homology that describe phenomena at the molecular genetic leve! may have no exact 
equivalent in orthodox evolutionary analysis of morphological íraits. One such case 
is paralogy, a term coined by Filch (1970) lo describe !he diversification of genes 
following duplication events. 

Since paralogy provides evidence of gene duplication but no! of speciation events, 
it is the basis fo~ infering evolutionary relalionsrups among genes, no! among 
species. Recogpition og this distinction has. led to repeated recommendations on the 
avoidance of paralogous sequences in phylogenetic analysis. However, the use of 
paralogous duplicates in outgroup analyses for dete:;nirlliig t.l:le evclutionary polarity 
of character states in universal phylogenies (Gogarten el al., 1989; ¡wabe el al., 
¡ 989) has rekindled keen theoretieal interest in their advantageous properties. Their 
use, however, does pose some risks. The naive assumption that only One paralogous 
duplication has taken place in the se! of seguenees under consideratiuon may lead lo 
incorrect topologies (Forterre et al., 1993). Indeed, the incorporation of genes tha! 
are the result of unrecognized multiple paralogous events in a tree may be even more 
insidious !han lhe problem derived by convergen! evo!ution and lateral gene transfer. 
The latter phenomena are much more easily identified al !he molecular level. 

The recognition !ha! paralogous duplicates expa.'1d a monophyletic group of 
sequences raises a number of issues not encountered in dass!cal evolutionary 
analysis. Frem a (classic8.1) cbiistic poinl ofview, a character tha! is fuund only i¡¡ 
outgroups is primitive. No"etheIess, in molecular phylogenetic analysis t'lls may nol 
be ahvays the case. Such rule v'')uld hold if m:lltiple paralogous dupllcations have 
t2...~en piace, and if one (cr several) af fue oider sequences is used as an o:Jtgroup for 
an EnTooted tree of yO\l...'1ger seq:.lences. This \vould be !he case, fo, instance, if a 
mycglobirl sequence ~s Hsed te rO'Jt a:pha (Oi beta) baemoglobin trees Hov·;ever, mis 
rule -:,vouId not fiGle ifa.i alpna haem0g1cbir~ seqüence (0:- a set ofth~m) IS used as aL:. 
outgroup rot t71e be1..a hae:noglobIn tree, or viceversa. 

!.lilive::-Sll phylogenetic trees Qenved rrom 
elorgat:cr. factors (lwabe et ar, 1989). In this case neit'1er ser is oIder t.~a.,'1 its 
~omo~oguc. In tt,i's case, the re~G"Qstr¡Jction oE 2 .... ?1cestrai cna::-:J.cter states from 
cEcholcmousiy varyLlg paraJogolls genes ¿ces not comes ITOill tJ;e analysis of the 
o:.ltgroup, but :nay be LiTi:erred früm the reallzat!0il !bat t1e root oft~e t..-ee mus! have 
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been preceded by an even older, more prü11itive condition in which only one capy of 
lhe gene existed, prior to lhe paraíogous duplication. Recogrution oflhis fael is likely 
lo playa central role in future understanding of enzyme evolution during lhe early 
Archean. Allhough it is true lhat lhe raw marenal for molecular c1adistie analysis is 
restricted to sequeilces derived from living organisms (or fraen foss;l samples from 
which aneient preserved DNA can be retrieved) and cannot be applied to e;,.'tinct 
groups of orga.."1Ísms, the construction of trees den ved froro archaic paralogous 
sequences may allow us lo infer evolution prior:o lhe ealiest de!ec!:'\bie nades. 

The flourishing of molecular techniques has led mto a proliferaticn nol only of 
sequences of isalated molecular eonstituents of living organisms, but also of 
completely sequenced genomes. 1"h;s is a storehouse of data that has already 
provided considerable insights mto the phylogeny and lhe diversity of microbes. But 
because of its very nature, molecular dadistics separates clusters of adaptative 
characters mto a nested hierarchical set which is expected to refiect the temporal 
sequence of lheir evolutionary acquisition. However fruitful, such approach has al! 
L!¡e demerits of a reductionist one-trait approach to biological evolution chastised in 
early literature as "partial phylogeny", and since lhe birÜl of molecular phylogeny 
has rarely been used to attempt a truly integrative analysis cf complete character 
complexes. 

Such limitation may be overcomed in several ways, sorne of which are part of 
intellectual traditions deeply roated in comparative biology. As Georges Cuvier 
contended m his 1805 LeC/liTes in Comparative Anatomy, lhe appearance of the 
whole skeleton can be deduced up to a certain point by examination of a single bone. 
The success Lllat Cuvier had in such anatomical reconstructions is legendary, and 
was based nol only in. his unsurpassed lrnowledge and in.tuition, but also on ",hat he 
tenned !he "correlation of parts", i. e., the fuH recognition of a fimctional 
coordination of lhe parts of lhe body of a given animal (Y oung, 1992). Such 
correlatiol1 of parts is no! restricted to bo~es and muscles; at subceUular levels, it 
underljes the functional coordina~;0n 3Jnong "Lite molecular components of multigenic 
traits such as metabolic ¿at!1'i.'Z.Ys a.'1d protein biosynthesis. As ShOWl1 by tne 
L.'1timate r.;;Iationsrup betweev óe bios}11theses of vaIíne and isoÍeucine, their triplet 
assIgn.rnents, fu'1d !he phyiogene!ic proxirillty of ±e1,r amino2.cyi-tRNA synt.l1etases, 
L11g .. üries on fue eariy evoJutio7! oÍ !re ge:1etIc eode and o"'G~er basic fe2..tL!res of living 
syslems should be U!!¿erSTOoc not orJy by cl::;{ern,;i~"1i.ng fue moleculz.r phyIoger.:es of 
some of ;he!T isolated compcner.ts or by n!.atl1~Ücal chsi:.:ussic!1s s~ic!:;d v."it.' a distinct 
Py.-'~12g.:)rea..¡ flavor, b:t: H1t[¡ ~e .L'2teg!;qt~ve analys1s of ch2racier comp]exes. 

But :or 2U it5 foicles, -¿1e T,,;iz(iünship betvveen ;nok::da~ biolog)' a'1Q 
t;~'o~u-r::o::.gry t.r~eory has opehe:~ r.e",a, ur:.suspested 2venues of ir.teIíec:m::d e:\.p:oratlon. 
0-¡e\!e~- bef::;;:-e l:as S!!C~ a ,;;;eaitb of ~-r.e~j,Gdological approac:ces ~~d em;úricaI dats. 
been a-,rajjaiJ!e!o tne srude:::ts 0fiife"s p:1eC,Ome:1a. 111 part becau5e ufthis }:fosperity, 
systeD.2.tics anO. evobtionary biology, nvo ofthe most broadly vnetted fields of iife 
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scier.ces, are now in a state of iflteIlectua! agitation. The symptoms are mmlifold: it 
is possible mat the traditional species concept may not apply to prokaryotes, tirne­
cherished concepts like tha! of me existence of kingdoms are under ñre, me origin 
and taxonornic position of genetic mobile eiements is unknown. There is an increased 
awareness !har {he understanding of !he processes underiying the generation of 
evolütionary novelties and the origin of ontogenic partems can.r:ot be restricted by 
classical neodan'\linian explanations. We are liv~,g in the midst of hectic times in 
which epoch-making debates are reshaping the future of the life sc.iences, and the 
development of a more integrated molecular biology may be a never-ending stor)'. It 
is said that lo ",sh someone lo Eve in a.'1 interesting time is Qne of!he mas! terrible 
of aIl Chinese curses. Whatever the oütcome of CliITent discussions and debates, for 
biology !he putative Oriental curse may tum out to he no!hing less than an 
inteHectual blessing. 
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Simple sequences are regions of protein and nucidc acid sequences wmch are 

biased in residue composition, ane! whjch typically cOl1tain repetitive segments. 

Homopolymeric tracts and tandem arrays of multiple 8hort repeat moms have their 

origin in slipped-stra.."1.G mispairing during DNA replication, a.'ld due to their 

hypermutable character are recognized as a major source 1':: random phenotypic 

variation, especiaUy among proka..-yotic pathogens (Moxon 1999). In order to obtain 

insights on the phylogenetic distribution of simple sequences and their biological 

propemes, we have used fue SEG program (Wootton and Federhen, 1993), with a 

highly stringent level of granularity, to analyze 23 completely sequenced cellular 

genomes available in public databases as of March, 2000. Our results indicate fuat 

simple sequences (a) have a wide phylogenetic distribution, i.e., fueir appearanee is 

older than microhial pathogens, buí may not be monophyletie; (h) are not restricted 

to a unique dass of enzymes, but are present in eatalytie and struetural proteins 

involved in a wide speetrum biol.ogical funetions; (e) tend to present at botD. at the 

carboxy- ana amino- ends of proteins; (d) fuere is a compositional bias in simple 

sequenees, which tend to be rien in alanit""1e, leucme, lysine, senne and glutamine, 

while histidine, tryptophan, and ci.síeine are underrepresented; and (e) 

homopoly Hlerie traets in hypertermophyles are eni""Íched in glutaJtJ.une. The role of 

slinple seqcences in protein evolutlon ls discussed. 

compos!uon, proteo~ne, 

evoluc!cD.. 
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Simple sequences are reglons af proreins andor nuGÍeic acids whích are biased in residue 

composition, and which typically contain repetitive segments. Because of the complex 

nomenclature used ro describe sueh segments can be, in this wo;k simple sequenees are 

defined solely to homopolyrneric tracts and tandem arrays of multiple short repeat motifs. 

The high frequency of simple sequences has been reeognized srnce long ago in eukaryotic 

genomes al1.d gene databases (Britten and Kolme 1968; Tautz and Renz 1984; Wootton and 

Federhen 1993), they are known to be also a prokaryotic trait, found both in Bacteria and 

Archaea (Hancock 1996; Saunders et al. 1998). Homopo!yrneric tracts and tandem arrays of 

multiple short repeat motif s nave tneir origin in mutational processes suen as slipped-strand 

mispairing and unequal crossing-over that take place during DNA replication (Bebenek and 

Kunkel 1990; Richards and Sutherland 1994; Hancock 1995; Epplen and Riess 1997). It 

has been argued that the occurrence of simple sequences in various types of coding and 

non-coding sequences plays a role as a source of genetic vru-iation ane! in the evolutiorr Df 

geJ201Ue sizes (Tautz et al. 1986; f-Iancovk 1995). 

Due te t~1eir hypermutable cbsracter, sinlple sequences are recogruzed as a major source of 

(l\1oxcn et d. 7.994; 1\.1oxcn 1999). I-Io\h",e-;¡er, their ulnple phylogenetic distributlon C:::'ens 

!Í2e posibii:tv t112,t may play eL n.::e ~~ gene regulation, gene cC:1versicn, dosage 

. . . .. , , ... (~ " S ".. • 99 " compel1satiOf'l, reCO!:ltnnation ffi'lQ. sex úeterrrl1!~?~:l(::i1 \ .t autz anu CflloUerer i q). 

discuss the role that simple sequences may llave played together with gene amplification, 
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horizontal transfer a."1d symbiosis, in the expansion of the encoding abilities of early 

genomes, and in the emergence of new functions which are dependent of repetitive 

segments in protein. 

The recent availability of complete ceilular genomes from the three maJor cel! lineages 

(Bacteria, foJchaea, and Eucarya), opeas up the possibility of a::1~yzing the phylogenetic 

distribution of simple sequences and the role they have play in genome evolution. Here we 

report the outcome such 8D.alysis, and discuss the possible role of simple sequen ces in the 

early evolution of coding sequences a.id theír antiquity of the phenomenon. 

Material and Metllllds 

Proteomes from the following orgarnsrns: Escherichia coli (Blattner et aL, 1997), 

Haemophilus injluenzae (Fleischmann eL aL 1995), Helicobacter pylori 26695 (Tomb eL 

al. J997), Helicobacter pylori J99 (Alm eL al. 1999), Rickettsia prowazekü (A.r¡derson 

1998), Bacillus subtilis (Kunst et aL 1997), Mycoplasma genitalium (Fraser, et aL 1996), 

lv! pneumoniae (Himmeireich et. al. : 996), Mycabacterium tuberculosis (Cole et al. 1998), 

Ch!wnydia trac.~oJt2aüs (Stephens ct d. 1998), Campylobacter jejuni (park.l.l111 eL al. 2000), 

BO.1"refia burgdorferi (Fraser et aL ~ 997), Tleponerna pallülum (Fraser et aL 1998), Aquijex 

1998\ Synechcc.:ystis sp PCC6803. (Kaneko et al. 1996), 

J.vielna;;ococ::z:s ian?zQs[:hii (BaH et :ci1. 199'5), A1ethu7iobacte7hr!1; thernlJoau{otn;phicum 

(Srrilh et al. i 99/)" A?'crueoglobüs fulgidus (I<Jerik et al. J. 997), Pyrococcus horikoshii 

(:'<aWi'Xabay3Bi et aU998), Saccharomyces cerevisiae (Goffeau eL al. 1997), ana 



Caenorhabditis elegans (in www.sanger.ac.ukIProjects/C_elegans/). were obtained from 

the KEGO Encyclopedía via the ftp server of the Chemical Instítute of IZ yoto in the web 

site http://ww-w.genome.ad.jplkegg!kegg2.htm1. 

The analysis of complexity of the sequences ohtained was performed usmg the SEG 

program (seg-ment sequences by local complexily program; Woo~t2'1 and Feaernen 1993), 

with 12 2.0 2.2 granularity level, where the trigger window length was W=12; trigger 

complexity Kl=2.0 (Kl= local compositional complexity, Wootton and Federhen 1993; 

Wootton 1994), and extension complexity K2=2.2. The amino acid composition of the 

regions with low complexity was calculated using the aacomp progra.¡n from the FASTA 

package (pearson and Lipman 1988). 

Low complexity sequences detected Viere grouped usmg the fúnctional distribution 

suggested by KEGO (Kanehisa et al. ·1996; Goto et al. 1996). The categories proposed by 

KEGG are: 1) carbohydrate metabolism; Il) energy metaholism; ID) lipid metabolism; IV) 

nucleotide metabolisrú; V) amino acid metabo1ism; VI) metabolism of other amino acids; 

\111) metabolism of complex c"rbohydrates; VIII) metabolism of complex lipids; IX) 

rne":abülisll1 of cofactors, vitawins, and o::her substances; X) :net::~bolism of 

1:18.crofDolecu.les; XI) mem,c~ane ~:ans;;::o;t~ XII) signa! transductic:1; XIII) molecl:!ar 

by eye. The progrz.i'T:.s '!Vere r~n 011 a SD1'T :J1tra 5 compute! (Sclz,íis 2.6). 
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3.1 Presence 01 simple sequences in proteomes and their amino acid composition 

The percentage of proteoluic sirnple sequences lD all orgamsms studied here is shovvn in 

Table 1. Although the leve! of simple sequences in non-coding reglOns of eukaryotic 

genomes is high in tms work are observed that the coding regions possesses a significant 

percentage of simple sequences. However, it is clear that tm, phenomenon is present in 

prokaryotic, found both in Bacteria and Archaea , highlighting the geno mes of 

lvfycobacterium tuberculosis, and Deinococcus radiodurans. But in general it could be 

observed that a important numbers of coding sequences in the three domains (Eukarya, 

Bacteria and Archaea), it contains sections of iow complexity. Is important to remark the 

high percentage of coding sequences that have been increase by the i¡1sertion of low 

complexity segment, produced by slipped-strand mispairing or unequal crossing-over, 

during DNA replicatíon process. This results, together with their wide phylogenetic 

distribution of the pnenomenon suggi3st lhat tile simple sequences nave p!ayed a role in the 

evolutio:n of coding seqüences at least in amplifica::ion process ano source of variability. 

""'" - - • ,...,.., .., " 1 • 1 ll:.e lOW CC~lpieX1ty segme.::ts are IOlil~n wnong or the protelns, no\vever tm3 pnen01YlenOn 

is most~·v at tne C- and i\J- eDds of crotein3 :Fig'UTe lJ\ and betv\Teen c.omains , tne seauer:ces 
.; '- '- '-' ~ 

tnat úaVe ser¿lnents in t~le rrliddle, Bxe yr:air;. re'Di"esented b'-l hvn'Jtnetical PToteil1s. suggesti~1g 
'-' ~... .J :s:- ~ • 

1 1 ~. • d &!::rt.:ctUfZ-i cnanges v.J.UeT! 1& prO::luce in the 

middle ef the p:-oteu-r aTtd is selected against. 
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As seen i:l Figure 2, simple sequences exhibít important compositional bia3es. They tend to 

be rich in alanil1e, serine, isoleucine leucine, lysine, glutamic acio, while aspartic acid, 

metionine, histidine, arguune, tyrosine, tryptophan, and cysteine are clearly 

underrepresented. As shown in Figure 3, is obvious ihat the compositional biases of pjgh 

mass amino acid CM, R, F, R, Y, W), are selectea against, togetlcer with cysteine, that 

produce disulfide bonds, proline tend to adoPí cis confoffilation in peptide units and reduce 

the stability that is produced by irans-foffil (Branden and Tooze 1999), and aspartic acid, 

that produce less stable peptide bonds. In contrast, the compositional biases present in 

simple sequen ces tend to be rich in small, hydrophobic (except K, that is a ioruzab!e 

residue), and fonned of a-helix amino acids (A, L, 1, K), tba! are mainJy present in alí 

organism, serine (hydrophilic), in eucariontes studied here (Saccharomyces cerevisiae and 

Caenorhabditis elegans), and giutamic acid, that is the high fOffiled of a-helix aud tend to 

produces strong peptide bonds, is mainJy present in simple sequences from eucariontes aud 

hyperthermophyles. 

3.2 The functional distribution ofsimples sequences 

Si111ple seq uences appear to be p:~esent i11_ a}} knds of fimctional c1asses cf proteins, 

~llggest1ng th:i.t ~ne~r :o~e is l'"lot restTicted te one type offllJ:CtiO!?. H0-WeV0J, they are dearly 

rnerr'lcrane relaterl function, but also because tlJis phenomenon 1.3 related in slliJ:"ace-exposed 
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proteins in phatogenic processes. Important interactions and functions have been attributed 

to low complexity segments, that includes DN A and RNA binding, interaetions in 

transcriptional regulation, signal tran.sduct1on, control of protein folding and iumover, 

cellular and extraeellular mechanics, and tumorigenesis (Wootton 1994b). Joined to this 

aetivities of simple sequences, their presence in proteins which are recognized as sorne of 

the oldest enzymes, such as those involved in translation; R..cl\JA ¡xll:ymerase sigma 54, 70 

factors, translation initiation factor IF-2, IF-3, ribosomal proteins (L 7,L9, LIO, L12, L19, 

L27a), replication; DNA polymerase m, and others like ATP synthase (FO, FI subunits), 

and many ABe transporters, shows that they are a very aneient phenomenon, and may have 

already been present in the last common ancestor, thus their appearance is older than 

microbial pathogens. Furthermore, the presence of low complexity segments in ribosomal 

protein L 7/12, that their basic natúre tend to urlÍte te Rl'fA, in large and small subunit of 

ribosomal RNAs (Tautz 1989, Hancock 1995), and in development genes like hunchback, 

mastermind andper (Treier et al.,1989; Newfeld et al., 1994; Peixoto et al., 1992), suggest 

that L'J.e phenomenon of simple sequences could have given origin to functional domains. 

Furtber¡--;10ye, th:e presence oÍ" lc"vv cOffrpleJLt-j segment in ;-ece:.ltly sequences (specific 

:J::oteir: to O~3e s'pec:,ie o.nd hypotheticzl prm:ein), as weh as in lügh cons~rved protein 

(suggesting that may have already been presem in the last conllllon ancestor thus their 
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appearance IS older than miclObia! pathogens), suggest that this phenomenon has been 

operated since earíy evolution of Jife, wnere the simple sequences were ¡; majar souree af 

random phenotypie variation, but also a rapid mechamsm io obtained. 

Ihe mutation that produce the low complexity segment appear at the long of protein, 

however, are selecte¿ zones of the sequences that produce lees Síl ~ctural problem, the C-

arrd N- ends of proteins. The compositional biases of simple sequences tend to be rich in 

ala,'line, serine, isoleucine, leucine, lysine, g!utarnic acid, while aspartic aoid, metioníne, 

histidine, arginíne, tyrosine, tryptophan, <li,d cysteine are clearly underrepresented. Where 

the high mass amina acid (M, R, F, R, Y. W), are selected against, together with cysteine, 

proíine, and aspartic acid, that produce several structural changes. Simple sequences appear 

to be present in all kinds of functionai classes of plOteins. Trus suggests that their role is not 

restricted to one type of function. However, they are cJearly over-represented in membrane 

and signal trarrsport proteins. 
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Figures caption 

TabIe 1 
Presence of amino acid simples sequences in complete proteomes; total: number of coding 
sequeilces per genome (ORFs), percentage of simple sequences per proteome, and aa that 
are present in low complexity segment. 

Figure 1 
Percenis ofposition oflow complexity segment among the ORFs 

Figure 2 
Percents of ~'10 acid composition from the total of low complexity in al! complete 
proteomes (bars), and percent of occurrences amino acíd in data bases (btt12/ú'llªlt: 
sgi. rockefeller. edulaainfo! struct. htm) 

Figure 3 
Amino acid composltlOn in low complexity segment from coding sequences of complete 
genomes (surface graphic). E. coli (Ee), H. injluenzae (Hi), H. pylori 26695 (Hp), H. pylori 
J99 (Hp99), R. prowazekii (Rp), B. subtilis (Es), M. genitalíum (Mg), M. pneumoniae 
(Mpn), D. radiodurans (Dr) C. jejuni (Cj), M. tuberculosis (Mt), C. trachomatis (Ct), B. 
burgdorferi (Bb), T. pallidum (Ip), A. aeolicus (Aa), Synechocystis sp. (Sy), T. maritima 
(Im) M jannaschii (Mj), M. thermoautotrophicum (Mth), A. fulgidus (M), P. horikoshii 
(Ph), S. cerevisiae (Se), and C. elegans (Ce). Showed a) mass, b) hydrophobicity and e) 
tendency offurmer ()(-helix ofthe amino acid. 

FigJr~ 4 
Simples seqll~l1ces percer..tages gmong me-tabol1c pathways from aH complete genomes. I) 
Caroohycirate Metabolism, IT) Energ-y l\letabo!ism, ID) Lipid Metabolism IV} Nucleoüde 
,,;r h -- .- V\ A' ¡l, •• ..,..!! ~ " ·V ... \ ,\ F ."' ,... 1), • tI<' h 'd ·C """''''''1 
~vle!2.uOl1Snlt v) .t"1.J.-r.JI10 j-'.'...~iCi l'vietaJOllSf'f'~, . lj .tY1.etab0l1sm o::: ,'V'ti'1e: .t-lirnno [",C:;' s, ti 31) 

l¿etabolisr:1 of Compiex Carbob. ydra~es~ '1111) Metabolism of Con1plex Lipids) IX) 
Evietab0lism of Cofacto:-s, vna17ri::1S, 8JK1 Other Substan\:::es, X) MetaDohsm of 
J.JÍ&crO:f:101eccjee, Xl) Mem<:::rrane T:raDsp01i~ XTI) Sig,.'lal Transduction, XTU) Molec;...,~2T 

, "t,,~ -'-7"--1)"T . 1 S..sSe!rll; iy> (El;:; _A..l \, U r.aSslgUeü 
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proteome 

Escherichia coli 
Haemophilus influenzae 
l!elicobacter pylori 26ó95 
Helicobacter pylori J99 
Rickettsia prowazekii 
Bacillus sllbtilis 
Mycoplasma genitalium 
lvIycoplasma pneumoniae 
Mycobacterium tuberculosis 
Campilobacter jejuni 
Chlamydia trachomatis 
Borrelia burgdorferi 
Treponema pallidum 
Deinococcus radiodurans 
Aqllifex aeolicus 
Ihermotoga marítima 
Synechocystis sp 
Methanococcus jannaschii 
Methanobacterium thermoautotrophicum 
Archaeoglobus fulgidus 
Pyrococcus horikoshii 
Saccharomyces cerevisiae 
Caenorhabditis elegans 

-, ... -. '7~ ::1~.·' 
. - --'" '--"~ .. 

total simple seq. 
ORFs % 

4289 20.84 

1717 17.70 

1565 23.06 

1491 24.81 

834 19.54 

4100 18.82 

467 23.34 

677 26.88 

3918 43.82 

608 19.40 
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1031 25.21 

3103 43.18 

1522 29.54 
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(i) thc nxluclive pemose-phosphate cyc!e, 1, e. rhe Ca~vin-fkn:,(jn I.:yck; ~ ii i ¡he 
reductivc cinic ~~ci.d {ur Amün \ cydc: ~-:.nd (iii} tlle n:::.t ": ntl:K·.~¡\" of ;.¡C'etyl-CnA tror:_,,¡ 
CO!eo:_ nr W00ct p:.uhway. S-equcm.:C tll1al)"sis and ¡[Ji.: ~'ontpann¡v<: l;indlemil'try 
ofthese l'Outes sugges! rhal al! of them w~rc .. hapcd tu a t'(m~¡Je-r~lhlc r:XIl"Hl by 1!Je­
cvolutionary re(.'nlitl11enl oi" enzymes_ MoleculHr phyl¡.g":Ilt.·tic In:..:' ,,!--1m;. lhal [he 
C-alvin-BcIl~on .:ydc was a relatJvely late developm¡;;onl in 111L" tcu)haClCTia[ hranch. 
~Ugg.t:fitiOg rilar SQm..: fom1(S) uf rarbon a:-.~irHiia¡j\l11 mal' have rx~\."l o-pe-nl1i\ (' befnre 
chlorophyH-based pbotosynthesi~. On lhe other hand, ¡he amplc phylogcnclíc 
di.slriblllion 01' both rhe /\mon nnd the \i.,"ood pathway" doc~ nol al/o\.\. 1.1' tú inú:.r 
\vhich one 01" lhcm is older. Ilo\\.'cvcr. dil'fé'J'c1ll !inc", ot evidcncc, includlfltl 
experimentall'cpOrts nn lhe NiS!FcS-m~dllltetl e-e lwnd fonnatinn t'n.l1n CO dl1d 

CHSH ,1ft> u:.;ed here 10 ;lfgUC thal the tlrSI COrfix~Hj{Jn mute l1!a) [l(l\'\.'" bt'ell ¡I "~"'ln!, 

..-:nLyrmük: V':óod-like- p.lti1v.lly. 
Juh (l l'<ewt(¡. DqJaTTnleHlllr l3itJch¡;l\1¡>-ll'~ :mu 
li.lnkl..'uLtr Bllllo!.!.\'. b\l'.-(~n1l', ,11 V~lknn;l, 
Dr. l\,jo]i¡¡cr. 50 '-irl ¡no H;lft,l~,n;, Sr;¡in, 
E-f1l;ui- iuJi.j'li.'"ltln0.'wf,,:,, 

Key "",'ords Caivin-Btrlson cyde· Afllon cyc1c . Woad ¡xlthh':l)-,' . Sc-mH .. >l1J:},nmHC 

'i)'mhc~i\; . Carhon ulOxidc ilssimilation 

SeveruT diffct'cll:l mcchi:ll1isms Il)f h¡ologk~al CO2 fix.-¡tion account 
['Oí ¡he d¡vcr~ity and evo!ullonary sUCt.:l,.·!--~ 01' autolrophíL' lire. 
A¡;eording lO rhe c1n~sk'al f011ntdattnn of {he bete'rtHmphic iheol'y 

of ¡he OIigin oi' jire ¡JO]. once ¡he :-,uppiy ,~f ¡Ibioti{.· orgull11: 
c(;mpounds h;,u.l becmne ,-1limitlng factor, pnmit¡vc cdls CYol\cu 

Olhel -\\':.Iy..: oC nbtainíl1g c;'lrbon :md cnergy. 111is led iip,;! to lh~ 
devel0pmeni nf pOnwautmpn). ~tnd afte-l,.ards. tI) oxyg.en­
r~k¡i':>illg pho{osyntl1e,¡.., 1 :';0]. :;e\'cI<l11Incs 01' I.:vidcnce 5u¡::,port 
:hé t'.r..tiYllity llftilC redut:iíve pento"e-phD~p!mtc palh ... ,'ay. 01' 
ü~jvln-Bcn~ofl ~"\ elL'-. Thc:~(: includt: (i) ¡he CY~lilobtJ,cleri::~-likt' 
m¡uofo.:;sils tn rh~}.5 . 1í)" y~~lr o!d /\u<;tra¡¡a~ !\pex sed¡mem~, 
v .. ,j-w::h qlg.gC~l ¡lmllhe CaJvin-Bcn!'iol1 lyde appto.red during 
¡,:urly Ardle¡¡n llme~ \':,51: ami ¡ji) Üje 1¡-Ct1úpic í'racüonmlc!I 
pV'fnk'~ 01 ¡!le early An:haean <.:arDDIl cydc. whkh nr~ \.·l.m$í$,1t~m 
\\'ilh Lb.: rihtllu",c bi~pl:o"p'1Hie- carhox~·¡a:-.e/Qxyg(:nasr.: (rubi~C(l)­
cm;,¡i~ 7eu c:tronn fix¡H¡lln p;-oct.'":'s ll5j. However. i 611 RS rRl\A­
b,~~cd uni\eí';';¡¡; ph:,'!o.¡:;.c-¡¡it::' ¡r;di.:ah~ tnat cl~lQrvphyl1-h<u:cd 
Jl~wh).:;)'nlbt;;10 \\'i.l';-. ,~ n;\·"r;iv.:~'y hn...: dc"dQpm¡':,H1_ in Ihe 
ku;bac~cri~l.l bra~1ch í) 1. 45 l. Thu"" ir i~ likdy lint lile fil1>t 
auwlroph:-, u.~ed L'l1emicall.'llagy ¡-¡¡rher Ihan ligh!. anu Ihatln..:: 
nxh:c¡iVe penlo:-.e-pbn:-.plntl' pathway wa..; pr~~cedetl b-y 
aLtenmtive. older Il1t.Qe" of CO::::-~'\imilatiOtl aUlO!rophy. 

Cmbun diOl;,idc a·.;similmill11 í ... ;:l v. !dcspre<lJ hw!cIgicaJ lr:l1:. 
but tl1C btochemiGd d¡ssimibntic" hd ... .,c-r:n dllfl'rt!lll pathv,ays 

by which ¡l take» place ~lIggC:S.1 ¡hut 111!)', ahílil'y ~'\'()[\"l:d 

Gnnvl,:rg{~fHly in "I.:idel) :-,eparuled ji1'llf..ar)'olc .... in addit¡,m [\i 

¡he ü,tlvin-Bcm,¡¡n c)'d{-+. ¡h ..... re- ¡Jn: orl1(' l' C().::-'h:-.im¡I~Hi,)n 
met:hanísms. mdudill~ (i j ¡he n.'Jucll'rC ~'¡In¡; ,Kld p;\thw.t;" n:' 
Amon -.;ydc: ¡ji) ¡he rcJuCl!vt ;'K:Cl~ ¡-CoA ~yck. i,é .. ¡j1~' \-VO(J(l 
pathw;ty (f,ome!imes al so rcklT(:(/ 10 <.1-: lh.: Ljur1üahl.Wo<ld 
pa1hway): anu (iiil other le"" Cllll1mnn m(',-,hi.mi~D-¡:-", :'>ud! a-. 
¡he' hydTll.\.yprnp¡onah;~ palh\\ ny (¡r"l ]'lhmd in CfI!,Jn;jh-'.I!{'-" 
¡¡ green nOIH,ull'uf plloto:o,) Iltbetll,.· h:.1:('k·r'I~\. 

T\-".'t"nt;.- yc,j,;'s '~g,"l ít \\'ü."" a¡¿!w.:d lhat tll,,' rihu!d:--:.;-.. i,pho:-,p!1;lK 
cycle c\'ohed vj:¡ the ribll!O;\L mnnDplH)-,ph<llc ,-'-"ck' ir: _,l'. 

ant('<.jirnl h~¡~rotrop,llic pOpllla[¡U:l ! .r.:'], yiorc ;'('ccnl' 

\V[i...:b~c-rshttll~\..·r H i ¡ h~ts propo,:o,C"¡J ¡\ i.:hc!l10;;l\l!Olt"f'p¡-,i ... ;"chel -l": 

('¡ftne origin \)rlif"" in 'Nhich p:-l'1\0 \\~rmal¡,)n i,. \\nl,¿li, \':;':, 

~arl) CO:: JixJ.:tion In thi" rap:.:r \\-.~ j1:."j1:)';,.;' lh¡ll n~1I1':- nI 11'l~,,: 

[';,\'(') ,;ltcrlw¡jy¡;-:-, &:-. corred. and [¡ln! ¡ile pÍl)ltl:;.enCí,'.: 

dblribulÍon." oC ¡he /\rnün ;!nd \J.,':O:)L! ¡'mh,!; ;,:."" d(] n¡;,l ¡¡lU¡l:,\~,:, 

by ihl:ll1:-.d\,t:s whiL:h 0-1 ¡j-¡e.,[' ¡\\ o c:,d..::-~ b :hc \'!ÓC..;L \l.';l' ~::A) 

arg\1C: lh'Ji (:nt:rg..: 1_K (()n~;,l.k:r;:~,\íi)n" ~\i"'ü Ü\c c-'Zpcrirn:"'\l:' 
eV¡dejK~ on the NiS/f'l'S-l1lcJi:H¡;.,¡j lornwllOn nj l·-{· hOPt;, 

!"fom CO ane! eH ,SH [171 can be 11llCrpn:lcd a~ "llppol'ling :i:e 
hyp01be"-i~ ¡hat:l \Vood-!tk~ ~cml-crl./ym.alic r~ttIW.';I} \Va' 111\: 
car1il:'1t bio!og-Íf.:¡t! l',\rb-on Il\"IlLol1 rotlh.', 
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Biolo~ita¡ carbon fill¡aticiiI cal! taike pial:1Ei 
by difierell'lt med'ianisms 

Th::é l'euudive pentose-?p.osphat-e pathway, or Gai'i/ln­
Benson cycie During the 19505 Calvin and his as'Sociates 
-established. in a series of elegant expcrimenrs. fue pathway by 
w-h-kh CÜ:! is a1)simiiated by photoautotrophic eukaryotcs [SI. 
The Cllivin-Benson cycie, wr .. ich originated in !he c)'anobac­
teda! ancestDfs of chloroplasts, is the outcome of a process­
in whiciJ enzyme recruilment had a: major role. As sUIl1marj?:ed 
in Thble t in biochemical tenns: lhere are oniy two enzymes 
unil.{ue 10 the Calvin-Benson cyde_ namely phosphori­
bu!okinasc_ cr ;ibuJolie 5-phospt.atc kinase- (PRK) • 
• ¡¡d ríbuJose bisph(),phate (RuBP) carbo,ylaseJoxygeuase 
(rllbisco). The other eleven e:hemicaJ reuct!ons are G'ata.!y.zed 
by eight different enzymes (oine in pla,¡íds) !ha¡ have addítíonal 
roles Ín several heterotrophlc parhways. suc-h as 
giycolysisfgluconeogenesis ffild the pemose-phosphate oxidar!ve 

TabIe! Enzym,llic step:-. iu rile Cahill-S.m.·.oncyr:le 

nbu !o.-.c bilfph{)~p1Hnc 
c3rbo:.::yl~i."i(! 

phm.-pbogíycem¡e 
J..i!1a.~e 

gly.cer..ildebyde<."­
p-hpsphate 
dehyllr0gcfLa~é 

11'in:-:'ep1t!)>l.phdt~ 

¡~(m1cr~<: 

Be 

!.2_LL~ 

rrUl·IO • .,<!·b¡~phlJ);ph(lt~ --U .2.13 
~ihlt')bsc 

l·,b-_l¡U~(;-r!¡ml':l'!':{' S_1._:.1 
3--.:pim.':nt~" 

;i¡n)~.-: 5·phosphait:: 5_~.1_6 

.:p¡mcn\~e 

Re-aelÍlm 

.4.TP + ¡H¡:i:~,:lose 5·pfl'>:.plm.tc 
=- ADP '7 !)~ríb\l¡%C: 

!.5 bi:iphol>pha!<:: 

n~I-¡huIO\;.- l..5--bi:<pho,"Phat-c + ca ~ 
=; 2.3-phospho-D-g!y ... -eWt{: 

ATP- + 3-phQ1¡pho.n-g¡yc~rat(-
"'" AD1" -'- 3-~lmspho-Jr$lycef(l)'1 
pbosphate 

n~gl>'l.e1'ah.l(';ltydc ]~pl'to$¡JJ--¡me 

+ pJwspbalc+ NADP"" o: 

J. ph~~$pho"l,l-g!ycefllyl phos,ph¡¡¡c 
",:-;:\DPH 

D.g!y¡·edd'<}lyde- J. pb0sp!W-!;! 
o: gly¡;Cp;mc pho,'i-phnte 

¡)-fruc1o:-óc I.fi..h¡spf¡ó;o.phale 
= g¡yr~m¡¡<! [lh¡):;rh~t~(; + 
~)·gly\~\-:mj;khyde ':--]~hosrh,,¡(;-

p-truct(\.~: lJ>bi~ph{l~,.ph<¡¡t"-'-­

H:O::= l)-fructo>::; (rp"h()spha~c 
+ f.l'u~:jh:\t(:' 

SCCQhephl!u;¡C 1·phos¡;h!~tc + 
j)·-g.¡y¡;-~.!Íddly;:;t: 3--¡.::lw~i-'b.Jl'" 
= 1)-fihn;.;.: 5opj-;·y.ph;;¡;~'¡' 
r-:_xy1ul,1"-t" 5.¡~I"lW"p-hHk 

:c-rjlJ,tlosc 5-plml>ph:1I": 
-= Ir:>;y!:lln<;<! 5-pllO~pll:,tc 

D-ribose 5-phos¡:thatc 
=: l¡.rihuln"c 5-phc-sph:<!tt! 

Percl';' el ,r!. 

route. Thus. a majar portion of ¡he Calvln cycle may be 
ex.plaincd as !he result of a patchwork assembly of u mute [201 
from pathv-;r.ays already eXlant in previously evclved 
hetemtrophic anaerobes. such as the ability to synthes!ze 
penloses from Cr or Ce--compound" i29J. 

Analysis ~f the completeIy-~equenced gcDomes of 
N-JetlwnOCOccllS jannasch¡¡ f4] and the c1ose1y reiated 
euryarchaeota Ardweglahus fulgidus [231 hah led [,0 the­
idl.!ntifícatíon of ORF:. which exhib¡-t con~iderable le-vél!. of 
símilarity with th? n:bisco large ~ubUnil ITable 1.1. Identificall:on 
oí' rubisco-homQío¿ucs in thes.e curyarchaeotal genomes 
confu"ms pr.eviotls report'S- of the presence of thi~ enzyme in 
::i()me non-retinaI-containmg speci-es oi' halobacteria l! l. 
Howtwer. therc 1:; no íeport uf Calvin-13cnsoil tyde-base-d 
autotrophic growth in~haebltctería. and it has: been ::;ugge$~ed 
that the presence of rubisco--like sl;!quences in archueal genOrTk:& 

is. due to' horizontallransfer phenomen~1122J. 
Primary struct'J:re comparís.ons do no! indicare any obvlous 

evolutiomrry rclaTionsl1i-ps betv;'leen rubisco and ul1the orber 

glyuxylate & dh:::ut){)x)'l1lE~ meti.ihnltsnt 

g¡yeú!lsj~/gh.-K.\.met?g~~lL'Sis: 
frut':{o~(:: & m<1mtn,.;c rnetabofhm 
giyccw!IP¡t! ffll:illbolism 

,gIYColys.i-uglucflllcogenesi;; 
o'.:::l1;O~ plv.~phul~ ¡;yde: 
ffl!\:¡ose & mam:o-..:: m¡;-lHb,nlhm 

gly.t:(,ly~j-";/,gl(lC{)ne()gtrlC~b; 

pento';;~ pn(lsuha!';!' c\'tk: 
rrur:tO:i~·s. m=<lnr'osC"-mcw'ml¡~m 

f.x:¡¡to~e phQ~ ?n,:t-c ..:ydi": 
p8nto.;e- &. git¡cUlorww intcrconn:l:;.;pn;. 

Dl:"tribm.lOn 

B.E 

B. E t$m"li ~uh1Jniu 
It A. E (La .. ; ... ,;uhttnilJ 

B.A.E 

B,E 

R.A_E 

n_E 

B.A.!? 

S.A,E 
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'Fig. 1 Multtpk sequen* .¡¡Iigmnen{ of a conscf\~d pho~tihor)bu\Qki.ruL">\': trib\,llü!,:>'C 5-phos.p~1'31~ iü-na,,;,;) moüf wltn \~!> b~l.."te¡ia\ ar.d ¡;~l:,aryotk undm~ 
kinaxlcytirline kin.tf&:: homnlogue.,> 

A.bbre't'luliOJ15; prk, pho!iphorihulQkina!t"e: l1dk. uridine kináS;;;;fc.yHdine kil'lase: J\¡-. A!'abidopo"¡~ (/I(t!imw; Me:. M-t!~e'I)d,n'lm:hef/1um t'r.\<.\f~lll¡iI/,m. Tá. 
T,.irrinmt4é.\,tivw~}: SiJ. $pt/wda uleT(u.-eac. Ct, Cftlo.lR)'dQI1It:md'S n-illlwr'dfrf; S~T SYi¡e,,·I!O¡'y,,;¡.\· sp. PCC6S03: Ss. 8mi!lu,l' ml;?¡/i"i teo t:sr.:It,·m ¡Uf( r"i¡: 
Mg. Myw(ll~,s!l'e: .z"-lIlrufium: &:. SacdUll'Omyces ctTen:"ia/:! 

SJlqllOnces found in !he available databases. 00 fue ofuer hand, 
phosphoribulosekinase (prk) is probably derived furough gene 
d-uplicalinn and divergence ev-ents from un ancestral. less 
.specific kmase. This pct.'i.Sihility ls supported by 3-ccTIsertred 
20\Fodd amino acid segment that phosphoribulokinase­
sequences ¡¡]:¡ate ",ith uridine kinase!cytidlne killase (tu[k), a 
py¡;imtdme ribonucleotide biosYllthetic e!1Zyme !h..'U éataJyzes 
th~ Ul;C;+ GTP = U(C}iYlP + GDP r.eacuon ~Fig. 1). 

In t::very eXr!Il1ll1ed case. [he cp.rboxy lating enz)'tne rubÜ':co 
has been shawn to perfurm ihe oxygeno1yüc deavage of RuBP: 
This bifunctional charattcr IS. the result of the competíticn 
be:t\vecn O;; and CO::: rOl:: the same cataiY"1c siti;.:, From ·an 
ilutotrQphlc viewpoint. t.íe intUbitory ei'fecr of o-xygen en carbon 
~tSs:¡mjlation (or photorespiration) appears to be él wastefuI 
process, Hov,'eveTo (he ancestral carbo¡;:ylase -probahly e\'-olvl.:;d 
-in aC-O:trich envrronmenr in which very ~lU.e free c%)ogen \v:?;). 
5.','a1labl~, Thro~tghoUl EZ-.rt11"s geolügical history L1.!K sÍtuaticn 
has !:leen nverted.. and rnois:;c appc-an: :as lhe outcome of an 
:.:td;9M~ve prc;ce:~, ibaí loo to an (cerea.,,;;:n thG :at:o of :;uhstrate 
s?ecif~dtie~ C'Gjü,:!. th~.t compefl'7,ated for tf1e 0: ¡nh~!)üory 
¿:ff"{;cL Analysis of ¡be different 5.1rategie,.;; fOHo'."e(~ by the 
Jiffi.ereG.t photosynti'--;e-:'lc grm,:ps that contain f'Jois-co te reduce 
th~ impact cf increasing ox)gcn p!'essures. slJCh .as the 

COz,conccntrating mechanisffi;;; in cyanohactería and algue. 
snd the Hatch-Slack parhway in C4 plants" make this lread 
ramer obvious f7J . 

Altbaug.'1 11 is possíble tbal ""blerr'dllean Jj!hotroph;> wmr1bute 
signill~ant1y to bioiogkal carbol1 fixatIon [311, todas t!1t Cruvin­
Benson C)'e", appears to be res1',msible for ¡he bulk 01' biologkul 
CO2-f1YJúÍoú " 1t is pTe.-\¡ent in aH photogyntheüc microorgaoi~m~. 
including cyanobacteria and purpie ba..:\enu- ;me (\,.J.so;.) in $nrne 
Gtw1~pasitive che..rt!olittlOtr0phs. As reviewed hy ?v1p"rguli~ [281, 
this appeari'i to be lhe only antolrupfrk mate acrplrcd by 
eukaryotes tbtough symbíotic eveúts, lnvOlvmg cithe-r 
photoautútmphic.: orchemQ.lithotrojJhk -prokaTyotes. 

Tae Armen cyde: the redu-ctive citric ad~ ~atJn;v-?.J In 1 ~160 
,4.Irton &[d hi:i coworl;;ers proposed ihat carolJn as."imEatlon in 
t.f¡¿ ba>:~tC:t"tum Chloro-bium limü':o!a (which phow-ch{'mi'C~\;;) 
dhi-proportionate."i dementar! S'Jlpnnr -ro $uipb~de o.nd ~l,üpht'L~c /. 
proc~....d~ nol by toe- standard Calvin~Benson cyde. bUI v:,: '1 

reducti.v~ citric a.cid cyc1e~ or reverse i(-;:-eD-s cy';;c ¡ 3 l. ,\:-: 

s-ummarized in ~;ab¡e 2~ this pathway r-equ,res ¡w!.~ aQólk:¡;¿, 
enzymes from those ¡:¡volved in rae -cycEc C'-xki"üor: of ac,,:: i­
CoA, n?.me1y ferre-do:x~o(lepencem 1.~c>:-oglmar.aI;:'. {lile! ? .. ".'~'-
~itrate lya-se·.R...~-enl s.!ruéturru c0mparisom; have ShO\\T: t!~-:.->.t 

~ Oür scarch fnf hOii}NC>;l,U0:l 01' AfP -c:lrnte lyas.e: inclic,r.:erL" l'cn,.;id:,:r",bIe ¡,,'vd of seqtlencc :<:imil:J.rity ~ilh Ncm entr: 422M-ii (pr A()Oy5l~)" whk1l '.1,1;':$ 

{)riginruly cl<,'poúeo as a 30n "mino ac¡d f'rngnient ~)f the sea trn:hin embryl)ni.c ciliar)' dynein hC(H !lea'''';'-' ch<liro t 111, Howc\-'er. oetai¡cd anaJ}'s~ .... of h¡,1h tiyne\n 
i-md ATP- Gitr~t;;': lyw;e ~l!qtl~n1;e.~ dernon.'itmterl IDa! XCBI 482tHil wa" misid¡;r.tifkd, aQd lhat it j~ not a membeT f}flh~ d~8e¡l1~ hut <l ATP t."¡trute ly-d:>C. 



~7.jlme EC CS~:3iY7..ed reactioo 

2-lJ-xll<,J.!u'!;m¡¡e S~'f¡il:t.M:e :,2.,7._3 2-o:{0Eiiutara.c ... CoA + (I:I\:idi2:00 
fellei!C);;iilt = :mccioy! ClJ<A + CÚ, + 
rcdu>.:cd 1!!ITC®Y..Í.n 

isoo¡tmI!~ dehydrogemwe L 1,1,42 i~~"J.l,.'itr.llc 4-- NADP+;¡; 
(NADP+) 2- l..tli.oglu'rorme + CO~ + NAP~H 

a<Xtnltme i:ly(jm~l;;.c lO. 2. L3 Ctmt¡e:;: els·.acolll¡are -:- H;!O 

. .!\TP-cltt.ate ly¡¡,se 4.:l. 3. 6 c;trate = acl!l:2te ... tlxao:::~átc 

!J1.a¡ate dchydró,g.enas~ U.!31 (s}-m;¡¡Ratc + NAO-'" "'-tOX¡¡btlte1at1: + 
NA!)!l 

furtU/J'ate: hydm!m:e: ~.2.t:2 ,s)-mahr<.'ó o::; fij;¡))arate"" Ii~O 

:ltiO;!ilK~[e deh}'dro,gerta"$C l.3.99. L suctinare + ~eep:IC>r = fum~~ec + 
re{h.i~ tl:~tor 

!ll~\nat¡:-CAA 11$1L"tl !S.2.t.) ATr -+ .sW;>:J~R.tl;':. ~ (;.nA ~ ADP .... 
(ADP-l0rming} :¡¡¡uo::c¡n:)'~ Cc.-\. + pnospl)a!e 

ATP citmte iyat;e be1Qngs te aa ei1zyme. supr;:.rramily 
cha..-actenzed by aa tlnusua~ nucJeotide--binding fold, 3.e., fue 
palm.¡e- or ATI'-grnsp foid. Thi" superfamlly induces otiler 
ATP·depel1<lent carlloxyl<L1e-¡¡'¡o! ligases (SI!CCi!1lll'" and maJate­
('AA ligares), as w"ll as ellt.yme, end"wcl ",;fu cSiooxylate­
amíne Hg.ze activily (g!u¡¡,¡híone synlhemse, biatín =boxyL1Se, 
ruad caifhamoyI-phosphate synt.lJ:etase) [13J. 

The reducEive c1l!:riC acid cycle is found in ~,{)[h bacteria! 
<l1ld =""e"¡ prokllryowa. 11 w .. f¡!'SI" reported in TIl. mod .... tel)' 
tl~ennopbilic hydrogen-oxidizing Hydragenobacfer thermo­
phi!/L'. me aerobie Aqui/ex pyrophiiu.¡, ""d me sulph.te reduce, 
proteobacteria DesulfOivbacter hydrogerwfJhih.JS~ as we11 as in 
arche;ai species incb.!ding nlernbers Qf the ZierobicªH:;," ~"!own 
Svlfoü:;bU'l g-enus, and Thermoproteus r;jJletmphil!~-: (when g:roWfl 
vAth H,., m'l<2 etern.eut'~l suphllr) [12. 341. 1. ne w!de d1SnibutÍoD. 
oí ¡J'üs ~nl1aboHc ;)¡lth\~'a'j and its ~~odifk2.tions (su~.h as ~h~ 
p"..x:!1c1Jve acetyi-CoA or me r~-C:~!ctiv:e mal ¡myl~Cúl.:l.~ ~-¡:hways) 
.í:l!i:10i:lg ,u1f.erolJic illr-cl'i(J.W- $"¡:{l thr: mo.st d~::;?ly l,.:x&~d el'ioo.c~~ria 
.s:¡¡:1'Ql1gh~ suggest 1hal i1 eveJvea pD'iof ro the Ctlvl))&13ensorr: 
('yd~ [2.21. "T"nrs cj'd-e is cUl'fenHy f<fu"/'O!W a.-'i ibc ptirnorrlial 
metabolk patlwJ;;i¡Y by the: ¿rlCf>:XniS of :he pyl'ite~b:ffised 
cherJ]Q;;;1-ttz:-';.mpt~1c L":effl'y üfd"le úf~gi%'¡; oflifoe· t"-!.13·. 

7jf'51e r~d-aci!iv~ s::¡ce~y¡ CoA ~J,~t¿ ~q3¡"!d [}2ihw~y) A~:~h.nugfr 
A. E Lebe6ei7" húd 'Sl..lgge:sted in 190'8 tl~3.~ direct assimüatio.n of 
CO~ i s ;& ~.:vidcsFesd bio~ogic.r:.t tmu. ir; ;H~S r~o~ : .. mt¡l $ix1.y yeru:s 
:arer thal \Vocd and bls cQo->\'\ov.Xers {2.6j dcmor"strareri tite fl--;;:r:do:1 
of nt¡n0spneric carhOfi dimddc into reducea orgrulic compo'Jr~..s 
hy the h~t~rmruphk: prop'~onic ada baCl:~ria t 47. 4E 1- Fl~r~her 
stndies deJ1llonstrnred that ass~milati<m of CO2 by L,!-te net syn1:te.sis 

Ol~[ P.'l1hw2)':'1; D:inl1l.'1tlliü[1 

~¡nic IICi(l 9cle B.A 

Ci1f1C acid -c~'cle; ;!i~tathi'l)ne mctllboH~m B.A.E 

$~yoxy¡me (;: dic;;;;r'ooxyjme J}le¡.aOO!i~l); B,J=.: 
cime sclod c)'..:le 

('-Jmc ae[d c~"cl(: B 

dtric ~ci(! cyclc; pt~nvo.'l;c,. 
s1ym:.~b-fe &. dit.arooxylme l)le.i<lbol1s.m 8,A,E 

dtric ackt cycle S,A,E 

dtrie acid cycle: o;dooü",e poospbo-ri!~tijom E'.l' 
oom(,.o~te me~bolism 

du:k_ aeid ey~l<!~ l'EQpruroatc B~A .. E 
m:::latlO·lism; CS-nrandred dibasit: 
att{! iíletabolism 

oí 2ce!yi CoA oould SUStaID a:utotmpbic growtl. 1[1 Cü).wrid!Um 
Ihermoacetic~m ¡50]. Fixati"" by Ihe autolrophlc rooucüve 
~ate pa.th,Na.y rs a simple process that in\-"olves ~h.e rombinatlOTI 
oC MO CO, (o, COl moleeul .. lo fmm a tW<)-CllWún cIml!'(}und. 
from wluc:n reduced organic oomponents are: forme-d by 1100-

autotrop-hk or anap-Ierctk carboxylation proce~ses and oíher 
aypical hetef01rop-hac reactJons [48]. The fiT:)! re.action in [his 
pathway is !:he reduction uf c-aroon dioxide !o CH 3' \vhich reaCtS 
as methyjte.trdhydrofoiate with CoASH to fuITJ1 «ce.ty!--CoA via 
a catboxyl donar such as CO Uf COL' fusre~d ofth~. '!:ypjtal biolln 
carboxyI c~rrier proi:$in -fOlJnd in E. coli ano animal$.. [he 
iml;;r:fJ\le.r;}jai.cs are caniet-bound orgaT.LOinetaHic cTfn:,¡,p1e7'~'$ 
invoh~~ng Ni, Fe. anó S. In tr.us cycle the 'J.)re<!;xag-e and li)m'dElnn 

offue:·thioester bond between CCA$H fuí.d the 0=0 gtoUP Di t!le 
~cety~ rl:1oiety are both cataiyz·ed by ca dehydrogf,fl~=';ie¡<Kr;;1,yl 
L"úA synthase. Thts b-WJnc~Eonai enzyme 15 ¡he cen¡,-trl cat.a¡y~l 
in [lus pathway. and rnedi,ni;S."i both ::he oxidation of ce to OJ:;­
~f<d thz SY-;'iihé¡;;is of acef'jl·CoA [33. 49J . 

'rae \Vood pathway.,. whicl] is the rnajor CO:: f;:>.l':.~::::rn 

m-echanizm uncer an~l)bl{,; con:ditions t49'j, a¡so has an _,T:~ 1,;; 

phylogeneti,¿; (jjst.ribution. ::m.d [$ k'10wn to be U'5'.':(: [1:. 

~e{;.l.o-g-erl.ie badeT~a. m:e.thanogeus. rJuc. s:.llptr~.tr~~r~dtict.\:': ~~, 
i:lütl~ Eif.l2iboHc ~nd cmabcHc pur[J.(J.~c$ i44}. ihe 1i:~1 LrH;;'..J:'k~; 

Ac~mbac!i:;rt1tm }i!oodil and Sp-o-romusa sp., :¡tS \V~;~ ';" 

toe ~ulpi1aw re-::!tlcers Des¡,-df()~?acterhtr-¡ aurmroph_:'f .'·11; 

:ama Desuflo\!ib-¡'üJ baarsii. Ir ¡s ah..:; \v~,jely distrib-_:t{:¡j 
a~loDg metll.i'1tJogef'-J). induding Mel!rtliWbat:te¡-f;mi ¡fie! :1~iO­

aUlolmp1zKum, Methanos{]l'cma ba~'keri, .ano in the c;.dy 
dlvel'ging nyperthe:.rmQphilic genera l1tlefhan0p'Y:·u~. 

MetrUllioroccus. and M{!thanothermus [12.34]. [n spít¡;; of 



ihe diffurences in f<ltm",e ulilizatioTI aru:llhe peculiar cof""tors 
employed by methanogens~ the first steps of acetyl-CoA 
.sj"nthesi~ are simihi{ amortg !hese au~otropbk arci'!aea and 
¡he cubacteria [21,43.46]. confirmillg ¡he monophyletic 
origln oí this pathway. AHhough no c-?rbQ[l monoxíde 

, :de-llydrogena!3e ?;Ctivi~y has been found i¡l! ArchaeoglobuJ 

~
~:;:;~~i:t~b:~a~s ~bee:,,;reported in A. liihotropkicus [38]. This 

consÍ$.tem whn {he presence of fue Wood pafuw~y 
geooroes'[23j, where fuey are probahiy 

inrne anaeróbic-oxidadon of'zee¡ateto COj!_ 
"'~ÍJd,r"''YJ¡rol'iolllllj)e'I""j:ÍI'1I'~Y Several studies,on'!ne 

¡uttltro¡,híc' gI(.wth oflh'Hhennop)jilic, ~ non-.ulpbur 
,ium 'Cliloml'k,,,s CW.ramiacus indicated that l , ,in some 

ns;:u~ '.a. M,i",Jloleo,into rednced organic compOlmas 
rpa¡hw"y dmerenl fro,ro liIose <fiescrí¡'~ ahove, L.belling 
ori,n""bwi'h cens grown in me present'..e> ofilie aCó'Il!tase .. 

>Cktngf!u,oo""¡ate" demonslrnte<i!h'U1Cetyl-CoA CQuld be 
iófu rulioo=,~i.ate Olla" prorluct of Ibis COz-mation pathway 

111,is ,cv,:lic rou~ mvOlVM fue carboxyiaaiQn of zcelyl~ 
is ¡ben reductively co""erred'to fonn 3-hydroxy­

[16], This u.il1J&!lal in~ennediare is flrst rOOucoo tLr):d 
"',11\311"<1 W funn G'ropionyl.CoA, w!tich is converted 

a second carboxyJation into sm:cinate ami fuen 10 mal)l!­
[101""36, 3l}, It as l'os~ib1e ihat.the sttlJ:~ing point of 

;¡¡t¡$!"ci.r,ate bios)'llmesis via this pathway.. which ¡, preBent al", 
fo"',irn .Ule archaell Thermópro!ew: n~"tr"ph¡¡"3 [%1 aud in a 
i;';omne'l'Ih,atr!lmliñe<lfurm'inAcidianUlt brierleyi [19J, invo!ves 
:'Iié';!!}"":,,, 'late déTived fro-w tite reordintition ano esciss.ion {)f 
'~JZ.m,eÚl:yl malonyl CoA ¡llroogh fue gly""yiare, shunt (&tanIey 

personaloomnw1lÍc<!tion). 

j[~:~~~~!::;~~~~~ dleories ün'th~erlig]n of life'have·m.en 
;~ no! rt<:l,uire, prefwme'd oJg2JTIJC é(:~m:pú!,r~ds 
. or,jgin:. Two cf the'3e'aheor~es -tie dle.odgin ,af 
': , ~-3Ss.imUation pm:hways tome appear.?d"r:e Df life~ i.e.~ Ule)' 

-,";;. rJ$$UID¡;:, the. fir:st living system.S< vler-e-clready endQwed v..-ith 
j,''cthe.abHit}' oí fixing aL""nosphedc carbon dio~ide. One such 
~ iUec'i'y hwolving non-enzymat!c,~ctiorx;.'l"'.as pa.tt€-roed ~c~r 

extant bij.ochewicai ?:8.tñways of int<.~r:-:1e-dia~~ m:et<:;t'lot'ünn 
;j,,,,:;-'J1'(r:;s th::u L1C citr~c ac'Ld '::';¡Ch:: s~rrerl \:>Jith aCi!.ty!-CúA by 

(', {\'.fO C02.:-fixat~0ns [14J. Tile deveioprr,.,em of stKh.a ~ySi6lil 
~.s i$nvis®ed ~9 l"?quire UV ;~ght. clay,::\ .;¡r;.d ~;-':lm:jtion S~:;H<s 
:!l..;-'t.'1.t~., ~11 cf whict ate m.::dy cúmfloneds of'~he -prhnithre 
;~lr;iií.:mlr.eat~, a0wever; 511(:11 cyCEk patl:¡;Ways ~~d [O 'be ;¡.¡ery 
effkient, -21' t.hey ,?"m stop worthg. 01:".;.;0 -sl:\;:h eX;;Jmple ~s 
'P~hro,\y tt~ K.!".!03 cyde., whi"Jh .oomes. kí -El c'Dmplcw s:tandsem 
lIDIes:$. me ox;:¡:lZ:.cemre ~OS.! by nan-enzymatk decatbo:>;ylatiú!! 
is replaced. In' any :::2:00, -t;,"üs theQTy t@s not he~n e,xamin~ 
i.."1 d~taii,> and tbcrt is n(} experimcnf.:&l--e:vidence $~porting 
!ts besk assumpt~úns [25]. 

Curtemiy the mas.! popular and daboratc aLHntf()phic 
theory on the ori$tn afUfe ~s thm oiV?Jachtershaurer ~3SW+2], 
According to tihis hypathe5Ís-, Iife began with tIle appe,~rance 
of an amocataiytic two-dimen..:;iúnal t:hcmolithotropbic 
met;JooHc system based -on fue conversl0n of iron sulphidt 
into ¡he stable crysta11iu? minend pyrite <FeS2}' Synthe:sis 
and polymerizadon oí organíc compounds are a:-;.surned te 
llave, iuen place rOn the surface oí FeS ilnd FeS~ 111 
environmems 1hat =emble Ihose of <Jeep-sea bYOrorherma! 
"eOis. Replicadon. JoUowed the appearance of ílOU­

ürganrsmícal Íron &mtñde tw{)-dimen~ional Hfe~ in whieb 
chemQau!otrophic caitxm. fi:\.ation is assumed to have taken 
place by a reducaive tricarboxyric (TeA) Qr c¡b5c acid cyck 
or Ibe type o"gillally rlescribed f", In., phct""ynthe¡ic green 
.U¡pbUf bacterium ChloriJbi"m iimirola, The ample 
phyiogeneiic dlSt'ribution uf this anabot1c cycle anri its 
rnodiñc:a¡ioH.s {such. as il;te reduetive aootyl-CoA ~I'1d lhe 
reauctñve makmyl-CoA pathways) have beco. ímerpreted !ti> 

evidence of liS prin'H)'rdiai cha:tt:!icter. which is assume.d to nave 
been primed by a earoon dioxilde fixation prOOts..'S ak¡n tú the 
red"ct¡ve ace¡yl-CoA p.ti>w.y [22. 27. 41J. 

The reactiQn FeS + HJS ::;: FeS2 + H'J ~ highly e~~rgoruc 
(ilG' = -9.23 kcal/mo!. E' = -620 m Vl. """ ¡, ha, been 
dernonstrmed:o take place arder ar,f~rob:k corAiticflS m: neüt.<>al 
pH allá 1O()"C [9J. Tne FeSIH2S combim,ün" is • <troo" 
re4ucing agen'4 and ir provides an effideñt wutce ()f de.ctroDs 
fOl' file :reduction of organic -compounds ur-& mUo O)nruüons. 
Th" F.SIH,S combillation can V,001l0,, molecular bydrogen. 
and reduce nitrare ro runmonia, áCet'Jlene to ethyiene, thi.oaretic 
acad tQ acetic acid, .as weH as more complex syfíthe:;is [271, 
including pe:ptide .. boud:.formatiQD by ~,cttvatioo with c¡trbon 
monoxide'on (Ni, Fe):> smi'aeos ¡ 1 81, 

HQwever .. mese experimental resul!s are also COlnpatt bie 
with a more general. modified model of the das.sicai 
heU}¡-otrOpbie ¡:}¡eory ,in' \\.'hiG.~;pyrite ,fOtEn¿ÚÜll lE' ru:;ngnized 
.as an jmportantoource of elecrrollS' for the'realilction or orgfl:tÜC 

compollilds [24]. H is possfbJe, for mstmoe, tha~ llIIder Celo.ln 
conditions mmospt ... .el'lC CO;l \l/cu!d ha;:':;',: 1Gcn p!1blóTeduc'$d 

bY' ferrous iron in rolution, and'pyrlte forrnaúon on subrner:'.;ed 
fC',cks mightnav~'red.iJcet.i Siiírú-'gen w aí"i.1:1';"Q;ll.a [21 :(¡uó úl1PrJ.::: 
oompo'l1lnds. The e.~sent¡a1 qt!cstion in, dr:cfding r~~"vee.n fhi l'O 

c~lemoautctrophk ,theor¡ anchi::e het-erort¿:.?hic !ry-po¡hes;s 
-On t.l-te migjn nr life is dearly l'iot p-yrit0-medi8:1:0ü OIgal1::::: 
::t.yrtLt-¡éSis'l bm 'Nherncr- d¡ruct CO~ reciDcti·:):;\ 2¡mJ: ;.;)'n¡h~;.;:--, c.f 
organic ccmpo-::.nds ca;:; take -p!&ce by 2. b~'PQ,!'hei;Cá! H·''::'~ 

eim:ensjonal Jiving system !:hat kjd~s gencüe inforn1at10ít f24). 

lA. sem6--eS1ZiilfSl{~ic-mt'ild.e~ -for ~:'S 1~rs;t 
Cq:¡2·'I'¡l{¡;¡t¡ill¡~ ¡¡>«¡1i'iW<lll' 

GiV&l: the srrong dissfmilarlnes in caroon díoxide ass.fmll¿rion 
mut$$ thaa nave d$\'eloped ~[I. 'V,Tideiy sepa-rnted a-ut-otropns. ' 
ñt is in~portant to understnnrJ: wbich of lflCm h. ü\dc~\. ano 



how il evolved from I'rev¡ous ne¡erNroph¡o modes oí 
mmition. An,wets to Ihese questíons manId provide • 
coh$-rent1 non-teleologicai his.toTical !1arrath~e oConsiste.nt 
wich ti) the phylogenetic dí.strihution of autotrophic 
me!abolisms;' (ii) fue geological conditiQns of!he early Bmb 
(sucn as i!. anox<c environment) ond lhe a"ail.hility or 
inorganie precursors oad c.talysts; (m) recognilion oí Ihe 
Hmited'cataiytic a5iHties Gfibe fint auto¡rophs~ .Le .. the 
.arliest biological COz assjmilaljQn pathways musl ha". 
been reiarive1y simple, .,nd mayo DR". depended on 
sp-outaneous '(:t¡ semi·enzymali:ic, carboxyla.riofi_ reactions 
leading·to C-C bond formalian. 

Quayle ano Ferenci [321 sugge.red a slOw, stepwise 
de""lopme!!t oí the high!y e",ler,g<.>r>Jc rilMos" bisl'hoopbate 
patllwayin whiclt !he' simple' riblllose-monol'Uosphatecycle 
was "$Sumed·t" ~OIl·j"!Gnnediate "roge in tlJe evolution uf 
rnbi""o-mediared Co., assimitation. Howevcr, \hi. modeUs 
nol consisrent ",iID Ibe Pliylogenetic distributioll of tJ¡e ribul_ 
biphO$l'hate:pathway, wbich aJll)ears to be: a relatively.\Me 
developmenlin fue (eu)bactoriol branch. 'I'hus. ¡lis likely,mal 
an older form or ohe<moautolropbic " ... rban assímilalioll 
évolved befare the appearance of chiofQphyll-base<! 
pbúloautotropby. 

Adherents of [he pyrite-hased chéltlOautotrophic meory 
or me origino oY !JIe, on ¡he ot.'J.er bond, h."e .rgued tllat the 
reduenve TeA o)'ole, which has aJl ªutocaiolytic nalnre aná 
provide. ho!h arehaeal afld bacterial roetabolisms wi!h me 
s!arting malerial fo! practicalJyaH biosyn¡l:lelic mutes, was 
originaUy d:rivea by pydte formaticn ano the very f1rst 
mmbo!icpall¡way {22, 21, MI. 

The llbiqllity of Fe-S aClive cenlers in mony ·ancient 
enzymes, intluding CQ dehydrogeru¡se,has b~~xp!alned os 
OOe:"v<1hlljOlllUj' OU!CQme from l:bis FeSiH,s-IOOfuled reduc!Í01l 
(,f c<garue eompooods 18, 4,). TI\e 'archae!ll .cety!-Coi\ 
Sj'lllh~e (CH,€(F,SCoA), lüre.the G!csfrid!JIl>! ¡foemroaeelit:<lm 
enzyme[SlJ, also'¡ndlldes Ni in lts f~-S """"tion cerot.".,[6, &1, 
amj uses CO,;.or Clh, precllmm for .ce¡j'1-CoA[4'l, 4.8]. 
Basta QJl fuese obS'm'lII.io"s ",..¡ <ltl tJ¡" kryrole Qf.<:G"'tyl-CoA 
h'L manifotd 'biQsyntbettc- paLlt~ys (E\!_ l)~ Hube!"' and 
Wachrershiiu •• r ! 17] developed a no,,-em:ymo,ic syn¡besis 
6fCHl-'CO-SCH, fr<>ma mí.~Iw:e.ofCO"",.d CH;S1:imá high­
temp'eratuI~ ~tion catalyzed~by a mi¡.:tl.ll:>e or cn~precipitated 
NiS!Fe$(E<¡.2), 

Ad<l¡¡¡on of ""len;""", lO fue c"talylic míxlure NiS/I'oS le<! lo 

¡J,e syn'hesi. of acede.ció ""el CHJSH (E<¡. 3), 

P-eret6 et at 

The abiotic C..c bond formation from CH,SH Bnd CO 
(Eq. 2). whieh is analogoos '0 ¡he melal-" .. olyzed industrial 
S}'nr.hesis of CH3COOH from CHjOH ud CO vía me IT'lÍgration 
oYa me!byl group !O a cootdinrued ca [8J, demonslra"" ¡he 
feasibililj' of catboo monoxide nxatkm in .. Wúoo-like ,.",,¡ion 
cataiyzed by lra!JSi¡iOll metal ions 117]. Although this re~ctión 
does not take place in a tw<rclinl.ensional system as pu.~tu!ated 
by Wilch!ersMllSer [39-42], me melal sulphíde-catalyzed 
e-e btmd<.forming..prooess has been Ío"'l!elilpteted as evideuce 
of a CO~~simil.t6on:'process that wauld, feed an archaic 
au,ocalalyti" Chenifil!.U!otrophlc carboo-ii""lioll cycle. As 
required by Wli.clmerhiluser'$ !hoorj', such·a cycle mu.l have 
been a l?rimitive varianH)fthe-reverse dnic acid c~'Cle. which 
onoe·spmed by a·e-c fo.""Jn¡¡~ l\!ün '" tllo \Vo"~ cyolo, 
wQtild:bocome Il,estarting poÍJI.I fur all ooabollc pathways. The 
appearam;e of 1M an<:estral reduelive· TCA cycie would fue¡¡ 
be fullG'N«I by the de""lopment oí th.e reductive ""e¡yI-CoA 
p:l1hway [4IJ. 

rrowever. fuere is "" alternative intepretalÍolllo 1". wmllS 
reporte<!'by Huber'and W¡¡clltershauser {l7], i.e., me reaction 
summarlzed in Eq. 2 suggesl& fue po .. ibilily ihallhe Wood 
pathway had preceeded Ihe reductlve citric "cid cycl<:. 11 is 
poss;ble, lor instarme, fua!. a seml-enzymatic WOQd-¡ike cycle 
"volved in au .... eestrn! heleroircpllic ¡li)p1l1atloll oí limited 
eatalytic abilities. Acoording: ro this aíternative ll!teTpTe.ffiuon, 
rhe utHizaHon of nIIetal &ulphides as redudng ageIlts also 
corresponds '0 an early step in biochemical evolutionT i.e_, 
acetyl-CoA syntli.s" is t!1e evo!ll.rlonruy o!!leom" of a simple 
Ni-Pe-$ cataiy&! w¡lh ""rboll monoxide dehydtogenase 
act¡,.¡,y. The G,.-uníts generated !JI' a reacnotl e<¡uivalw' ,,, 
~hat shown in Eq. 2 coazld bt L"1corpotaroo iuto ~Jl ma~erial 
fol!ow¡ng" ferred""in-del'endellt (Of P'ldte-ctcpelldent) 
reductive c.arlmxylation. Corrin'skeb'!ons'used fuE! in the 
reduction of rlbonueleotí&s i" ¡he RNA -> DNA ",a~s¡tl"n 
would be Ihen .e!".,led as metlJ}1-transfer molee"l •• 
{CH3~cQrtin}~ in '0. process 'Originally·medlated by broad­
substrate pr.imitive eneyroes. This vie:w is. consisteN wifu (i) 
thewid"'preoo'dis!rihlllio",·of.!he Wood pat!Jway (Table 3); 
arrd (íi} tbe ,hypothes1s. that'cat~Iytk+!"on~su!phut e hlsters 
found, in, ele~}troJh-!ran8~ pTote~ns hlve an,andent. QTrgi:n. 
However~ k-does no¡ reqlllir-e. a hot ori~iD of lite or an 
au~otrvph¡c emergence'.oflivlng -Bysi'en:1S. 

In L~is paper we have revaewed sorne oí th.e bjochemkf<J 
characterj~rics T,>f tne hasic CO2&as-sim.ilalior.: pathways. 
Sequence comparisons. deiTIonstrsr-e roat the p;;iitcnw-Qroc 
~ssem:bly nf cata!lysits nlJ1) playoo,.1 central role in th~ evobltiün 
of fuese different mooes oí carbon. fi}'~at~on" A'S undertined b)l 
Pace [31i, phylog"""tic d¡.tribu!ion of b~e differelll type.~ of 
énergy n'letabolism -and C3.'liMfi dioxide n.xation in un1\lersal 
molecular pbylogenies does nO! follow • sLR1l¡)Je developmem 



f~'l t.errai}~{)\lU 
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- ~hyle~ k-'ll'<ihydrófotate 
dei1ydtogen". (NAOP+) 

S,JO: me1h)'iene 
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Ee 
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6.3.43 

:'7,9';1,5 
LS.1.1:0 

1.2.99.2 

ATP' -¡.. f~~ (. !C:.tr:ll)ydrofot.ae:!: 
Af)? + phosphare + iD· f{¡¡'rrly~ 
tetrahydrofoi;;:te 

5.1 O-lne¡lly:et'le1e~mhy(lrofoloHc -:­
tl::9 = tO--fumt:l tilli:ah!<drofolaí.e 

5. ilO-ml!thy,ienei.emIlhy4rofotUlre + 
NADP+= S.IO·methenyl 
1ctrabydmfuMe: + NADPH 

5--mcthyJ:c!n!:hydrofol:?lte-+ axepI(lr 
::: 5.jO-medt)'¡enet~lIT1hydro~i:.!lte 
+ ~duccd acccptor 

ce.,:. !1,o..,. ::wo:eptoT 
.. CO2 r redu-ced ~t(}T 

ancl may indica~e late.ral géne transfer. Howf;ver, it is obvio'Us 
·HMt som,¡;: furm of carbon assimHatioD. v.rhkh is fourld even in 

$!riel helero1!o!']l., \Vas opera\ive ber",e. cttloropllyll-based 
. pho!osynthosis. 

In contrasa wilh the chemDautottophic pyrite-based L~OOt)' 
oflbe Origill of lire Ihal .".mes malló" aotútrophic ""ductivo 
'c[lric acid oyele W$S the fi,"t .nallolic pa¡l1way [41, 42], wa 

-llave pmp~$éd here tllar the experiments vD metal su~phide~ 
lli.<li~ted C-C oond furma:ion [n) can airo be inlerprelerl a, 
'"' e"¡den",, mat (he WoO<! r.athway i. me roo.! primi~,,, «lflxm 
dio"ide assimilalion pgthway, This «!t~rnative iuterpretatlon 

. "C1)¡'¡sislelll wid, (1) ¡he ample pnylogenet,c distriblluon off dle 
Wood cyde: (ü) ~h-s relative simplicÍ!:y and energeticaliy more 
wVQurable vroce."".;; of CO~.-assin1diation m;;:diate-d by thc 'Wcod 
pathw.y com~ar.,d ro o¡h .. $uto¡roph¡o m"'eS ! 12J: and (iii) 
the PQssibilif'y 1hat the- ('..0'6 as;:úmíM.tmn ... ,,':;¡s vdght::;liy ~".serni~ 
-¡i:fl.zymaüc ~.t~iway. lO wh,k;h the net s}rnthesis Qf ;;2:Cetyl~CoA 
fro:r.n CO/C01 wa.s. rnedbted by a '$lmp~e NiS/Fe'S catrJytk 
ffilxv.i,R .anve3trd to a:;~tyl-C,:¡.A s::yn1hasc- [~7]. 

c"l\cI:n;)w!i!;dg~<!ir.iS:~ Thi:s ',\'<LlrK "'<1~';' i,1i,jale(Í G<irh'f; '" ;~\'C t.l:f i.-Ú'~Cn'.:e of A. 
1..'Il'='-:?illr}S5 ~~i'!j¿:.-g ?~f~sst_t ~t Í,¡¡~ U>1l."i,;.r3~l,.y el \'.:¡"i~\.dj.,d<ln,,~ ·~·:,kh t~G~ 
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CONCLUSIONES 

5i bien los caracteres moleculares como el 16/185 rRNA han demo.strado. el origen 

monofilético de todos los organismos y, por ende, la existencia de un ancestro común o 

todos elles (Woese 1983), es importante reconocer los limites de este enfoque tanto 

en la reconstrucción de las filegenias y los características dei cenancestro, ceme 

respecto o. lo. poca e nulo. infermación que nos proporcionan sobre el origen de la vida 

mismo. No hacerlo puede llevar a conclusiones prematuras, come ocurrió con la 

definición eriginal del progenote sugerida por Woese y Fox (1977), o con la 

caracterización del cenoncestro como una célula con genoma de RNA y que 

supuestamente dependía heterotróficamente de nucleótidos de origen abiótice, tal 

como lo sugirieron Mushegian y Koonin (1996). 

El descubrimiento de enzimas homólogas que catalizan reacciones bioquímicas 

similares en diferenTes rutaS anabólicaS apoya la idea de que existió un reclutamiento 

masivo de enzimas durante el desarrollo primario de rutas metabólicas. Como ya se 

mencionó arriba, cuarenta años antes de que se reconociera el papel del RNA en la 

evolución biológica temprana Horowitz (1945) sugirió la llamada hipótesis retrógrada 

para explicar el origen de las rutas biosintéticas. Los resultados presentados aquí 

sugieren que la aplicabilidad de es·ra idea es basta/'lte limitada. El anólisis ciadístico de 

las enzimas que participan en Ic.:~ rutas de saivamento de nuc!eótidos de purinas 

demuestra C(ue es dificil sostener la idea de Horowitz (1945.1965), que supone que ios 

genes homÓlogos codifican enzimas que cardizan pasos sucesivos en Ui1a misma ruto. 

biosintética. Ei anái,sis comparativo de gellomas celu"ares completos ha demostr.:¡do 

q:Je el orden de los genes no se encuerr;'¡"'C conservado en kt evolución de los 

Lazcano 1998; Delaye 1998; Isias et 01., 1998). 



Por otra parte, el descubrimien'ro de que una porción importante de los geno mas 

bacterianos ha resultado de duplicaciones parálogas ancestrales (Fleischmann et al., 

1995; Fraser et al., 1,995; Koonín et al., 1995; Labedan y Riley, 1995) es consistente 

con ia hipótesis de que las rutas meTabólicas fueron ensambladas vio patchwork. Así, 

en muchos casos se puede afirmar que las rutas ancestrales fueron mediadas por 

enzimas que poseían una baja especificidad al substraTO (Waley, 1969: Veas, 1974: 

Jensen, 1976), que pudieron participar en rutas metabólicas que actualmente no se 

encuentran directamente conectadas, por ejemplo, la biosíntesis de histidina y 

pirimidinas. Por otro iado, la demostraciór, del papel que la duplicación génica jugó en 

el ensamblaje de las rUTas de salvamento de nucleótidos de purinas no solamente es 

consistente con la hipótesis de patchwork, sino que también permite explicar la 

aparente rapidez con la que pudieron haber evolucionado las rutas anabólicas durante 

el Arqueano temprano (Lazcano y Miller, 1994). 

El reconocimiento del papel de la duplicación génica en !a evolución de las rutas 

metabólicas no resuelve el problema del origen las enzimas que no surgieron de esta 

manera. En algunos casos, las enzimas ancestrales pudieron haber tenido su origen en 

reacciones no enzimáticas, y fueron proteínas que aceleraron un proceso espontáneo 

pero lento (Lazcano y Mii!er, 1996), como es el caso de la descarboxiladón fotoquímka 

del ácido orótico descrita por Ferris y Joshi (1979). Todo sugiere que las rutas 

primitivas pudieron haber existido con un número reducido de pasos mediados por 

enzimas lloCO específicas. 

co.rbó,"J. Como ~fa lo hfzo [101'(11' Pace {1997t ia diSTT'ibuóón fi!ooenética de los - - ~ •. - f ~ ~. J 

diferentes tipas de metabolismos de energía y ios de fijación de dióxido de carbono 

en ia filogenia universal no obedecen a un esquema simple, lo cual sugiere que varios 



eventos de transpor·ce horizontal pudieron haber ocurrido durante su evolución. Sin 

embargo, es evidente que alguna forma de asimilación de carbón, que se encuentra de 

igual manera en los heterotrofos estrictos, estaba operando antes de la -fotosíntesis 

cloro"fila-dependiente. 

En contraste con la teoría qUimioatotrófica basado en la pirita para el origen de la 

vida, que Supone que el ciclo autotrófico de reducción dei ácido cítrico fue la primer 

ruta anabólica (Wachtershauser 1990, 1992), nosotros proponemos que los 

experimentos realizados por Huber y Wachtershauser en 1997 sobre la formación de 

enlaces C-C en metales azufrados, pueden ser interpretados como evidencias de que la 

ruta Wood es la forma mas antigua de fijación de carbón. Esta interpretación 

alternativa es consistente con: (a) la amplia distribución filogenética de! ciclo de 

Wood, (b) energéticamente esta ruta es mas favorable que las otras formas de 

fijación (Fu eh s 1989); y Ce) la posibilidad de que la asimilación del CO 2 flJera 

originalmente una ruta semi-enzimática, en donde la síntesis de acetil-CoA a partir de 

CO/C02 fue mediada por NiS/FeS junto con acetil-CoA sintasa (Huber y 

Wdchtershauser 1997). 

Finalmente, quisiera agregar que la amplia distribución filogenética y ia aita 

frecuencia de secuencias simples en los ¡¡roteomas analizados, refleja que los 

procesos mutacionales (slipped-~trand) que producen los segmentos de baja 

complejidad, pueden haber jugado un papel importante en la evolución de secuencias 

codific;:¡ni·es. Además, la presencia de segmentos de baja complejidad en pro"reínas 

altamente conservadas y m'-iy antiguas como RNA poiimerasa sigma 54, íos factores de 

ir¡;ciación IF-2 y IF-3, les protehas ¡'ibosomaies L7, L9, UC, i..l2, L19, L27a, DNA 

po¡imerasc III, Y en !as subllnidades hidrofflicas fo y F1 de ATP sinte'rcsGs, sugiere 

que este fenómeno ha operad.o desde la evolución temprana de la vida. Es decir, las 

secuencias simples han funcionado como una fuente de variación genética (Moxon 



1994), pero sobre todo como un importante mecanismo de amplificación génica q:.¡e al 

menos en algunos casos han dado origen a regiones funcionales. 

Las mutaciones que producen ios segmentos de baja complejidad se presentan a todo 

lo largo de las proteínas. Sin embargo, su distribución (78')'0) hacia los extremos NH2 -

Y -COOH en las proteínas sugiere que son seleccionadas en contra aquellas que 

modifican radicalmenTe la estructura al perturbar dominios est~ucturales. El sesgo en 

la composición de la secuencias simples tiende a presentar altas concentraciones de 

aminoácidos que tienden a formar a-hélices (aianina, serina, isoleucina, ieucina, lisina, 

ácido glutámico), mientras que el ácido aspartico, la mdionina, la histidina, la arginina, 

la tirosina, el triptofano, y la cisteína están subrepresentados. Los aminoácidos de 

alto peso molecular (M,H,F,R,Y,W), son seleccionados en contra mientras que la 

ausencia de cisteína, la prolina y el ácido aspártico, se debe probablemente a que 

inducen importantes cambios estructurales. Las secuencias simples están presentes en 

todos los tipos de funciones metabólicas, aunque muchos de ellos se concentran en 

proteínas de membrana. 
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