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RESUl\iEN 

Los caracteres moleculares como el 16/1 Ss rRNA han demostrado el 
origen monofilético de todos los organis1nos y por ende, la existencia de un 
ancestro común a todos ellos (\Voese 1983) sin embargo, es importante 
reconocer los Jí111ites de este enfoque tanto en la reconstrucción de filogenias y 
las características del cenancestro, como respecto a la poca o nula infon11ación 
que nos prop01·cionan sobre el 01;gen de la vida nusmo. No reconocerlo puede 
llevar a conclusiones prematuras, como ocurrió con la definición original del 
progenote suge1;da por Woese y Fox (1977), o con la caracterización del 
ancestro como una célula con genoma de R..~A y que supuestamente dependía 
heterotróficamente de nucleótidos de origen abiótico, tal como lo SUh'ÍI;eron 
!Vlushegian y Koonin (1996). 

Por otro lado, en el esn1dio de la evolución de rutas 1netabólicas, la 
infon1rnción que generan los 1narcadores moleculares puede ser significativo. Los 
nucleótidos de ptu;i1as se fonnan de novo por medio de tma ruta 111etabólica de 
origen monofilético, pero también son sintetizados reutilizando bases y nucleósidos 
de pwmas por medio de diferentes 1utas de sah·ainento. El análisis filogenético de 
las enzúnas que participai1 en las 1utas de salvainento de nucleótidos de pwmas 
generó e,;dencias sobre eventos de duplicación genica. Tres grupos 1nonofiléticos 
de enzúnas que catalizan reacciones mecánicamente sú1úlares fueron encontTados 
en este o-abajo: (a) adel1Í11a-, xantina-, JúpoxantÍ11a-, y miaJÚ11a­
fosfodbosilt1·ai1sferasa son homólogas entre si y además con las nucleósido 
fosforilasas; (b) el g:mpo fonnado por Ja a den.in a deaininasa, adenosina deaininasa, 
adenosú1a monofosfato deainÍ11asa y aden.ilsuccmato sintasa; y (c) el par fonnado 
por la guanina reductasa y la inosina monofosfato deshidrogena. Estos resulatdos 
apoyai1 la idea de que las rutas ancestrales fueron mediadas por enzÍlnas que 
poseían una baja especificidad al substrato (\\laley, 1969; Ycas, 1974; Jensen, 
1976), que pudieron pai"ticipar en rutas metabólicas que actualmente no se 
encueno·an directamente conectadas, como la biosmtesis de lustidina y pirurudinas. 
Los nucleósidos y nucleótidos son compuestos poco estables por lo que es 
Íl11probable su presencia en condiciones prebióticas. Por lo taJ1to las rutas de 
salvai11ento tu,;eron que surgir después de que se desarrolló la bíosintesis de 
azúcares fosf01;1adas. En este trabajo de tesis tainbién se presenta w1 esquema 
hipotético p1;inüivo sobre la biosú1tesis de nucleótidos, basado en la habilidad que 
tiene la aden.ina fosf01;bosiltransferasa de catalizar la condensación de 4-
airunoimidazol-5-cai·boxairuda (AlCA) con PRPP. 
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INTRODUCCIÓN 

l. Filogenia molecular y el ancestro universal 

El análisis filogenético de las secuencias del l 6/l 8S rRNA no solamente 

pennitió a Woese y Fox (1977) caracterizar a las arqueobacterias como una 

rama monofilética claramente definida, sino que también mostró que todos los 

organismos conocidos forman parte de un árbol en el cual es posible distinguir 

otros dos grandes linajes, formados por las eubacterias y el nucleocitoplasma 

eucarionte. Este árbol evolutivo sin raiz, que resultó de la comparación de las 

secuencias de genes ortólogos de rRNA, se trifUrca a partir de un ancestro 

común, al que Woese y Fox (1977) denominaronprogenote. Debido a que no 

se ha descubierto nn 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 arqueobacterias y los eucariontes, sino también como una 

entidad hipotética primitiva en la que la separación de fenotipo y genotipo aún 

no había tenido lugar (Woese y Fox, 1977). Años mas tarde, Woese (1983, 

1987) continuó desarrollando su lúpótesis y propuso que el progenote era nn 

sistema donde el material hereditario estaba constituido por moléculas 

fragmentadas de RNA que aún no estaban integradas en un solo polimero 

genético (Woese, 1983, 1987). 

No todos aceptaron la posibilidad de que 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 el ancestro común a 

estos ya poseía un código genético equivalente al de las células contemporáneas 

y propusieron que el árbol del RNA se trifurcaba no a partir de un progenote 

sino de un organismo c01nplejo al que denominaron cenancestro. Por otra parte, 
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la comparación de las secuencias homólogas comunes a organismos de los tres 

linajes pennitió proponer que el llamado progenote era, en realidad, una célula 

procarionte dotada de los mismos rasgos biológicos de una bacteria 

contemporánea (Lazcano et al., 1992; Lazcano, 1995). A pesar de que no se 

puede excluir del todo ni la posibilidad de que hayan ocurrido fenómenos de 

transporte horizontal entre los tres linajes, ni de que hayan sucedido pérdidas 

secundarias en la divergencia de las ramas, la caracterización del ancestro 

común a estos tres grupos como lllla célula procarionte compleja sugiere la 

existencia de lllla fase de evolución biológica previa a su trifiJrcación . 

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 eubacteriana (Gogarten et al., 1989; Iwabe et al., 1989). 

Aunque la idea de que las eubacterias corresponden al fenotipo mas antiguo de 

todas las fonnas actuales de vida ha ido ganando lllla aceptación creciente 

(Brown y Dolittle, 1995), es igualmente cierto que existen anomalias aún no 

explicadas, entre las que se incluyen las filogenias construidas con secuencias 

de glutamato deshidrogenasas, glutarnino sintetasas (Forterre et al., 1993), 

cabamoil-fosfato sintetasas, proteínas de choque ténnico y otras mas. Ello a 

llevado a sugerir que en el pasado pudo haber ocurrido un transporte masivo de 

genes entre los ancestros de bacterias gram positivas y las arqueobacterias 

(Gogarten, 1994). 

Sin embargo, algo que pasó desapercibido para muchos, fue el hecho de 

que las duplicaciones parálogas ancestrales nos penniten asomarnos a épocas 

muy tempranas de la evolución anteriores al cenancestro mismo y describir, así 

sea en fonna parcial, sistemas biológicos mas simples. Por ejemplo, la presencia 
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de dos conjuntos parálogos de factores de elongación (Iwabe et al .• 1989) y del 

caracter homólogo de las sublUÚdades a y 13 de las A TPasas tipo F en los tres 

linajes (Gogarten et al., 1989), pennite reconocer una :fase ancestral en la que la 

sintesis de protemas requeria de un solo factor de elongación, y en donde las 

ATPasas poseían habilidades reguladoras limitadas (Lazcano 1993, 1994). Este 

tipo de análisis, que se ha podido ir extendiendo a los conjuntos de genes 

parálogos que codifican a las DNA polimerasas, las arninoacil-tRNA sintetasas, 

las glutarnino-amido trans:ferasas y otras enzimas más. ha pennitido reconocer 

una etapa temprana de la evolución biológica que no había sido caracterizada 

previarnente. Así, aw1que aún estamos lejos de comprender los eventos que 

tuvieron lugar entre el mundo del RNA y el cenancestro, el análisis de los genes 

parálogos comunes a los tres linajes pennite no solamente detectar otros 

candidatos para enraizar árboles universales, sino tarnbién para describir, 

aunque sea de manera parcial, la evolución de la especificidad enzimática y la 

:forma en que se fueron ensamblando las rutas metabólicas antes de la 

separación de eubacterias, arqueobacterias y eucariontes (Farú et al., 1995). 

2. El papel de las duplicaciones génicas en la evolución de rutas 

metabólicas 

El primer intento por explicar el origen de las rutas metabólicas proviene 

del trabajo de Horowitz (1945), quien sugirió que el desarrollo y evolución de 

las vias biosintéticas es el resultado de una adquisición secuencial de enzimas, 

pero en un orden inverso al que actualmente poseen en una vía dada. Esta 

propuesta, basada en las ideas de Oparin (1938), establece una conexión 

evolutiva entre el ambiente primitivo y la emergencia del metabolismo 

biológico. al sugerir que los intennediarios bioquímicos de las rutas metabólicas 

básicas estaban ya presentes en el medio prebiótico. Tiempo después, el 
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descubrinúento de los operones llevó a Horowitz (1965) a desarrollar su idea ya 

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

agrupamiento de algwios 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 quimicamente 

inestables y su acwnulación en la sopa prinútiva resulta dificil de explicar. 

Además muchos de estos intermediarios son compuestos fosforilados, los 

cuales no podrian permear fácilmente las membranas primordiales en ausencia 

de un sistema de transporte especializado. Por otro lado, la aplicación de la 

hipótesis retrograda implicarla que el DNA se originó antes que el RNA, pero 

existen muchas evidencias que sugieren lo contrario. Finalmente, en el análisis 

de los diferentes operones y enzimas de Escherichia co/i, Bacil/us subtilis, 

Mycoplasma genita/ium, y Haemophilus il¡fluenzae y otros organismos no ha 

encontrado apoyo a favor de esta hipótesis (Islas et al.en prep.). 

Una propuesta alternativa sobre el papel de Ja duplicación génica en el 

establecimiento de rutas anabólicas fue desarrollada independientemente por 

Waley (1969), Ycas (1974) y Jensen (1976). Según estos autores, las rutas 

biosintéticas fueron ensambladas por un mecanismo de "patchwork"" o 

"bricollage" en que participaron enzimas primitivas con una baja especificidad 

al sustrato. De acuerdo con esta idea, las rutas 1netabólicas estaban catalizadas 

por enzimas que podian utilizar diferentes substratos parecidos. De esta 

manera, la duplicación génica y la divergencia evolutiva de las secuencias 

resultantes fue el mecanismo que incrementó el tamaño de los genes y awnentó 

la especificidad de las enzimas al substrato. 



Si el mecanismo de ensamble propuesto por la hipótesis del patchwork 

funcionó en la evolución de rutas metabólicas, deben de existir huellas de dicho 

proceso en las secuencias nucleotidicas de las enzimas que participan en los 

pasos enzimáticos de los metabolismos. Por ejemplo, en la biosintesis de 

histidina, el gen hisG que codifica para la A TP fosforibosiltranferasa, es 

homólogo tanto a los genes de otras fosforibosiltransferasas, como a los de 

nucleosidasas, y las proteinas codificadas por los genes hisC y hisH son 

homólogas a las demás aminotransferasas y glutaminamidotransferas tipo G, 

respectivamente (Fani, et al, 1995). Ello demuestra que esta ruta anabólica se 

emsainbló a partir del reclutamiento de genes que codificaban para enzimas 

menos específicas y pertenecientes a grandes familias. 

¿Es el anterior un caso aislado? La homologia entre la A TP 

fosforibosiltransferasa que participa en la biosintesis de la histidina y las demás 

fosforibosiltransferasas (Bork et al 1995), incluyendo las que participan en el 

anabolismo de nucleótidos, sugiere que este mecanismo esta muy generalizado. 

Por ello, nos propusimos estudiar el metabolismo de purin-nucleótidos para 

analizar el papel que la duplicación génica ha jugado en su evolución temprana. 

La sintesis de novo de ribonucleótidos purinicos es una ruta metabólica 

de ainplia distribución filogenética (Henderson y Paterson, 1973 ). Ello sugiere 

que dicha via estaba presente en el cenancestro. En contraste, las rutas de 

salvamento presentan una alta variedad tanto en su distribución biológica cmno 

en sus estrategias metabólicas (Becerra y Lazcano, 1 997). 

* Técnica textil, que emplea pedazos de dif"erentes telas, para la conformación de otra. 
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Estas rutas participan en Ja regulación intracelular de la concentración de 

nucleótidos. pero sobre todo en la reutilización de bases libres y nucleósidos de 

purina que son (mayoritariamente) productos de degradación metabólica que se 

perderian de no ser reciclados por este proceso (Berens et al., 1995). Este 

reciclaje se puede llevar a cabo de varias maneras: (a) por medio de PRTasas, 

lo que genera una conversión directa de bases en ribonucleótidos; (b) bajo la 

reacción de quinasas. que promueven una conversión directa de nucleósidos a 

nucleótidos; (c) vía una nucleósido f'osforilasa, que cataliza una conversión 

(reversible) de bases a nucleósidos; o ( d) por medio de una desaminación de 

adenina y guanina Jo que produce bipoxantina y xantina, respectivamente. Estos 

mecanismos no son excluyentes entre sí, y su presencia varia en los distintos 

linajes y aún entre especies cercanas. 

Las rntas de salvamento son un proceso metabólico esencial en los seres 

vivos. En algunas especies de bacterias, Ja degradación f'ennentativa de purinas 

"salvadas" por este tnedio, así como de nucleósidos, constituyen una fuente 

importante de carbono. nitrógeno y energía (Munch-Peterson, 1983). Por otra 

parte, las rutas de salvamento constituyen una alternativa esencial para un grupo 

de parásitos obligados que han perdido en fonna total o parcial la síntesis de 

novo de purinas, convirtiéndose en organismos estrictamente dependientes 

tanto de purinas exógenas como de nucleósidos y nucleótidos. Dicho grupo 

polifilético incluye a bacterias tales como Mycoplasma genitalium, eucariontes 

amitocondriales como Giardia lamblia y Trichomonas vagina/is, y otros 

protistas como cínetoplástidos, hebnintos parásitos como Schistosoma mansoni, 

así como tejidos animales especializados como el cerebral (Tham et al., 1993; 

Berens et al., 1995; Tatusov et al., 1996). 
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Debido a que muchos aceptan hoy en día que los primeros seres vivos se 

formaron a partir de compuestos orgánicos que se encontraban dísponibles en el 

ambiente primitivo (Oparin, 1938), resulta tentador suponer que la naturaleza 

heterótrofa de estos primeros organismos hacía que su crecimiento y 

reproducción dependieran de nucleótidos y otros compuestos presentes en la 

sopa primitiva (Pennissi, 1996; Mushegian y Koonin, 1996). Sin embargo, los 

problemas asociados con la sintesis y la acumulación prebiótica de nucleótidos 

no sólo dificulta esta posibilidad, sino que limita la aplicación de la hipótesis 

retrógrada para explicar la biosintesis de purinas (Keefe et al., 1995). Ello 

sugiere que las rutas de salvamento surgieron después que la biosintesis de 

azúcares fosforilados y nucleótidos de purinas. 

Se ha sugerido que las PRTasas que actualmente forman parte de la rutas 

de salvamento, mediaban la unión de purinas con 5-fosfo-a-D-ribosil-1-

pirofosfato (PRPP), para formar los nucleótidos-5' correspondíentes (Zubay, 

1993). En uno de los trabajos de esta tesis, se sugiere un esquema adicional, 

basado en un mecanismo semi-enzimático, donde la PRTasa cataliza la reacción 

entre el compuesto prebiótico 5-arnino-4-imidazolcarboxamida (AICA) y la 

PRPP, produciendo el ribótido 5-arnino-4-imidazolcarboxamida (AICAR), que 

es un intermediario en la sintesis de novo de purin-nucleótidos. Debido a que 

esta ruta hipotética requiere de la PRPP, para la cual no hay una sintesis 

prebiótica, es probable que la vía propuesta surgió luego del anabolismo de 

azúcares fosforiladas. El modelo propuesto tiene la ventaja adícional de no 

requerir de los ocho primeros pasos de la sintesis de novo. 

Recientemente el análisis y comparación de secuencias de proteinas ha 

demostrado que buena parte de las enzitnas de salvamento pertenecen a familias 

involucradas principalmente en metabolismo de nucleótidos (Mushegian y 
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Koonin, 1994; Bork et al., 1995; Hohn y Sander, 1996). Sin embargo, a Ja 

fecha está por analizarse su relación evolutiva en términos de origen y 

desarrollo de las rutas metabólicas, y su posible participación en condiciones 

primitivas. Por otra parte, aunque el conocinúento sobre la distribución 

biológica y la diversidad de las rutas de salvamento es aún incompleto, en este 

trabajo se ha podido demostrar que las rutas de salvamento de nucleótidos de 

purinas surgieron de un proceso de patchwork, en donde las duplicaciones 

parálogas jugaron un papel importante en el incremento del tamaño y la 

complejidad de los genomas ancestrales. Como se discute en los textos anexos, 

Jos resultados de este trabajo no sólo nos penniten generalizar las conclusiones 

establecidas previamente para el caso de biosíntesis de la histidina (Fani et al., 

1995). sino que permiten comenzar a establecer una conexión entre la quimica 

prebiótica y el origen de ciertas rutas metabólicas mas allá de las premisas 

pioneras de Horowitz (1945). 
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l. INTRODUCTION 

Only forty years alter the DNA double helix model was first suggested, 
molecular biology has become one of the most provocative, rapidly 
developing fields of of scientific research, that has led not only to tantalizing 
new findings on processes and mechanisms at the molecular leve!, but also to 
major conceptual revolutions in life sciences. Is there any hope of developing 
rnethodological approaches and theoretical frameworks not only to make 
sense of the overwhelming growing body of data that this re1atively new field 
is producing, but also to use them to develop a more integrative, truly 
multidisciplinary understanding of biological phenomena? As Peter Bowler 
wrote a few years ago, Charles Darwin and his fol!owers were accutely aware 

that "evolutionism's strength as a theory carne fom its ability to make sense 
out of a vast range of otherwise meaningless facts" (Bowler, 1990). This 
situation has not changed. Attempts to explain the basic properties of th 
eliving beings as the result of complex systems in whose emergence self­
organization processes have played a major role are now fashionable 
(Kauffman, 1993). However, the unifying powers of evolutionary biology 
have not been diminished. In fact, they probably represent one of the most 
promising possibilities of overcoming the perils of reductionism that have 

plagued molecular biology since its inception. 

Molecular approaches to evolutionary issues are almost a century old. The 
possibility of developing a sucessful blending between them may have been 
first suggested by the American-born British biologist and physician George H. 
F. Nuttall, who in 1904 published a book summarizing the results of the 
detailed comparisons of blood proteins that he had used to reconstruct the 
evolutionary relationships of animals. "In the absence of palaeontological 
evidence", wrote Nuttall (1904), "the question of the interrelation-ship 
amongst animals is based upon similarities of structure in existing forms. In 
judging of theses similarities, the subjective element may largely enter, in 
evidence of which we need but Jook at the history of the classification of the 
Primates." Such subjective element, Nuttall believed, could be successfully 
overcomed by constructing a phylogeny based not on form but on the 
inmunological reactions of blood-related proteins. <. 
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Although the comparative analysis. of biochemical properties, metabolic 
pathways and, in few cases, morphological characteristics, had provided sorne 
useful insights on the evolutionary relationships among certain 
microorganisms, until a few years ago the reconstruction of bacteria! 
phylogenies and the understanding of microbial taxonomy were both viewed 
with considerable skepticism. This situation has undergone dramatic changes 
with the recognition that proteins and nucleic acid sequences are historical 
documents of unsurpassed evolutionary significance (Zuckerkandl and 
Pauling, 1965), and has led to a radical renovation of. the 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 the characteristics of the first organisms, the origin of the different 
components of the eukaryotic cell, the tempo ·and mode of microbial 
evolution, and the soundness of traditional taxonomic systems, the 
developrnent of the full potential of molecular cladistics will depend not only 
on methodological refinements to improve the algorithms used for 
reconstructing evolutionary history from molecular data, but also the critical 
reexamination of its theoretical framework, which includes a number of 
central concepts, most of which were grafted from classical evolutionary 
theory into molecular biology. The purpose of this chapter is to discuss sorne 
of these issues, and to review briefly sorne of the major contributions that 
they have promoted in our understanding of previously uncharacterized 
early P4:~~ods of biological evolution. 

2. A EUKARYOTE IS A EUKARYOTE IS A EUKARYOTE? 

The awareness that genomes are extraordinarily rich historical documents 
from which a wealth of evolutionary information can be retrieved has 
widened the range of phylogenetic studies to previously unsuspected heights. 
The development of rapid nucleic acid sequencing techniques, combined with 
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the sirnultaneous and independent blossoming of cornputer science, has led 
not only to an explosive growth of sequence databases and new sophisticated 
tools for their exploitation, but also to the recognition that different 
rnacrornolecules may be uniquely suited as a molecular chronorneters in the 
construction of nearly universal phylogenies. 

A major achievement of this approach has been the evolutionary comparison 
of small subunit ribosornal RNA (rRNA) sequences, which has allowed the 
construction of a trifurcated, unrooted tree in which all known organisms can 
be grouped in one of three major (apparently) monophyletic c;ell liryeages: the 
eubacteria, the archaebacteria, and the eukaryotic nucleocytoplasrn, now 
referred to as new taxonornic categories, i.e., the domains Bacteria, Archaea, 
and Eucarya, respectively (Woese et al., 1990). There is strong evidence that 
the identification of these lineages is not an artifact based solely upon the 
reductionist extrapolation of inforrnation derived frorn one single molecule. 
It is true that the congruence between rRNA genes and other mo!ecules is not 
always ideal, and anornalous phylogenies have been reported (Rivera and 
Lake, 1992; Tiboni et al., 1993; Gupta and Golding, l993). At the time being 
there is no general explanation to account for these preculiar topologies, and 
the possibility that we may have to restrict ourselves to ernpirical 
characterizations of such cases should be kept in rnind. However, a large 
variety of phylogenetic trees constructed frorn DNA and RNA polyrnerases, 
elongai:ion factors, F-type ATPase subunits, heat-shock and ribosornal 
proteins, and an increasingly large set of genes encoding enzymes involved in 
biosynthetic pathways, have confirmed the existence of the three prirnary 
cellular Unes of evolutionary descent (Doolittle and Brown, 1994). 

The ens~ing tripartite taxonomic description of the living world fostered by 
C. R. Woese and his followers has been disputed by'a number of workers, 
who contend that both eubacteria and archaebacteria are bona fide 
prokaryotes, regardless of the pecularities that separate that separate thern at 
the molecular level (Mayr, 1990; Margulis and Guerrero, 1991; Cavalier­
Smith, 1992). Furtherrnore, because of their very nature, molecular 
dichotomous phylogenetic trees cannot be drawn which include 
anastomozing branches corresponding to the lineages which gave rise to the 
different components of eukayotic cells. Accordingly, Margulis and Guerrero 
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(1991) have argued that although molecular cladistics is now a prime force in 
systematics, phylogenetically accurate taxonomic classifications should be 
based not only on the evolutionary cornparison of macromolecules, but also 
on metabolic pathways, chromosomal cytology, ultrastructural morphology, 
biochemical data, life cycles, and, when available, paleontological and 
geochemical evidence. 

By showing the evolutionary proximity of mitochondria and chloroplasts to 
purple bacteria and cyanobacteria, respectively, molecular phylogenies have 
confirmed the endosymbiotic theory. Moreover, a numqer of trees also 
suggest that a major portien of the eukaryotic nucleocytoplasm originated 
from an archaebacteria-like cell whose descendants form the monophyletic 
eucaryal branch (Gogarten-Boekels and Gogarten, 1994). As asserted by Woese 
and his collaborators, although the presence of endosymbionts is of critica! 
importance to the eukaryotes, it is undeniable that the latter "have a unique, 
rneaningful phylogeny" (Wheelis et al., 1992). While. such view assumes an 
absolute continuity between the nucleocytoplasm and its direct ancestor, the 
holistic arguments advocated by Margulis and Guerrero (1991), Cavalier­
Smith (1992), and others, emphasize the evolutionary emergence of an novel 
type of cell as a result of endosymbiotic events. According to the latter, the key 
transitional event leading to nucleated cells was the evolutionary acquisition 
of heritable intracellular symbionts, and the eucaryal branch does not 
represent eukaryotic cells as a whole, any more than fungal hyphae or 
phycobionts like the Trebouxia algal cells exhibit, by themselves, all the 
phenotypic and genetic characteristics of a lichen thallus. 

Of course, antagonistic taxonomies have coexisted more or less peacefully 
along the history of biology. However, the urgent need to critically revise 
current ·classificatory systems cannot be underscored. Modern taxonomic 
schemes need to acknowledge not only the existence of three major ceU 
Uneages, but also the euka.ryotic divergence patterns, which appear to be the 
result of rapid bursts of speciation (Sogin, 1994). Any such modifications in 
biological classification require the recognition of the functional and 
anatomical continuity between the eukaryotic cytoplasm and the intranuclear 
environment, as well as the likelihood that the evolution of membrane­
bounded nuclei is indeed a byproduct of permanent intracellular associations. 
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In fact, even amitochondrial eukaryotes such as Giardia and Trycliomonas 
appear to have permanent intracellular bacteria! endosymbionts (Nemanic et 
al., 1979; Feely et al., 1988). These pre-mitochondrial cells, which may include 
the microaerophilic, amitotic, multinucleated giant amoeba Pelomyxa 
palustris, are ali located in the oldest branches of the eucarya, and contain 
severa! types of intracellular prokaryotes which may be the functional 
equivalents of mitochondria. The ubiquity of endosymbionts suggests that 
they may have played a critica! rQle in the evolutionary development of 
nucleated cells. This hypothesis is amenable to observational and 
experimental designs, and may be supported by studying the possible bacteria! 
affinities of membrane-bounded hydrogenosomes that are known to multiply 
by binary division in the TnJcliomonas cytoplasm (Müller, 1988), as well as by 
searching for prokaryotic endosymbionts in species of Parabasalia, 
Retortomonads, Diplomonads, Calonymphids, and other protist taxa which 
apparently evolved prior to mitochondrial acquisition. 

3. THE ROOT OF THE TREE OR THE TIP OF THE TRUNK? 

The construction of the unrooted rRNA tree showed that no single major 
branch predates the other two, and ali three derive from a common ancestor. 
It was thus concluded that the latter was a progenote, which was defined as a 
hypothetical entity in which phenotype and genotype still had an imprecise, 
rudimentary linkage relationship (Woese and Fox, 1977). According to this 
view, the differences found among the transcriptional and translational 
machineries of eubacteria, archaebacteria, and eukaryotes, were the result of 
evolutionary refinements that took place separately in each of these primary 
banches of descent after they have diverged from their universal ancestor 
(Woese;l.987). 

From an evolutionary point of view it is reasonable to assurne that at sorne 
point in time the ancestors of all forms of life must have been less complex 
than even the simpler extant cells, but our current knowledge of the 
characteristics shared between the three Unes has shown that the conclusion 
that the last common ancestor was a progenote was premature. This 
interpretation, based on rRNA-based trees for which no outgroups have been 
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disc:overed, has been definitively superseded (Woese, 1993). A partial 
desc:ription of the last c:ommon anc:estor of eubacteria, archaebac:teria, and 
eukaryotes may be inferred frorn the distribution of homologous traits among 
its descendants. The set of suc:h genes that have been sequenced and 
compared is still small, but the sketchy picture that has already emerged 
suggests that the ·most recent common ancestor of all extant organisms, or 
cenancestor, as defined by Fitch and Upper (1987), was a rather sophisticated 
cell with at least (a) DNA polymerases endowed with proof-reading activity; 
(b) ribosome-mediated translation apparatus with an oligomeric RNA 
polymerase; (e) membrane-associated ATP production;. (d) signalling 
molecules such as c:AMP and insulin-like peptides; (e) RNA processing 
enzymes; and (f) biosynthetic pathways leading to amino acids, purines, 
pyrimidines, c:oenzymes, and other key molecules in metabolism (Lazcano et 
al., 1992; Benner et al., 1993). 

These traits are far to numerous and complex to assume that they evolved 
independently or that they are the result of massive multidirectional 
horizontal transfer events which took place before the earliest speciation 
events recorded in each of the three lineages. Their presence suggests that the 
c:enancestor was not a direct, imrnediate descendant of the RNA world, a 
protocell or any other pre-life progenitor system. Very likely, it was already a 
c:omplex organism, muc:h akin to extant bacteria, and must be c:onsidered the 
last of a long line of simpler earlier ceUs for wlúc:h no modern equivalent is 
known. 

Unfortunately, the c:haracteristic:s of · evolutionary predecessors of the 
c:enancestor cannot be inferred from the plesiomorphic traits found in the 
space defined by rRNA sequences. Although trees constructed from suc:h 
universa-ily shared characters appear to be free of interna! inconsistenc:ies, the 
lack of outgroups leads to topologies that specify branching relationships but 
not the position of the ancestral phenotype. Thus, such trees cannot be rooted. 
This phylogenetic: cul-de-sac may be overcomed by using paralogous genes, 
which are sequences that diverge not through speciation but after a 
duplic:ation event. As noted almost twenty years ago by Schwartz and Dayhoff 
(1978), rooted trees can be co~truc:ted by using one set of paralogous genes as 
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an outgroup for the other set, a rate-independent cJadistic methodology that 
expands the monophyletic grouping of the sequences under comparison. 

This approach was used independently a few years ago by Iwabe et al (1989) 
and Gogarten et al (1989), who analyzed paralogous genes encoding (a) the 
two eJongation factors (EF-G and EF-Tu) that assist in protein biosynthesís; 
and (b) the aJpha and beta hydrophílic subunits of F-type ATP synthetases. 
Using different tree-constructing algorithms, both teams independently 
placed the root of the universal trees between the eubacteria, on the one side, 
and archaebacteria and eukaryotes on the other. Their res~Jts imply that 
eubacteria are the oldest recognízable cellular phenotype, and suggests that 
specific phylogenetic affinities exist between the archaea and the eucarya. 

This branching order, which was promptly adopted by Woese et al (1990), 

appears to be consistent with structural and functíonaf similarities which are 
known to exist in the translation and replication machineries of both 
archaebacteria and eukaryotes (Kletzin, 1992; Ouzonis and Sander, 1992; 
Slesarev et al., 1993; Kaine et aJ., 1994). However, the ·issue is far from solved. 
No support for a particular topology was detected when mean interdomain 
distance analysi.s was used to analize a set of approximately forty genes 
common to the three lineages (Doolittle and Brown, 1994). The situation is 
further aggravated by the fact that the phylogenetic analysis of sets of ancestral 
paralogous genes other than the eJongation factors and the ATPase 
hydrophilic subunits has chalJenged the conclusion that universal trees are 
rooted in the eubacterial branch (Benahenchou-Lahfa et al., 1993; Gupta and 
Singh, 1992; Forterre et al., 1993). While the products of genes involved in the 
transcription/translatiOI'aJ molecular machinery of eukaryotes appear to be 
doser to. those of archaebacteria than to eubacteria, other sequences such as 
those encoding heat-shock proteins and severa! enzymes suggest. the existence 
of phylogenetic afiini ti es between archaea and Gram posi ti ve bacteria .. These 
observations have Jed to the suggestion that the pre-eukaryotic host was the 
outcome of a fussion event between eubacteria and archaebacteria, that took 
place prior to the endosymbiotic acquisition of mitochodnria and chloropJasts 
(Gupta, 1995). 
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The lack of congruency between different universal phylogenies may be the 
result not only of the statistical problems involved in the aligment and 
comparison of a large number of sequences that may have diverged more 
than 3.5 x 109 years ago, but also of even older additional paralogous 
duplications (Forterre et al., 1993), and of horizontal gene tranfer events 
(Hilario and Gogarten, 1993), both of which may be obscuring the natural 
relationships between the lineages. Given the likelihood that microbial 
phylogenetic analysis will increase its reliance on paralogous duplicates to 
define outgroups and character polarities (Sidow and Bowrnan, 1991), detailed 
studies should be devoted to assess the validity and lirnits. of this cladistic 
methodology. 

Minor differences in the basic molecular processes of the three main cell lines 
can be distinguished, but all known organisms, including the oldest ones, 
share the same essential features of genome replication, gene expression, basic 
anabolic reactions, and membrane-associated ATPase mediated energy 
production. The molecular details of these universal processes not only 
provide direct evidence of the monophyletic origin of ali extant forms of life, 
but also imply that that sets of genes encoding the cornponents of these 
complex traits were frozen a long time ago, i. e., major changes in them are 
very strongly selected against and are lethal. Biological evolution prior to the 
divergence of the three domains was not a continuous, unbroken chain of 
progressive transformation steadily proceeding towards the cenancestor. 
However, no evolutionary intermediate stages or ancient simplified version 
of the basic biological processes have been discovered in extant organisms. 

Nevertheless, clues to the genetic organization and biochemical comple:xity of 
the earlier entities from which the cenancestor evolved may be derived from 
the anaiysis of paralogous sequences. Their presence in the three cell lineages 
implies not only that their last common ancestor was a cornplex cell .already 
endowed, among others, with pairs of homologous genes encoding two 
elongation factors, two ATPase hydrophilic subunits, two sets of glutamate 
dehydrogenases, and the A and B DNA polymerases, but also that the 
cenancestor itself must have been preceded by simpler cells in which only one 
copy of each of these genes existed. In other words, Archean paralogous genes 
provide evidence of the exis.tence of ancient organisms in which ATPases 
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lacked the regulatory properties of its alpha subunit, protein synthesis took 
place with only one elongation factor, and the enzymatic maclúnery involved 
in the. replicatíon and repair of' DNA genomes had only one polymerase 
ancestral to both DNA polymerase 1 and n. 

By definition, the node located at the bottom of the dadogram is the root of a 
phylogenetic tree, and corresponds to the common ancestor of the group 
under study. But names may be r.nisleading. The recognition that basic 
biological processes Jike DNA replication, proteín biosynthesis, and ATP 
production require today the products of pairs of' genes. which arose by 
paralogous duplications during the early Archean, implies that what we have 
been calling the root of universal trees is in fact the tip of a trun.k of unknown 
length in wlúch the history of a long (but not necessarily slow) series of 
archaic evolutionary events may still be recorded. The inventory of 
paralogous genes that duplicated during this previously unchacterized stage 
of biological evolution appears to include, in addition to elongation factors, 
ATPase subunits, and DNA polymerases, the seque.nces encoding heat shock 
proteins, ferredoxins, dehydrogenases,. DNA topoisomerases, se ver al pairs of 
aminoacyl-tRNA synthetases, and enzymes involved in nitrogen .rnetabolism 
and amino acid biosynthesis. lt is noteworthy that thís list includes also 
aspartate transcarbamoyl transferase, an enzyme which together with 
carbamyl phosphate synthetase (whose large subunit is itself the product of an 
interna!, i.e., partial, paralogous duplication) catalyzes the ínitial steps of 
pyrimidine biosynthesis (García-Meza et al, 1995). 

Thus, prior to the early duplication events that Jed to what may be a rather 
Jarge number of cenancestral paralogous sequences, simpler living systems 
existed that lacked the large set of enzymes and the sophisticated regulatory 
abilities. of contemporary cells. Although lateral transfer of coding sequences 
may be almost as old as life itself, gene duplication f'ollowed by divergence 
probably played a prominent role in the accretion of complex genomes, and 
may have led to a rapid rate of' mícrobial evolution. lf it is assumed that the 
rate of gene duplicative expansion of ancíent cells was comparable to today's 
present values, which are of lo-5 to l0-3 gene duplications per gene per cell 
generation (Stark and Wahl, 1984), the maximum time required to go from 
an hypothetical 100 gene orgarusrn to one endowed with a fílamentous 
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cyanobacterial-like genome of approximately 7000 genes would be less than 
ten million years (Lazcano and Miller, 1994). 

Although the are no published data on the rate of formation of new 
enzymatic activities resulting from gene duplication events under either 
neutral or positive selection conditions, the role of duplicates in the 
generation of evolutionary novelties is well stablished. Once a gene 
duplicates, one of the copies rnay be free to accumulate non-lethal rnutations 
and acquire new additional properties, which could lead into its specialization 
or recruitment into new role. Data sumrnarized here supports the idea that 
primitive biosynthetic pathways were mediated by small, inefficient enzymes 
of broad substrate specificity Gensen, 1976). Larger substrate ranges may had 
not been a disadvantage, since relatively unspecific enzymes may have 
helped ancestral cells with reduced genomes overcome their limited coding 
abilities (Ycas, 1974). 

The discovery that homologous enzymes catalyzing similar biochernical 
reactions are part of different anabolic pathways supports the idea that 
enzyme recruitment took place during the early development of several basic 
anabolic pathways (Riley, Fani, Forterre, Labedan, and Lazcano, in prep.). 
Evolutionary tinkering of the products of duplication events apparently had a 
rnajor role in metabolic evolution. This is supported by the analysis of the 
Escherichia coli sequence databases, that has shown that approximately 36°/o of 
the proteins whose sequence is available are the result of duplication events 
(Riley, 1993). Such high levels of redundancy represent an illuminating 
possibility and suggest that the wealth of phylogenetic information older than 
the cenancestor may be larger than realized, and its analysis rnay provide 
fresh insights into a crucial but largely undefined stage of early biological 
evolution · during which major biosynthetic pathways emerged and becarne 
fixed. 

There is a major exception to the above conclusion. True fungí, euglenids, 
and chytridiomycetes synthesize lysine via an eight-step pathway in which Ot­

aminoadipate (AAA) is an intermediate. This route is different from the 
seven-step diaminopirnelate .pathway used by bacteria, plants, and rnost 
protists (Bhattacharjee, 1985):.'rhe phylogenetic distribution of these pathways 
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suggest that the diaminopimelate route is the most recent one. Accordingly, if 
the patchwork assembly of metabolic pathways (Jensen, 1976) is valid, then it 
can be predicted that the enzymes catalyzing the AAA-route should be 
homologous to those partidpating in other major biosynthetic pathways. 

The recognition that enzyme recruitment may have played a major role in 
metabolic evolution leads, however, to assume sorne caution in phylogenetic 
inferences. Although in sorne cases metabolic pathways may be sucessfully 
used to assess the phylogenetic relationship of prokaryotes (DeLey, 1968; 
Margulis, 1993), the possibility that sorne of the enzymes of archaic pathways 
may have survived in unusual organisms (Keefe et al., 1994), or that 
important portions of extant metabolíc routes may have been assembled by a 
patchwork process (Jensen, 1976), suggest that considerable prudence should 
be exerted when attempting to describe the physiology of truly primordial 
organisms by simple direct back extrapolatíon of extant,metabolism. 

4. MOLECULAR CLADJSTICS ANO lHE ORIGIN OF LIFE: THE WEAK 
CONNECTION 

"AU the organic beings which have ever lived on this Earth", wrote Charles 
Darwin in the Origin of Species, "may be descended from sorne primordial 
form". Although the placement of the root of universal trees is a matter of 
debate, the development of.molecular cladistics has shown that despite their 
overwhelming diversity and tremendous differences, all organisms are 
ultimately related and descend from Darwin's primordial ancestor. But what 
was the nature of this progenitor? 

The heterótrophic hypothesis suggested by Oparin (1938) not only gave birth 
to a whole new field devoted to the study of the origin of life, but played a 
central role in shaping severa! influential taxonomic schemes and different 
bacteria! phylogenies (Broda, 1975; Alrnassy and Dickerson, 1978; Schwartz 
and Dayhoff, 1978; Margulis 1993). Although the central role of glycolysis and 
the wide phylogenetic distribution of at least sorne of its molecular 
components are strong indications of its antiquity (Fothergill-Gilmore and 
Michels, 1993), it is no longer ,Possible to support the ad hoc ídentification of 
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putative primordial traits to assume that the first living system was a 
Clostridium-like anaerobic fermenter (Schwartz and Dayhoff, 1978; Almassy 
and Dickerson, 1978) or a Mycoplasma type of cell (Wallace and Morowitz, 
1973; Razin, 1978). Like vegetation in a mangrove, the roots of universal 
phylogenetic trees are sumerged in the muddy waters of the prebiotic broth, 
but how the transition frorn the non-living to the living took place is still 
unknown. 

Indeed, we are still very far from understanding the origin and attributes of 
the first living beings, which may have lacked even the most familiar 
features in extant cells. For instance, protein synthesis is such an essential 
characteristic of cells, that it is frequently argued that its origin should be 
considered synonymous with the emergence of life itself. However, the 
discovery of the catalytic activities of RNA rnolecules has led considerable 
support to the possibility that during early stages of biological evolution 
living systems were endowed with a primitive replicating and catalytic 
apparatus devoid of both DNA and proteins (Lazcano, 1994a). The scheme 
rnay be even more complex, since RNA itself may have been preceded by 
sirnpler genetic macromolecules lacking not only the familiar 3',5' 
phosphodiester backbones of nucleic acids Goyce et al., 1987), but perhaps even 
today's bases (Kolb et al., 1994). 

Although the discovery that L-arginine can bind in a highly selective way to 
catalytic introns supports the hypothesis that the genetic code emerged in an 
RNA world (Yarus, 1993), the ultimate origin of the codon assigments 
rerna~ns an .unsolved problem. Molecular cladistic analysis of the 
components of protein synthetic machinery (ribosomal proteins, elongation 
factors, aminoacyl tRNA synthetases, initiation and termination factors, etc.) 
rnay provide sorne clues on the late evolution of the genetic apparatus. 
Systematic studies of complete sets of aminoacyl-tRNA synthetases frorn the 
three cell linages are still required, but the comparison of the available 
sequence and tertiary structures (Cusack et al., 1990; Nagel and Doolittle, 1991) 
have confirmed that these keys enzymes fall into two functionally related but 
distinct classes that appear to have evolved independently. 
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Group 1 includes the valyl-, isoleucyl-, and the leucyl-tRNA synthetases. The 
topology of the available unrooted tree of isoleucyl-tRNA synthetase 
sequences from the three cell linaeages suggests a sisterhood relationship 
between the two prokaryotic domains {Doolittle and Bro'Wn, 1994} that is not 
consistent 'With the rooted trees calculated by Gogarten et al {1989) and l'Wabe 
et al {1989). Nonetheless, the close phylogenetic relationship bet'Ween the 
Escherichia coli isoleucyl-tRNA synthetase sequence, and the yeast valyl­
tRNA synthetase Oordana et al., 1987) suggests only that valine and isoleucine 
synthetases are the products of still another archaic set paralogous genes 
diverged before the cenanestor's time. Equally significant, this similarity also 
suggests that the ancestral synthetase may have been a non-specific enzyme 
unable to discriminate between valine and isoleucine. 

Since valine and isoleucine are n.vo sterically related amino acids, have 
similar codons, and share the same enzymes in the last four parallel reactions 
of their biosynthetic path'Ways, the phylogenetic proximity of their tRNA 
synthetases suggests that the concerted evolutio~ of an entire set of genes 
took place, eventually leading to a less-ambiguous code. This interpretation, 
'Which is consistent 'With the coevolution theory of the genetic code suggested 
by Wong {1975), clearly fits into previous schemes suggesting that the genetic 
apparatus evolved from primitive inaccurate versions in '1.vhich groups of 
chemically similar amino acids may have been activated by unspecific 
synthetases {Woese, 1965;. Fitch and Upper, 1987). It is likely that the 
hydrolytic sites that provide these enzymes with an additional sieve that 
allows them to discriminate between valine and isoleucine {Norris and Berg, 
1964), emerged after the evolution of valyl- and isoleucyl-tRNA synthetase 
specificities as a result of duplication events. 

Although molecular cladistics may provide clues to sorne late steps in the 
development of the genetic code, it is difficult to see ho'W the applicability of 
this approach can be extended beyond a threshold that corresponds to a period 
of cellular evolution in which protein biosynthesis 'Was already in operation. 
Older stages are not yet amenable to molecular phylogenetic analysis. 
Although there have been considerable advances in the understanding of 
chemical processes that may have taken place before the emergence of the 
first living systems, life's beginnings are still shrouded in mystery. A cladistic 
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approach to this problem is not feasible, since ali possible intermediates that 
may have once existed have long since vanished.' The temptation to do 
otherwise is best resisted. Given the huge gap existing in current descriptions 
of the evolutionary transition between the prebiotic synthesis of biochemical 
compounds and the cenancestor (Lazcano, 1994b), it is naive to attempt to 
describe the origin of life and the nature of the first living systems from the 
available rooted phylogenetic trees. 

Nevertheless, there have been severa! recent attempts to use macromolecular 
data to support claims on the hyperthermophily of the first living organisms 
and the idea of a hot origin of life. The examination of the prokaryotic 
branches of unrooted rRNA trees had already suggested that the ancestors of 
both eubacteria and archaebacteria were extreme thermophiles, i.e., organisms 
that grow optimally at temperatures in the range 90º C and above 
(Achenbach-Richter et al., 1987). Rooted universal phylogenies appear to 
confirm this possibility, since heat-loving bacteria occupy short branches in 
the basal portien of molecular cladograms (Stetter, 1.994). 

Such correlation between hyperthermophily and primitiveness has led 
support to the idea that heat-loving lifestyles are relics from early Archean 
high-temperature regimes that may have resulted from a severe impact 
regime (Sleep et al., 1989). lt has also been interpreted as evidence of a high 
temperature origin of life, which according to these hypotheses took place in 
extreme environinents such as those found today in deep-sea vents (Holm, 
1992), or in other sites in which mineral surfaces may have fueled the 
appearance of primordial chemoautolithotrophic biological systems 
(Wachtershauser, 1990). 

Such ideas are not totally without precedent. The possibility that the first 
heterotrophs may have evolved in a sizzling-hot environment is in fact an 
old suggestion (Harvey, 1924). Despite their long genealogy, these hypotheses 
have not been able to bypass the problem of the chemical decomposition faced 
by amino acids, RNA, and other thermolabile molecules which have very 
short lifetimes under such extreme conditions (Miller and Bada, 1988). 
Although no mesophilic organisms older than heat-loving bacteria have 
been discovered, it is possible that hyperthermophily is a secondary 
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adaptation that evolved in early geological times (Sleep et al., 1989; 
Confalonieri et al., 1993; Lazcano, 1993). In fact, hypertherrnophiles not only 
share the same basic features of the molecular machinery of all other forms of 
life; they also require a number of specific biochemical adaptations. Any 
theory on the hot origin of life must address the question of how such traits, 
or their evolutionary precedessors, arose spontaneously in the prebiotic 
environment. Such adaptations may include histone-like proteins, RNA 
rnodificating enzymes, and reverse gyrase, a peculiar ATP-dependent enzyme 
that twists DNA into a positive supercoiled conformation (Segerer et al., 1993; 
Confalonieri et al., 1993). Clues to the origin of hypertherrnophily may be 
hidden in this list, and its evolutionary analysis may contribute to the 
understanding of the rather surprising phylogenetic dístríbution of the 
irnmediate mesophilic descendants of heat-lovíng prokaryotes, which shows 
that at least five independent abandonments events of hyperthermophilic 
traits took place in wídely separated branches of universal trees, one of which 
corresponds to the eukaryotic nucleocytoplasm (García-1\feza et al., 1995). 

The antiquity of hyperthermophiles appears to be well stab!ished, but there is 
no evidence that they have a primítive molecular genetic apparatus. Thus, 
the most basic questíons pertaining to the origin of life relate to much simpler 
replicating entíties predatíng by a long series of evolutionary events the oldest 
recognizable heat-loving bacteria. Why hyperthermophíles are located at the 
base of universal trees is stíll an open question, but the possibility that 
adaptation to extreme environments is part of the evolutionary ínnovations 
that appeared in trunk of the tree cannot be entírely dismissed. The 
phylogenetic distribution of heat-loving bacteria is no evidence by itself of a 
hot origin of Jife, any more than the presence in the hyperthermophile 
archaeon Sulfolobus solfataricus of a gene encoding a thermostable B-type 
DNA polymerase endowed with 3'-5' exonuclease activity (Pisani et al., 1992) 
can be interpreted to ímply that the first living organism hada DNA genome. 

S. THE TIMESCALES OF MICROBIAL EVOLVTION 

Because of their short generation times and to their tendency to engage in 
taxonomically promiscuous lateral transfer of genes, prokaryotes can adapt 
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rapidly to new envirorunental conditions and evolve at an extremely quick 
pace. New traits can becorne fixed in bacteria! populations in timescales that 
are mere instants frorn a geological perspective. However, due perhaps to the 
extended intellectual prejudice that all evolutionary i:hanges must proceed a 
in a step-wise, slow pace, it has been generally been assumed that the origin 
and early evolution of life were extremely slow processes requiring severa! 
billions of years (Oparin, 1938; Wald, 1954; Simpson, 1964; Cloud, 1968). 

This view is no longer tenable. Late accretion impacts may have killed off life 
on our planetas late as 3.8 x 109 years ago (Sleep et al., 1989), but as shown by 
the Northwestern Australian fossil assemblages, an abundant, complex and 
highly diversified microbiota which may have included stromatolite-building 
cyanobacteria, was fluorishing only 300 million years after the period of 
intense bombardment had ended (Schopf, 1993). Since rRNA-based 
phylogenetic trees suggest that cyanobacteria are a late eubacterial clade 
(Woese, 1987), Archean life must have rapidly achieved levels of genetic 
organization, biochemical complexity, ecological d.iversity, and evolutionary 
potential, comparable to those of extant bacteria! populations. 

Although it is not possible to assign a precise chronology to the earliest 
branching events, there are severa! indications that the three domains of life 
could have already been distinct by the early Precambrian. The fact that the 
inside of the cell nucleus is a poorly oxygenated milieu in which no 02-

dependent metabolic pathways appear to exist (Joenje, 1989), may be 
interpreted as the retention of a prirnitive feature, thereby supporting the idea 
that the ancestor of the eukaryotic nucleocytoplasm branched off early in the 
history of planet. Of course, no mitochondrial-bearing eukaryotes could have 
survived in the oxygen-poor primitive environment, but the free-living 
ancestors of parasitic amitochondrial anaerobes like Giardia could have done 
so (Knoll, 1992). 

While it is true that for rnany groups of plants and animals there is a 
remarkably well-established correlation between the number of amino acid 
differences and the time since their evolutionary divergence from a cornrnon 
ancestor, it is notoriously difficult to put microbial molecular evolution 
within a temporal framework. Base-pair substitution rates estimated from 
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paleontological information have been used to calibrate molecular trees, but 
the prokaryotic fossil record is so scanty that estimates on the chronological 
lengths of bacteria! branches and the assigment of reliable dates to 
phylogenetic trees are prccluded. 

Due to the inadequeacy of the bacteria! fossil record, Oclunan and Wilson 
(1987) attempted to obtain multiple calibration points fer the eubacterial 165 
rRNA lineage by linking the divergence of sorne of their branches with the 
geological record. The antiquity of the nitrogen-fixing Rhizobium and 
luminous Photobacterium bacteria, which have symbiotic associations with 
legumes and marine fishes, respectively, was estimated from the plant and 
vertebrate fossil record, for example. Approximately lo/o base substitution per 
50 million years was calculated (Ochman and Wilson, 1987). The living 
descendants of aphids have maternally inherited endosyrnbiotic 
proteobacteria that have radiated synchronously with their host, allowing a 
calculation of the temporal scale of eubacterial evolution (Moran et al., 1993). 
By calibrating the endosymbiotic bacteria! tree against the fossil aphid record, 
Moran and her collaborators estímate constant rates of base substitution of 1 
to 2% per 50 million years. 

The above calculations suggest that the rates of eubacterial 165 rRNA 
substitution are constant (Ochrnan and Wilson, 1987; Moran et al., 1993), but 
other observations indicate that DNA substitution rates change at varying 
porportions in difforent organisms and in different times. Thus, calibration of 
the bacteria! clock can be used to calculate the time of divergence of recent 
prokaryotes like the enterobacteria, for instance, but to extrapolate it back into 
the early Precambrian epochs, or to attempt to use it to date the origin of life is 
probably preposterous. Uncorrected extrapolations backward in time suggest 
that families of different ancient proteins, such as the EF-Tu/EF-G and the 
actin/heat shock pairs, diverged at unrealistically high values of 10 billion 
years ago or more, i.e., before the Earth itself was formed (Doolittle, 1992). The 
limited coding abilities of early RNA genomes and the absence of proof­
reading refinements, combined with the relaxation of natural selection 
following gene duplication, may have been involved in the acceleration of 
the molecular clock of these genes. Accelerated amino acid substitution rates 
probably had important evolutionary consequences. Gene conversion 
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mechanisms decline as duplicated genes accurnulate point mutations (Walsh, 
1987) and, in general, homologous recombination is hindered by sequence 
divergence (Radman, 1989). Rapid rates of base-pair substitution especially 
exacerbated by gene duplication and differentiation may have not only 
lirnited the effciency of homogenizing rnechanisms, but may have favoured 
rapid evolution of Archean prokaryotes. This phenomenon may be underlie 
the explosive metabolic evolution that took place soon after the emergence of 
life (Lazcano and Miller, 1994). 

The recognition that major biological innovations may correlate with 
environmental changes has led to severa! integrative efforts to compare the 
patterns of Precambrian biological and geochemical evolution (I<noll, 1992; 
Margulis, 1993). Although still sketchy, the recognition of what appears to be a 
pattern of episodic molecular phylogenies of protists is consistent with the 
rapid increases in eukaryotic microbial diversity and atmospheric oxygen 
concentrations as inferred from the geological record (Knoll, 1992). 

Prokaryotic evolution may. have also followed a discontinous pattern. lt is 
possible to distinguish three major episodes of accelerated bacterial 
diversification associated with (a) the rapid colonization of the early Archean 
Earth niches; (b) the establishment of an oxidizing envirorunent; and (c) and 
the evolutionary emergence of plants and animals (Knoll and Lipps, 1993). 
The most intriguing of these three episodes is the oldest one, which must 
have been preceded by a period of intense evolutionary experimentation that 
after a relatively short period of time led to the establishment of the 
ubiquitous features of mdoern cells (i.e., genome replication, ribosome­
rnediated protein biosynthesis, energy-generating processes, basie rnetabolic 
enzyme.s_,. and biosynthetic pathways). 

After what appears to be an explosive metabolic evolution that took place 
soon after the beginning of life, basic genetic processes and major molecular 
traits appear to have persisted essentially unchanged for more than three 
billions of years, and represent a prodigious case of evolutionary 
conservatism (Lazcano and Miller, 1994). The mechanisms involved in 
generating this large set of ~raits were extremely succesful. Following the 
developrnent of oxygen-releasing photosynthesis by the ancestors of 
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cyanobacteria, no new essential biosynthetic traits have appeared. Later events 
in the evolution of the biosphere involving the emergence of new metabolic 
pathways (e.g., polyphenols, alkaloids, steroids, lignin, cellulose, etc.) are 
products of multicellularity and recombination representing only fine 
tunings and relatively minor additions. Recognition of this pattern raises the 
issue of the nature of the mechanisms responsible for the lengthy periods of 
evolutionary stasis during which the emergence of metabolic novelties in 
different prokaryotic lineages has been strongly limited. 

6. FINAL REMARKS 

Although in the past few years the relationship between molecular biology 
and microbial phylogenetics has been embittered by frequent clashes and 
antagonism, the development of rapidly growing sequence databanks has 
provided a unique vie"." of the evolution of bacteria! and eukaryotic 
microorganisms, and has opened new perspectives in severa! major fields of 
life sciences. Molecular evolution was originally the outcome of the wedding 
of molecular biology with neodarwinian theory, but it has been rapidly 
transformed into a field of scientific enquiry in its own right. However, its 
full development requires not only the development of less-expensive, more 
rapid macromolecular sequencing techniques and more powerful computer 
algorithms for constructing phylogenetic trees, but also the awareness of its 
non-stated assumptions and more precise definitions of its conceptual 
framework. 

As summarized by Patterson (1988), the theoretical foundations of molecular 
cladistics have been based on a number of central concepts, most of which 
were inh;,;rited from older disciplines, such as physiology, anatomy, and 
neodarwinism. Homology, which is one of the key concepts in evolutionary 
theory, was originally used by Wolfgang Goethe, Ettiene Geoffroy Saint­
ffilaire, Richard Owen, and others, to describe structural resemblance to an 
archetype (Donoghue, 1992). In recent years it has not only been repeatedly 
confused with sequence similarity (Reeck et al., 1988), but is also used to 
describe a wider range of possible evolutionary relationships that include 
species- or gene-phylogeny. In ·fact, sorne classes of homology that describe 
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phenomena at the molecular genetic leve! may have ~o exact equivalent in 
orthodox evolutionary analysis of morphological traits. One such case is 
paralogy, a term coined by Fitch (1970) to describe the diversification of genes 
following duplication events. Although sorne aspects of paralogy may be 
cornpared to serial homology (which is the phenomenon underlying the 
appearance of repeated structures in the ontogeny of sorne metazoa), the 
forrner corresponds to duplication events that have occured along the 
phylogenetic history of a sequence, and not ontogenetically, i. e., as 
developmental phenomena of an individual plant or animal (Patterson, 
1988). 

Since paralogy provides evidence of gene duplication but not of speciation 
events, it is the basis for infering evolutionary relationships among genes, 
not among species. Recognition of this distinction has led to repeated 
recornmendations on the avoidance of paralogous sequences in phylogenetic 
analysis (Miyamoto and Cracraft, 1991). However, the use of paralogous 
duplicates in outgroup analysis for determining th17 evolutionary polarity of 
character states in universal phylogerúes (Gogarten et al., 1989; Iwabe et al., 
1989), has rekindled keen theoretical interest in their advantageous 
properties. Their use, however, does pose sorne risks. The naive assurnption 
that only one paralogous duplication has taken place in the set of sequences 
under consideration may lead to incorrect topologies (Forterre et al., 1993). 
Indeed, the incorporation of genes that are the result of unrecognized 
multiple paralogous events in a tree algorithrns may be even. more insidious 
than the problems derived by convergent evolution and lateral gene transfer. 
The latter phenomena are much more easily identified at the molecular 
leve l. 

The recognition that paralogous duplicates expand a monophyletic group of 
sequences raises a number of issues not encountered in classical evolutionary 
analysis. From a (classical) cladistic point of view, a character state that is 
found only in the outgroups is primitive (Stevens, 1980). Nonetheless, in 
molecular phylogenetic analysis this may not be always the case. Such rule 
would hold if multiple paralogous duplications have taken place, and if one 
(or severa!) of the older sequences is used as an outgroup for an unrooted tree 
of younger sequences. This would be the case, for instance, if a myoglobin 
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sequence is used to root alpha (or beta) haemoglobin trees. However, this rule 
would not hold if an alpha haemoglobin sequence (or a set of them) is used as 
an outgroup for its the beta haemoglobin tree, or viceversa. 

The same is true, of course, with universal phylogenetic trees derived from 
elongation factors (lwabe et al., 1989). In this case neither set is older than its 
homologue. In this case the reconstruction of ancestral character states from 
dichotomously varying paralogous genes does not comes from the analysis of 
the outgroup, but may be inferred from the realization that the root of the 
tree must have been preceded by an even older, more primitive condition in 
which only one copy of the gene existed prior to the paralogous duplication. 
Recognition of this fact is likely to play a central role in future understanding 
of enzyme evolution during the Archean. Although it is true that the raw 
material for molecular cladistics analysis is restricted to sequences derived 
from living organisms (or from fossil samples from which ancient preserved 
DNA can be retrieved) and cannot be applied to extinct groups of organisms, 
the construction of trees derived from archaic paralogous sequences may 
allow us to infer evolution prior to the earliest detectable nodes. 

The flourishing of molecular techniques has led into a proliferation of 
sequences of isolated molecular constituents of living organisms, a 
storehouse of data that has already provided considerable insights into the 
phylogeny and the diversity of microbes. But because of its very nature, 
molecular cladistics separates clusters of adaptative characters into a nested 
hierarchical set which is expected to reflect the temporal sequence of their 
evolutionary acquisition. However fruitful, such approach has ali the 
demerits of a reductionist one-trait approach to biological evolution chastised 
in early literature as "partial phylogeny", and since the birth of molecular 
phylogeny has rarely been used to attempt a truly integrative analysis of 
complete character complexes. 

Such lirnitation may be overcomed in severa} ways, some of which are part of 
intellectual traditions deeply rooted in comparative biology. As Georges 
Cuvier contended in his 1805 Lectures in Comparative Anatomy, the 
appearance of the whole skeleton can be deduced up to a certain point by 
examination of a single bone. The success that Cuvier had in such anatornical 
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reconstructions is legendary, and was based not only in his unsurpassed 
knowledge and intuition, but also on what he termed the "correlation of 
parts", J. e., the full recognition of a functional coordination of the parts of the 
body of a given animal (Young, 1992). Such correlation of parts is not 
restricted to bones and muscles; at subcellular levels, it underlies the 
functional coordination among the molecular components of multigenic 
traits such as metabolic pathways and protein biosynthesis. As sho,vn by the 
intimate relationship between the biosyntheses of valine and isoleucine, their 
triplet assignments, and the phylogenetic proximity of their aminoacyl-tRNA 
synthetases, inquiries on the early evolution of the genetic. code and other 
basic features of living systems should be understood not only by determining 
the molecular phylogenies of sorne of their isolated components or by 
mathetical discussions spiced with a distinct Pythagorean flavor, but with the 
integrative analysis of character complexes. 

But for all its foibles, the relationship between molecular biology and 
evolutionary theory has opened new, unsuspected avenues of intellectual 
exploration. Never befare has such a wealth of methodological approaches 
and empírica! data been available to the students of life's phenomena. In part 
because of this prosperity, systematics and evolutionary biology, two of the 
most broadly oriented fields of life sciences, are now in a state of intellectual 
agitation. The symptoms are manifold; it is possible that the traditional 
species concept may not apply to prokaryotes, time-cherished concepts like 
that of the existence of kingdoms are under Eire, the origin and taxonomic 
position of genetic mobile elements is unknown. There is an increased 
awareness that the understanding of the processes underlying the generation 
oi evolutionary novelties and the origin of ontogenic patterns cannot be 
restricted by classical neodarwinian explanations. We are living in the midst 
oi hectic ·times in which epoch-making debates are reshaping the future of the 
life sciences, and the development of a more integrated molecular biology 
may be a never-ending story. It is said that to wish someone to live in an 
interesting time is one of the most terrible of all Chinese curses. Whatever 
the outcome of current discussions and debates, for biology the putative 
Oriental curse may turn out to be nothing Jess than an intellectual blessing. 
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Introduction 

Mushegian and Koonin (1996) have recently published the results of 
a detailed comparison of the complete genomes of Haemoplzi/11s 
influenzae and Mycoplasma genitnlium in conjuntion with the 
fragmentary data from other organisms available as of March 
1996. Once parasite-specific sequences '\Vere discarded, the final 
outcome was an inventory of 256 genes which may resemble not 
only the genetic complement of the ancestor of Gram positive and 
Gram negative bacteria, but probably also the amount of DNA 
required today to sustain a minimal cell. Since most of these 
sequences have eukaryotic and/or archaeal homologs, Mushegian 
and Koonin discuss how this figure may be reduced to describe the 
genome of the last common ancestor (LCA) of the Bacteria, 
Archaea, and Eucarya, i.e., the cenancestor, and suggest how 
insights on even earlier stages of evolution can be achieved. Given 
the rapid pace at which more and more cellular gen01nes are being 
completely mapped and sequenced, the assun1ptions and strategies 
used in such approaches merit considerable attention. As argued 
here, important pitfalls can be avoided if the polyphyletic gene 
losses that have taken place in widely separated lineages are 
properly acknowledged. 

The cenancestor probably had a DNA genome 

The backtrack methodology proposed by Mushegian and Koonin 
(1996) is quite straightforward, and partly based on the idea that 
genes that are not found in both bacteria and eucarya, or in bacteria 
and archaea, were probably absent from the cenancestor. The non­
sta ted assumption is. that the archaea and eucarya are sister 
groups, an evolutionary relationship supported by an increasingly 
larger amount of molecular data. However, such approach can 
inadvertently miss nuclear-encoded genes which n1ay have been 
part of the LCA but lost independently in both the bacteria! and 
archeal domains, or not present in the prokaryotic genomes of a 
given dataset. Por instance, the absence in their sample of 
eukaryotic or archaeal homologs of severa! key proteins involved in 
DNA replication led Mushegian and Koonin to speculate that the 
cenancestor may have had an RNA genon1e. 



Severa! objections can be raised against this conclusion: (a) 
sequence similarities shared by many ancient, large proteins found 
in all three domains suggest that considerable fidelity already 
existed in the operative genetic system of their comn"'lon ancestor, 
but such fidelity is unlikely to be found in RNA-based genetic 
systems; (b) sequence analysis and biochemical characterization of a 
ribonucleotide reductase from the archaeon Pyrococcus f11riosus has 
shown that this enzyme shares considerable similarities with both 
its eubacterial and eukaryotic counterparts (Riera et al 1997); and 
(c) as underlined by Mushegian and Koonin (1996), their analysis 
vvas performed before any complete archaeal or eucaryal genomes 
became available in the public databases, and should thus be 
considered preliminary. Indeed, release of the entire 
Methanococcus ja1111asc/1ii genome has allowed the identification of 
one archaeal DNA polymerase exhibiting sequence similarity and 
three conserved motifs with the eubacterial DNA polymerase JI, 
and with the eukaryotic ex, y, and e polymerases (Bult et al 1996). 
Taken together, these results suggest that DNA genomes and 
polymerases with proofreading and synthesizing functions evolved 
prior to the divergence of the three primary kingdoms. 

To salvage or not to salvage 

Until a more complete dataset is available, backtrack inferences on 
the nature of the cenancestor should be considered as preliminary 
and perhaps biased by the reduced genomic content of parasites, 
many of which have undergone n"'\ultiple secondary losses For 
instance, the de novo purine nucleotide biosynthesis is probably one 
of the oldest metabolic pathways, but it also one of the n"\ost easily 
lost by a wide range of obliga te symbionts and parasites. Failure to 
recognize such polyphyletic streamlining processes, which have 
taken place in H. i11flue11zae and at an even greater degree in M. 
genitalium, can lead to some n"'lisunderstanding. lt 'vould be 
tempting, for instance, to interpret the absence of purine 
biosynthesis in the minin"'lal set defined by Mushegian and Koonin 
(1996) as evidence that the growth and reproduction of the first 
lifeforms depended on the heterotrophic uptake of nucleotides 
present in the primitive soup (see, for instance, Pennisi 1996). 



Ho"W"ever, such conclusion would be at odds with the problems 
associated with the chen"lical synthesis and accumulation under 
primitive conditions not only of ribose, but also of purine- and 
pyrimidine ribosides, which suggest that none of them are truly 
prebiotic compounds (cf. Lazcano and Miller 1996). 

The phylogenetic distribution of purine nucleotide salvage enzyn"les 
can also lead to sorne confusion regarding the cenancestor's 
metabolic capabilities. Based on their dataset, Mushegian and 
Koonin (1996) conclude that their minimal cell had the complete 
nucleotide salvage path\vays for all bases except thymine. Adenine 
deaminase (ADA), which catalizes the hydrolytic deamination of 
adenine into hypoxanthine, is absent in both H. i11jlue11zne and M. 
genitalium, and therefore was not included in such inventory. 
However, since the ADA gene is found in other non-pathogenic 
Gram positive and Gram negative bacteria, it n"lay have been part 
of the LCA genome. The same is probably true of the GMP 
reductase gunC gene. Since GMP reductase is not found in H. 
injluenzae, M. genitalium, M. jn1111nsclzii, and Sncclzaro111yces 
cerevisiae, it could be argued that the cenancestor lacked guaC. 
Such conclusion is not supported by the presence of GMP reductase 
in a group of \Videly separated species that includes Esclzericlzin 
coli, Tritriclzo111011ns Joetus, Trypanosomn crz1zi, Leislzmania 
mexicana, and humans (Berens et al 1995). Even organisms \Vith 
close phylogenetic affinities can differ in their salvage abilities. 
Hypoxanthine- and guanine phosphoribosyltransferase activities 
have been found in cell extracts of the euryarchaeota 
Met11a11ococc11s voltae (Bo\'\'en et al 1996), but the corresponding 
genes appear to be absent in the closely related M. jamzasclzii, 
where the only recognizable purine phosphoribosyltransferase gene 
is that of adenine PRTase (Bult et al 1996). 

Molecular phylogenies are not rooted in the origin of life 

The pioneering work of Mushegian and Koonin (1996) is an 
important improvement over previous atten"lpts to characterize the 
LCA (Lazcano 1995 and references therein) but it can be improved 
by systematic efforts to identify streamlining processes that have 
led to polyphyletic gene losses in widely separated species. This n"lay 



be particularly significant given the choice of model organisn"\s 
whose entire DNA is being sequenced, some of which have been 
selected because of their relatively s1nall, con"tpact genomes. It is 
expected that in fei.v years larger volumes of genomic data 
reflecting a broader cross-section of biological diversity will become 
available. This will allo1.v not only more precise descriptions of the 
gene complements of ancestral states, but also an understanding of 
the effects of parasitism on genomes and the dyna1nics of gene 
losses. 

Genome sequencing and analysis is rapidly becoming a key element 
in our understanding of early biological evolution, but it is difficult 
to see how its applicability can be extended beyond a threshold that 
corresponds to a period of evolution in 1.vhich protein biosynthesis 
was already in operation. Older stages are not yet a1nenable to this 
type of analysis. The first lifeforms 1.vere probably simpler than any 
cell now alive, and may have lacked not only familiar traits like 
protein catalysts, but perhaps even genetic macrornolecules with 
ribose-phosphate backbones (Lazcano and Miller, 1996). Given the 
huge gap in our understanding of the evolutionary transition 
between the prebiotic synthesis of organic con"tpounds and the 
cenacestor, the temptation to describe the nature of the very first 
living systems based solely on molecular cladistics should be 
carefully avoided. 
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ABSTRACT 

Purine nucleotides are formed de novo by a biochemical route that appears to be of 
monophyletic origin, or are synthesized from preformad purine bases and nucleosides 
through different salvage pathways. Phylogenetic analysis of the enzymes that 
participate in purine nucleotide salvage pathways previdas evidence of ancient 
duplication events. Three monophyletic sets of enzymes, each of which catalyzes 
mechanistically similar reactions, can be recognized: (a) adenine-, xanthine-, 
hypoxanthine- and guanina- phosphoribosyltransferases, which are all homologous 
among themselves, as well as to nucleoside phosphorylases; (b) the set formad by 
adenine deaminase, adenosine deaminase, adenosine monophophate deaminase, 
and adenylosuccinate synthase; and (e) the pair formad by guanina reductase and 
inosine monophosphate dehydrogenase. These results support the idea that substrate 
specificity is the outcome of gene duplication, and that the purine nucleotide salvage 
pathways were assembled by a patchwork process that probably took place before the 
divergence of the three cell domains. Nucleoside and nucleotides are unstable to 
hydrolysis and are very unlikely prebiotic compounds. Thus, salvage pathways must 
have appeared after the biosynthesis of phosphorylated sugars had evolved. A 
simpler scheme of purine nucleotide biosynthesis basad on the ability of adenine 
PRTase to catalyze the condensation of 4-aminoimidazole-5-carboxamide (AICA) with 
PRPP is also presentad. 

Keywords: AICA, AICAR, gene duplication, patchwork assembly, salvage pathways, 
purine nucleotide biosynthesis, metabolic evolution . 
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ABBREVIATIONS 

AICA, 4-aminoimidazole-5-carboxamide; AICN, 4-aminoimidazole-5-carbonitrile; 
AICAR, 5-amino-4-imidazolecarboxamide ribotide; PRPP, 5-phospho-a.-D-ribosyl-1-
pyrophosphate; PRTase, phosphoribosyltransferase; ADA, adenine deaminase; AMP, 
adenosine 5·monophosphate; IMP, inosine 5·-monophosphate; GMP, guanosine 5·_ 
monophosphate; XMP, xanthosine 5·-monophosphate; HMP, hypoxanthosine 5·_ 
monophosphate; IMPDH, inosine monophosphate dehydrogenase; PNP, purine 
nucleoside phosphorylase. 
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1. INTRODUCTION 

The first detailed attempt to explain the origin of metabolic pathways is due to Horowitz 

(1945), who suggested that they are the outcome of the stepwise, sequential 

acquisition of enzymes in reverse arder as found in extant routes. Twenty years after 

the so-called retrograde hypothesis was first suggested, the discovery of operons 

prompted Horowitz (1965) to propase th~t clusters of genes involved in biosynthetic 

routes were the result of early tandem duplication events~ 

An altemative interpretation of role of gene duplication in the establishment of 

anabolic routes was developed independently by Waley (1969), Ycas (1974), and 

..lensen (1976). According to this other scheme, biosynthetic routes were assembled 

by a patchwork mechanism involving primitiva enzymes of broad substrate specificity. 

Gene duplication and subsequent divergence of the new sequences would lead to the 

diversification of function and narrowing of specificity. 

Since it is generally assumed that the first organisms were derivad from the preformad 

organic compounds available in the primitiva environment (Oparin, 1938), it is 

tempting to assume that their growth and reproduction depended on the heterotrophic 

uptake of nucleotides and other raw material present in the primitiva soup. However, 

the problems associated with the prebiotic synthesis and accumulation of nucleotides 

argue not only against this possibility, but also against the retrograde hypothesis as 

the most likely explanation far the origin of the biosynthesis of purines from glycine 

(Keefe et al., 1995). This suggest that the purine nucleotide salvage pathways 

developed after the biosyntheses of phosphorylated sugar and purine nucleotides had 

appeared. lt has been proposed that the PRTase-mediated attachment of purines to 5-

phospho-a-D-ribosyl-1-pyrophosphate (PRPP) to form the corresponding s·­
nucleotides, which today is part of a salvage pathway (Figure 1 ), may have 

participated in an ancient form of purine nucleotide biosynthesis (Zubay, 1993). Here 

we suggest an additional possibility, based on a semi-enzymatic mechanism involving 
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the PRTase-mediated condensation of the prebiotic reagent 5-amino-4-

imidazolecarboxamide with PRPP, to produce 5-amino-4-imidazolecarboxamide 

ribotide (AICAR). This hypothetical route, which is basad on the prior evolution of 

PRPP biosynthesis, does not requires the first eight steps of the extant purine 

biosynthesis, afl of which involve highly unstable intermediates. 

2. Purfne nucleotide aatvage pathwaya 

The ele novo purine ribonucleotide biosynthesis is a highly conservad anabolic route 

whose phylogenetic distribution (Henderson and Paterson, 1973) strongly suggest 

that it may have already been present in the last common ancestor of !he three cefl 

domains. In contrast, there is wide variety of salvage pathways (Figure 1 ), which 

participate not only in the regulation of the intraceflular concentration of nucfeotides, 

but also in the reutifization of free intra- or extraceflular bases and purine nucleosides 

(Berens et al, 1995). Fermentativa degradation of salvaged purines and their 

nucleosides is a source of carbon, nitrogen and energy for sorne eubacteria (Munch­

Peterson, 1983). Salvage pathways are essential for a group of distantly relatad 

organisms in which the ele novo purine pathway has apparentfy been lost. This group 

is strictly dependent on exogenous purines and purine-nucleosides and nucleotides, 

and includes eubacteria such as Haemophilus influenzae and the mycoplasma, 

amitochondrial eukaryotes like Giarcla lamblia and Trichomonas vagina/is, other 

protists like the kinetoplastida, parasitic helmiths like Schistosoma mansoni, and 

specialized animal tissue like that of brain (Tham et al., 1993; Berens et al., 1995; 

Tatusov et al ., 1996). lt has been suggested that the ele novo biosynthesis of purine 

nucleotides may have nevar evolved in the protists which lack this route 

(Hitchings, 1982), but the possibifity of a secondary loss due to a parasitic lifestyle 

appears to be more likely. 
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Recent sequence comparisons have show that several salvage pathway enzymes are 

part of larger families involved primarily in nucleotide metabolism (Mushegian and 

Koonin, 1994; Bork et al., 1995; Holm and Sander, 1996). However, no attempt has 

been made to discuss these evolutionary relationships from the viewpoint of the 

emergence and development of metabolic pathways, nor in terms of the prebiotic 

availability of the enzyme substrates. Knowledge of the biological distribution and 

diversity of salvages pathways is still fragmentary (Tables 1 and 11). Nevertheless, as 

show in this paper, cladistic analysis of the available sequences suggests that purine 

nucleotide salvage metabolic pathways were shaped to a considerable extent by 

ancient paralogous duplications, i.e., via a patchwork mechanism. 

2. MATERIAL AND METHODS 

Amino acid and nucleotide sequences were extractad from the GenBank, EMBL, 

SWISS-PROT, and PIR databases. Additional information was retrieved from web 

sites which contain the entire genoma sequences of Haemophilus inf/uenzae 

(http://www.tigr.org/tdb/mdb/hidb/.html ), Mycoplasma genitalium (http://www.tigr.org/ 

tdb/mdb/mgdb/.html), Methanococcus jannaschii (http://www.tigr.org/tdb/mdb/mjdb/ 

mjdb.html.), and Saccharomyces cerevisiae (http://genome-www.stanford.edu/ 

Saccharomyces/). Sequences were comparad one against every other one using the 

Pearson algorithm, which is part of the FASTA program. These sequences were also 

comparad with the BLAST (Basic Local Aligment Search Tool) algorithm that is 

available in the web site: http://www.ncbi.nlm.nih.gov/BLAST/. This allowed the rapid 

identification of homologous protein sequences by focusing on regions shared by a 

pair of sequences in which a high density of identities is present (Pearson and 

Lipman, 1988; Pearson, 1990). Multiple amino acid sequence aligments were 

constructed using the MACAW program, which produces aligments of ungapped 

blocks detectad by pairwise comparisons of the sequences in a given set (Schuler et 

al., 1991). 
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3. RESUL TS ANO DISCUSSION 

a) Purine phosphoribosyltransferases 

Purine phosphoribosytranferases (PRTases) are pentosyltransferases (EC 2.4.2) that 

catalyze the kinetically irreversible conversion of purines into ribonucleotides via a 

phosphorolytic reaction: 

purfne + 11-phospho-u-D ribosyl-1-pyrophosphate s·NMP+ pyrophosphate (1) 

Purine phosphoribosyltransferases are part of a largar family of widely distributed 

enzymes which participate in the biosyntheses of histidine, tryptophan, púrines, 

pyrimidines, and NAO, as well as in nucleotide salvage pathways. PRTases form a 

monophyletic group of enzymes with considerable degree of divergence, but their 

evolutionary relationship with other enzymes that participate in nucleotide salvages 

pathways such as nucleoside phosphorylases (PNPs), is still recognizable 

(Mushegian and Koonin, 1994). 

Both PNP and purine PRTase activities have been identified in an wide ranga of 

organisms including members of the Bacteria, Archaea and the Eucarya (Table 1), 

suggesting that the corresponding enzymes may have been already present in their 

last common ancestor. However, the phylogenetic distribution of PRTase genes 

follows a complex pattem in which independent secondary losses and duplications 

appear to have taken place in widely separated lineages. For instance, in H. 

in"uenzae the two non-contiguous sequences H/0674 and H/0692 encoding identical 

xanthine-guanine- PRTases have been identified (Fraser et. al., 1995; Casari et al., 

1995). Hypoxanthine- (HPRTase) and guanine-phosphoribosyltransferase (GPRTase) 

biochemical activities have been detectad in cell extracts of the euryarchaeota 

Methanococcus voltae (Bowen et al., 1996), but the corresponding genes are absent 

in the closely relatad M. jannaschii, in whose genoma the only identifiable purine 
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phosphoribosyltranferase gene corresponds to adenine PRTase (Bult et al.,1996). No 

adenine PRTase activity has been found in the amitochondrial protist Tritrichomonas 

foetus. Purine PRTase activities also appear to be absent in the phylogenetically 

distant Trichomonas vagina/is and Entoamoeba histolytica (Berens et al., 1995), 

probably due to their parasitic lifestyle. 

b) Aáenine deaminase, adenosine deaminase, adenosine monophosphate 
deaminase, and adenylosuccinate synthase 

Adenosine deaminase (EC 3.5.4 .. 4) is a well-studied monomeric enzyme that 

catalyzes the irreversible biosynthesis of inosine by the hydrolytic deamination of 

adenosine (Eq .3). This reaction is mechanistically equivalent to (a) the adenine 

deaminase (ADA, EC 3.5.4.2) mediated synthesis of hypoxathine from adenine (Eq.2); 

and (b) the formation of IMP from AMP (Eq.4), catalized by adenosine monophosphate 

deaminase (EC 3.5.4.6). The products of these interconvertion reactions are reutilizad 

as part of the general salvage pathway scheme (Figure 1 ): 

adenlne + HaO - hypoxanthlne + NH0 (2) 

---..dNml ...... 
adenoslne + H 20 - lnoslne +NH:s (3) 

AMP_,,,._ 

AMP+HaO - IMP+NH0 (4) 

The evolutionary relatedness between adenosine deaminase and AMP deaminase 

had long been suspected due to their common reaction mechanisms (Frieden et al., 

1980), and was confirmad by sequence analysis of eubacterial and eukaryotic 
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adenosine- and AMP deaminases (Chang et al., 1991). The reactions shown in Eq.3 

and Eq.4 are mechanistically identical to that of Eq.2, and suggest a monophyletic 

origin of all three different deaminases. However, the alignment of these three 

enzymes shows relatively few conserved motifs due to a higher divergence of ADA 

(Figures 2a and 2b). 

Three dimensional analysis of conversion patterns has shown that the similarities that 

adenosine deaminase shares with urease and phosphotriesterase (Jabri et al., 1995) 

can be extended to a larger set that includes not only AMP- and cytosine deaminases, 

but also dihydroorotases, allantoinases, hydantoinases, and imidazolonepropionases, 

all of which are part of the urease superfamily (Holm and Sander, 1996). Members of 

this supertamily are found in a wide variety of synthetic and ·degradative pathways, 

many of which involve nucleotides either as intermediates or as end-products (Holm 

and Sander, 1996). Thus, it is possible that they are the descendants of an unspecific 

protein which catalyzed a wide ranga of primitiva biochemical reactions involving 

heterocyclic compounds. 

lt is likely that this protein superfamily includes adenosylosuccinate synthase (EC 

6.3.4.4), a biosynthetic enzyme which achieves the anabolic conversion of IMP to 

AMP (Figure 1) by substituting the carbonyl oxygen at C6 with an amino group. The 

results of a database search using the BLAST algorithm do suggest a phylogenetic 

relationship of AMP deaminase with adenylosuccinate synthase. The sequences 

comparison depicted in Figure 3 shows the presence small of four conserved motifs. 

Although in prokaryotic genomas their genes are not adjacent, AMP deaminase and 

adenylosuccinate synthase catalyze sequential steps in the de novo biosynthesis of 

adenosine 5' -monophosphate. 

Deaminases may be relatively latecomers in evolution. At 85 ºC the half-lives of 

adenine and adenosine due to hydrolytic deaminations are 1. 7 and 2.6 years, 

respectively (Frick et al.,1987). These reactions can be enhanced by inorganic 
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catalysts, as shown by the efficient clay-mediated hydrolytic deamination of both 

adenine and adenosine into hypoxanthine and inosine, respectively, under putativa 

prebiotic conditions (Strasak and Sersen,1991). Under physiological conditions 

spontaneous deamination of adenine proceeds at such high rates that an specific 

enzymatic mechanism involving a N-glycosylase has evolved to excise IMP from DNA 

and r-educe its mutagenic consequences (Singer- and Kusmierek, 1982). This raises 

the possibility that deaminases and other- hydrolytic enzymes (including cytosine 

deaminase, N-glycosylases, RNase H, and the exonuclease domain of DNA 

polymerase 1) were not essential during the ver-y ear-ly stages of metabolic evolution, 

since their- high reaction r-ates would guarantee the availability of substr-ates requir-ed 

for- the operation of these particular- salvage pathways. 

e) lnosine rnonophosphate dehydrogenase and guanosine monophosphate 
rec:luctase 

lnosine monophosphate dehydrogenase (IMPDH, EC 1.1.1.205) is a biosynthetic 

NAD-dependent dehydrogenase which converts IMP into XMP by catalyzing the 

for-mation of a carbonyl group at C2 of inosinate (Eq. 5). This r-eaction is followed by 

the guanylate synthase-mediated displacement of this carbonyl oxygen in the keto 

forrn of XMP by an amino group, to produce GMP (Figure 1 ). In both the Escherichia 

coli and H. influenzae genomas the genes encoding these two enzymes are adjacent 

(data not shown). This colinearity is probably due to the physiological link between 

their products, i.e., the r-equirement for the simultaneous availability of the two 

enzymes for- the reactions sequence IMP XMP GMP to take place. 

inoslne 5"-4ftonophosphate + NAD + H.O - xantho•lne 5"phosphate + NADH (5) 



11 
The opposite reaction, i. e., the reconvertion of GMP into IMP (Eq.6), is catalyzed by 

GMP reductase (EC 1.6.6.8), a NADP-dependent salvage pathway deamination 

enzyme: 

guanoslne 5'-phosphate + NADH -inoslne 5'-phosphate+ NHa + NADP (&) 

Like PRTases, GMP reductase has a peculiar phylogenetic distribution that defies a 

simple explanation. lt is absent in insects (Becker, 1974) and in rodents (Kanno et al., 

1989), but in humans GMP reductase deficiencias may be lethal (Henikoff and Smith, 

1989). The guaC gene encoding GMP reductase is present in E.coli (Andrew and 

Guest 1988), but absent in the H. influenzae (Fleischmann et al., 1995), M. genitaliurn 

(Fraser et al., 1995), M. jannaschii (Bult et al., 1996), and S. cerevisiae genomas. 

GMP reductase appear to be also absent in the apicomplexa, but has been detectad 

in Tritrichomonas foetus, as well as in severa! kinetoplastida and mammals (Beck et 

al., 1994; Berens et al., 1995). 

The evolutionary relationship between IMPH and GMP reductase was first reportad by 

Andrews and Guest (1988). Recent databases searches have shown that both 

enzymes are part of a ¡3/a-barrel protein subclass in which a conservad phosphate­

binding site is found near their C-terminus (Bork et al., 1995). Availability of a larger 

set of IMPDH and GMP reductase sequences has confirmad previous alignments, and 

has allowed a further characterization of the conservad large domains (Figure 4). 

Since IMPDH and GMP reductase catalyze sequential steps in different purine 

metabolic pathways (Weber et al., 1992; Bork et al., 1995), it could be argued that 

their monophyletic origin raises the possibility that they may be a particular case of the 

retrograde hypothesis. Functional contiguity of homologous enzymes, however, does 

not probas by itself the Horowitz hypothesis (Fani et al., 1995), since altemative 
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explanations based on a primitiva, less specific enzyme catalyzing both reactions, are 

equally likely. This possibility is consistent with the homology of IMPDH and GMP 

reductase with other 13/cx barrel enzymes, many of which use heterocyclic substrates 

(Bork et al., 1995). Oue to its hydrolytic instability, it is probable that GMP was absent 

from the primitiva soup. Thus, it is likely that GMP reductase appeared after its 

biosynthetic homologue IMPDH. 

4. The seml-enzymatlc ortgln of purine nucleotide biosynthesis: a new 
hypothesls 

PRPP and other phosphorylated sugars are unlikely components of the primitiva soup 

(Larralde et al., 1995). Thus, purine PRTase activity could have not appeared when 

life originated but only after riboside-synthesizing metabolic routes had evolved. The 

bioynthesis of purines from glycine pathway cannot be basad on components from the 

primitiva soup, since all intermediates are ribosides which are unstable to hydrolysis. 

Furthermore, ribose is generally considerad not to have been a significan! component 

of the prebiotic environment (Shapiro, 1988; Larralde et al., 1995). 

On the other hand, it is generally agreed that purines and their prebiotic precursors 

were present in the primitiva environment. This includes 5-amino-4-

imidazolecarboxamide (AICA), which is a key intermediate in a potentially prebiotic 

synthesis of guanina and hypoxanthine (Sanchez et al., 1968). Two prebiotic routes to 

AICA can be envisoned. Sunlight irradiation of the HCN tetramer, diaminomaleonitrile 

produces 4-aminoimidazole-5-carbonitrile in relatively good yelds (Ferris and Orgel, 

1966) (Eq. 7). 
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NC N'i> 

4HCN - '(' •••. !'._~~!~~! ____ NC)C) 
/'- H,N NH 

+ 

NC Nt-1. 

diaminomaleonitrile 4-aminoimidazole-5-carbonitrile 4-aminoimidazole-5-carbo)(amide (7) 

Under basic conditions diaminomaleonitrile reacts with formamide and also produces 

4-aminoimidazole-5-carbonitrile (AICN) (Eq. 8), whose hydrolysis also produces AICA 

(Eq. 9) in good yields of -20% (Oró and Kimball, 1962; Lowe et al., 1963; Sanchez et 

al., 1968): 

H2N CN 

'/ 
11 
e 
/' 

H2N CN 

diaminomalonitrile 

+ 

+ 

4-aminoimidazole-5-carbonitrile 

NC - "y,-N~ 

~ 
H2N NH 

formamidine 4-aminoimidazole-5-carbonitrile (11) 

-
4-aminoimidazole-5-carboxamide (11) 

AICA is not known to play any direct role in extant organisms. Quite surprisingly, it is 

an altemate substrate for adenine PRTase, an enzyme which not only catalyzes the 

formation of AMP from PRPP and adenine (Eq. 1 ), but also the direct condensation of 

PRPP with the prebiotic reagent AICA, to yield 5-amino-4-imidazolecarboxami~e 

ribotide AICAR CK...=9.7, pH 8) (Flaks et al., 1957}. which is an intermediate in the de 

novo biosynthesis of purine nucleotides (Figure 1 ). AICA can be converted into 

hypoxanthine in high yields (40%} in concentrated ammonium formate (Zubay, 1993). 

In the scheme suggested here, AICAR would undergo an equivalent non-enzymatic 



14 
formylation to produce 4-carboxamide-5-formamidoimidazole ribotide. A dehydration 

reaction would follow, leading to inosine-5·-monophosphate. As shown in Figure 5, a 

simpler, primitive semi-enzymatic route of purine nucleotide biosynthesis may thus be 

envisoned: 

Our proposal implies that adenine PRTase was originally a key catalyst in a primitive 

version of the anabolic route of purines. This hypothetical route is supported by the 

likelihood that importans amounts of HCN and its derivativas were available in the 

primitive Earth due to eutectic freezing (Miller and Orgel, 1974), or because their 

formation was enhanced by different prebiotic eatalysts such as glyconitrile (Schwartz 

and Goverde, 1982). Our proposal is also supported by the chemical stability of 

AICAR (Flaks et al., 1957), which is 114 days at 100 ºC and pH 7, and 108 days at 

100 ºC and pH 8 (Sanchez et al., 1968). No data on the half-lives of AICAR are have 

been stimated for lower temperaturas, but AICAR is approximately a hundred-times 

more stable than its corresponding nitrile, AICN, whose half-life at O ºC pH 8 is 2 x 103 

years (Sanchez et al., 1968) suggesting that is was indeed available for the scheme 

suggested here to take place. We provide no explanation for the emergence of PRPP 

biosynthesis, and assume that the origin of phosphorylated sugar metabolisms is 

clearly relatad to the emergence of the ribose-phosphate backbone of RNA. This 

remains an open question, since the nature of the backbone of the first genetic 

polymer is unknown (Lazcano and Miller, 1996). 
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5. CONCLUSIONS 

Enzymes that participate in purine metabolism exhibit relatively good levels of 35 to 

65% of sequence similarity between distantly relatad organisms (Johnson et al., 1987; 

Henikoff and Smith, 1989). However, as discussed in this paper, the components of 

purine nucleotide salvage pathways have complex phylogenetic histories. Availability 

of several complete cellular genomas has allowed insights into the versatility of 

salvage strategies followed by different organisms (Table 11), but whether a simple 

underlying pattern exists or not requires information that is still not within reach. For 

instance, while PRTase and nucleoside phosphorylase activities appear to be 

essential, and have not been lost in H. influenzae and M. genitalium, adenine 

deaminase is clearly disposable (Table 11). 

lt is likely that the major salvage pathways were established during early stages of 

metabolic evolution, perhaps prior to the divergence of the three main cell lines 

(Mushegian y Koonin, 1996a}. Unlike other macromolecules such as 165 rRNA, the 

peculiarities of the phylogenetic distribution of the salvage pathway enzymes show 

that these are not good universal molecular markers. Nevertheless, they are a good 

model for the study of metabolic evolution. Oirect uptake of purines (Hitchings, 1982) 

and pyrimidines from the prebiotic soup by the first organisms may be considerad as 

primitiva form of salvage pathway, but as argued here, the available evidence 

indicates that the pathways involving PRTases, deaminases, GMP reductases, and 

other enzymes that use nucleosides and nucleotides as substrates appeared only 

after their biosynthetic counterparts had already evolved. However ancient, extant 

salvage pathways of purine nucleotides did not appear when life originated, i. e., they 

are not truly primordial. 

Since comparativa genomic analysis has demonstrated that gene arder is not 

conservad in prokaryotic evolution (Mushegian and Koonin, 1996b; St. Jean and 
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Charlebois, 1996; Tatusov et al., 1996), lack of contiguity of homologous genes 

encoding salvage pathway enzymes (data no shown) does no! disproofs by itself the 

Horowitz hypothesis. However, lack of support for the retrograde hypothesis is 

provided by the cladistic analysis of the enzymatic sequences of salvage pathway. 

With the exception of the pairs formad by (a) IMPDH and GMP reductase, and (b) 

AMP deaminase and adenylosuccinate synthase, no other case was found in which 

sequential enzymatic steps are catalyzed by homologous enzymes. Neither of these 

two examples can be considerad definitiva proof of the retrograde hypothesis, since 

altemative explanations basad on the existence of primitiva less-specific enzymes are 

equally plausible and are in fact sopported by the homology of salvage enzymes with 

many other proteins. 

The discovery that a significant portien of bacterial genomes is the outcome of ancient 

paralogous duplications (Fleischmann et al., 1995, Fraser et al., 1995; Koonin et al., 

1995; Labedan and Riley, 1995) is consistent with the hypothesis of the patchwork 

assembly of metabolic routes, and may be invoked to explain the evolution of salvage 

pathways. Each of the sets of homologous enzymes discussed here is formad by 

proteins that catalyze mechanistically similar reactions. This supports the idea that 

ancient pathways were mediated by enzymes of broad specifity (Waley, 1969; Ycas, 

1974; Jensen, 1976), which may have participated in metabolic routes that today are 

not directly connected, such as the histidine and pyrimidine biosynthetic pathways. 

Recognition of the role of gene duplication in metabolic evolution does not answers 

questions relatad to the emergence and number of the original starter types, i.e., of the 

enzymes that did not arise in this manner. In some cases, the starter types may stem 

from slow non-enzymatic reactions were the protein improved on a previously sluggish 

process (Lazcano and Millar, 1996), as in the case of the photochemical 

decarboxylation of orotic acid which yields uracil described by Ferris and Joshi (1979). 

Primitiva pathways may have existed in which only few steps were mediated by 

enzymes. In other cases, semi-enzymatic syntheses may have taken place (Miller and 
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Lazcano, in prep.). One example may be the model of purine nucleotide biosynthesis 

presented here, in which participate both prebiotic reagents like AICA, and biological 

catalysts such as adenine PRTase. In this regard, it is interesting to note that several 

enzymes including nitrogenase (Silver and Postgate, 1973), urease (Estermair et al., 

1992), and adenine PRTase (Flaks et al., 1957), catalyze reactions involving HCN 

and/or its derivativas (cyanides, acetylene, cyanamide, dicyanamide, AICA), all of 

which may be prebiotic reagents. Since these compounds rarely participate in 

contemporary biochemical process, their use as alternate substrates by 

different enzymes raises the possibility that these are vestigial activities from a time in 

which metabolism depended on semi-enzymatic processes (Millar and Lazcano, in 

prep.). 
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FIGURE CAPTIONS 

Figure 1. Purine nucleotide metabolism. Both the de novo and the major salvage 

pathways routes are shown. 

Figure 2.a Aligment of the deduced E. coli (Ec ADA), Mus musculus (Mm ADA), 

and Homo sapiens (Hs ADA) adenosine deaminase amino acid sequences, with 

the S. cerevisiae (Se AMO) and H. sapiens (Hs AMO) AMP deamin¡;ises. Stars ( • ) 

indicate identical amino acids, and ( . ) similar ones. 

Figure 2.b Aligment of the deduced E. coli (Ec ADA), Mus musculus (Mm ADA), 

and H. sapiens (Hs ADA) adenosine deaminase amino acid sequences, with the E. 

coli (Ec ADEC), Bacillus subtilis (Bs ADEC), and M. jannaschií (Mj ADEC), adenine 

deaminases. Stars ( •) indicate identical amino acids, and ( . ) similar enes. 

Figure 3. Aligment of the deduced B. subtilis (Bs PURA) and Dictyostelium 

discideum (Dd PURA) adenylosuccinate synthase amino acid sequences, with the 

deduced H. sapiens (Hs AMO) and Ratus norvegicus (Rn AMO) AMP deaminase 

amino acid sequences. Stars ( • ) indicate identical amino acids, and ( . ) similar 

enes. 

Figure 4. Aligment of the deduced Arabidopsis thaliana (At IMPO), Acinetobacter 

calcoaceticus (Ca IMPO), B.subtilis (Bs IMPD), Drosophila melanogaster (Dm 

IMPO), E.coli (Ec IMPD), Leishmania donavan (ld IMPD), Mesocricetus auratus 

(Ma IMPO), S. cerevisiae (Se IMPD), and Pyrococcus furiosus (Pf IMPD) IMP 

dehydrogenase amino acid sequences, with the E. coli (Ec GUAC), Ascaris 

lumbricoides (Al GUAC), and H. sapiens (Hs GUAC) GMP reductase deduced 
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amino acid sequences. Stars ( • ) indicate identical amino acids, and ( . ) similar 

ones. 

Figure 5. A possible ancestral semi-enzymatic AICA-dependent biosynthesis of 

purine nucleotides 
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LVPAKSEVLPH-DVDLSVELTKTLKLN----IPVISAGMDTVTESAMAIAMARQGGLGII 
LIPQPTEVEPK-DVDVSTQITPNVKLN----IPILSAAMDTVTEWEMAVAMAREGGLGVI 
ILPGFIDFGAA-DVNISGQFTKRIRLH----IPIVSSPMDTITENEMAKTMALMGGVGVL 
FLPHFIDFSTD-AVSLSTRLSRRVPLS----IPCVSSPMDTVSESHMAAAMASLGGIGIV 
ILPGLVDFASS-EVSLQTKLTRNITLN----IPLVSSPMDTVTESEMATFMALLGGIGFI 
ILPGYIDFTAE-EVDLSSPLTKSLTLR----APLVSSPMDTVTESEMAIAMALCGGrGZI 
ILPGYIDFTAD-QVDLTSALTKKITLK----TPLVSSPMDTVTEAGMAIAMALTGGIGFI 
IRPKRSTLKSRSDVELERQFTFKHSGQSWSGVPIIAANMDTVGTFSMASALASFDILTAV 
LRPKRSTLRSRAEVDLMREY'VFRNSKKTYVGVPVVASNMDTVGTFEMAEVLAKFSLFTTI 
LRPKRSSLKSRAEVDLERTFTFRNSKQTYSGIPIIVANMDTVGTFEMAAVMSQHSMFTAI . . . .... 
HKNMSIERQAEEVRRVKKHESGVVTDPQTVLPTTTLREVKELTERNGFAGYPVVTEENE­
HKNMSIEQOAEQVDKVKRSERGVITNPFFLTPDHQVFDAEHLMGKYRISGVPIVNNEEDO 
HRNMSIEEQVEQVKRVKRAERFIVEDVITIAPDETIDYALFLMEKHGIDGLPVVEEOR-­
HNNCTVERQVEMVKSVKAYRNGFISKPKSVPPNTPISNIIRIKEEKGISGILVTENGDPH 
HYNCGIAAQASIIRQAKSLKHPIASOAGVKFPEYEITSLDAFGPS---SFVFVEQTGTMT 
HHNCTPEDQADMVRRVKNYENGFINNPIVISPTTTVGEAKSMKEKYGFAGFPVTTDGKRN 
HHNCTPEYQALEVHKVKKYKHGFMRDPSVMSPTNTVGDVLEARRKNGFTGYPVTENGKLG 
HHNCTPEFQANEVRKVKKYEQGFITDPVVLSPKDRVRDVFEAKARHGFCGIPITDTGRMG 
HKHYSVEEWQAFIN-----------------N---------------------------­
HKHYQVDEWKAFVQRV---------------0---------------------------­
HKHYSLDOWKLFAT----------------------------------------------

---LVGXITGROVRFVTDLN--QPVSVYMTP-KERLVTVREGEAREVVLAKMHEKRVEKA 
--KLVGIITNRDLRFISDYS--MKISDVMT--KEELVTASVGTTLDEAEKILQKHKIEKL 
---VVGIITKKDIAAREGR----TVKELMT---REVITVPESVDVEEALKIMMENRIORL 
-GKLLGIVCTKDIDYVKNKD--TPVSAVMTRRE-KMTVERAPIQLEEAMDVLNRSRYGYL 
TPKLLGYV'TKSQWKRMNYEQREMKIYDYMKSCOSSDYCVPWEIDFEKLEFVLEOKQKG-F 
-AKLVGVITSRDIQFVEDNS--LLVQDVMTK---NPVTGAQGITLSEGNEILK.KIKKGRL 
-GKLLGMVTSROIDFR-ENQPEVLLADIMTT---ELVTAPNGINLPTANAILEKSKKGKL 
-SRLVGIISSRDIDFLKEEEHDRFLEEIMTKRE-DLVVAPAGITLKEANEILQRSKKGKL 
--------------------------------------------SSA--DVLKHVMVS--
--------------------------------------------SNP--QIMSQIGIS--
--------------------------------------------NHP--ECLQNVAVS--



Ee_IMPD 
Ba IMPD 
Pf-IMPD 
Ld=IMPD 
At IMPD 
se-IMPD 
Dm-IMPD 
Ma:IMPD 
Ee GUAC 
A1:GUAC 
Hs_GUAC 

Ee_IMPD 
Bs IMPD 
Pf-IMPD 
Ld-IMPD 
At-IMPD 
Se-IMPD 
Dm-IMPD 
Ma:IMPD 
Ee GUAC 
A1:GUAC 
Hs_GUAC 

Ee IMPD 
ss:IMPD 
Pf IMPD 
Ld=IMPD 
At_IMPD 
Se IMPD 
om:IMPD 
Ma IMPD 
Ee-GUAC 
A1:GUAC 
Hs_GUAC 

Ee_IMPD 
Bs_IMPD 
Pf IMPD 
Ld-IMPD 
At-IMPD 
se-IMPD 
om:IMPD 
Ma_IMPD 
Ee GUAC 
A1-GUAC 
Hs:GUAC 

LVVDDEFHLIGMITVKDFQKAEAKPNACKDE---QGRLRVGAAVGAGAGNEERVDALVAA 
PLVDDQNKLKGLITIKOIEKVIEFPNSSKDI---HGRLIVGAAVGVTGDTMTRVKKLVEA 
PVVNEDGKLVGLITMSDLVARKKYJ<NAVRNE---KGELLVAAAVSPFD--LRRJ\IELDRA 
PIVNENDEVVNLCSR.RDAVRARDYPHSTLDK---SGRLICAA.ATSTRPEDKRRVAALADV 
VVLERDGETVNVVTKDDIQRVKGYPKSGPGTVGPDGEWMVGAAIGTRESDKERLEHLVNV 
LVVDEKGNLVSMLSRTDLMKNQNYPLASKSAN--TKQLLCGASIG'IMDADKERLRLLVKA 
PIVNQAGELVAMIARTDLKJ<ARSYPNASKDS---NKQLLVGAAIGTRSEDKARLALLVAN 
PIVNENDELVAIIAR.TDLKJ<NRDYPLASKDA---KKQLLCGAAIGTHEDDKYRLDLLl\LA 
--------------------------------------TG---TSDADFEKTKQILDLNP 
--------------------------------------SG---ISTSDFDKLRTVCDMIP 
--------------------------------------SG---SGQNDLEKMTSILEAVP 

GVPVLLIDSSHGHSEGVLQRIRETRAKYPDLQIIGGNVATAAGAR.ALAEAGCSAVKVGIG 
NVDVIVIOTAHGHSQGVLNTVTKIRETYPELNIIAGNVATAEATRALIEAGADVVKVGIG 
GVDVIVVDTAHAHNLKAIKAMKEMRQKVSADFIVG-NIANPKAVDDLTFA--DAVKVGIG 
GVDVLVLDSSQGNTIYQIAFIKWVKSTYPHLEVVAGNVVTQDQAKNLIDAG.ADGIRIGMG 
GVNAVVLOSSQGNSIYCLEMIKYVKJ<TYPELOVIGGNVVTMYOACNLIQAGVDGLRVGMG 
GLDVVILOSSQGNSIFELNMLKWVKESFPGLEVIAGNVVTREOAANLIAAGADGLRIGMG 
GVOVIILDSSQGNSvYQVEMIKYIKETYPELQVIGGNVVTRAQAJ<NLIDAGVDGLRVGMG 
GVOVVVLDSSQGNSIFQINMIKYMKEKYPNLQVIGGNVVTAAQAl<NLIDAGVDALRVGMG 
ALNFVCIDVANGYSEHFVQFVAKAREAWPTKTICAGNVVTGEMCEELILSGADIVKVGIG 
ELEYICLDVANGYSEVFVDFIRRVREQFPTHTIFAGNVVTGEMVEELILSGADVVKVGIG 
QVKFICLOVANGYSEHFVEFVKLVRAKFPEHTIM1\GNVVTGEMVEELILSGADIIKVGVG .. 
PGSICTTRIVTGVGVPQITAVADAVEALEGTGIPVIADGGIRFSGDIAKAIAAGASAVMV 
PGSICTTRVVAGVGVPQITAIYDCATEARKHGKTIIADGGIKFSGDITKALAAGGHAVML 
PGSICTTRIVAGVGVPQITAIAMVAORAQEYGLX'VIAOGGIKYSGDIVK.AIAAGAPAVML 
SGSICITQEVLACGRPQGTAVYKVAQYCASRGVPCTADGGLRQVGDICKALAIGANCAML 
SGSICTTQEVCAVGRGQATAVYKVCSIAAQSGIPVIAOGGISNSGHIVKALVLGASTVMM 
TGSICITQEVMACGRPQGTAVYNVCEFANQFGVPCMADGGVQNIGHITKALALGSSTVMM 
SGSICITQEVMACGCPQATAVYQVSTYARQFGVPVIADGGIQSIGHIVKAIALGASAVMM 
CGSICITQEVLACGRPQATAVYKVSEYARRFGVPVIADGGIQNVGHIAKALALGASTVMM 
PGSVCTTRVK'I'GVGYPQLSAVIECADAAHGLGGMIVSDGGCTTPGDVAKAFAR-ADFVML 
PGSVCTTRKKAGVGYPQLSAVLECADASHGLNGHVMSDGGCTNPGDVAKAFGGGADFVMI 
PGSVCTTRTKTGVGYPQLSAVIECADSAHGLKGHIISDGGCTCPGDVAKAFGAGADFVML .... •. .... 
GSMLAGTEESPGEIELYQGRSYKSYRGMGSLGAMSK------GSSDRYFQSONA-ADKLV 
GSLLAGTSESPGETEIYQGRRFKVYRGMGSVAAMEK------GSKDRYFQEE---NKKFV 
GNLLAGTKEAPGKEVIINGRKYJ<QYRGMGSLGAMMK------GGA.ERYYQGGYMKTRKFV 
GGMLSGTTETPGEYFFKGGVRLKVYRGMGSLEAMS----QGKESGJ<RYLSEN---EAVQV 
GSFLAGSTEAPGGYEYTNGKRIKK.YRGMGSLEAMTK------GSDORYLGOQ---TKLKI 
GGMLAGTTESPGEYFYQDGKRLKAYRGMGSIOAMQKTGTKGNASTSRYFSES---OSVLV 
GSLLAGTSEAPGEYFFSDGVRLKKYRGMGSLEAMERGDAKGAAMSRYYHNEM---DKMKV 
GSLLAATTEAPGEYFFSOGIRLKKYRGMGSLDAMD----J<HLSSQNRYFSEA---DKIKV 
GGMLAGHEESGGRIVEENGEKFMLFYGMSSESAMKR----HVGGVAE".lRAAE-----GKT 
GGLLAGHDQCGGEVVEKDGKKYKLFYGMSSDTAMKK----YQGSVAEYR.ASE-----GKT 
GGMFSGHTECAGEVFERNGRKLKLFYGMSSDTAMNK----HAGGVAEYRASE-----GKT 



Ec IMPD 
Ba-IMPD 
Pf-IMPD 
Ld-IMPD 
At:IMPD 
Se IMPD 
om:IMPD 
Ma_IMPO 
Ec_GUAC 
A1_GUAC 
Ha_GUAC 

Ec_IMPD 
Ba IMPD 
Pf=IMPD 
Ld_IMPD 
At_IMPD 
se IMPD 
Dm-IMPD 
Ma:IMPD 
Ec GUAC 
A1:GUAC 
Ha_GUAC 

PEGIEGRVAYKGRLKEIIHQQMGGLRSCMGLTGCGTIDELRTKA-----EFVRISGAGIQ 
PEGIEGRTPYKGPVEETVYQLVGGLRSGMGYCGSKDLRALREEA-----QFIRMTGAGLR 
PEGVEGVVPYRGTVSEVLYQLVGGLKAGMGYVGARNIKELKEKG-----EFVIITSAGLR 
AQGVSGNVVDKGSAAKLIAYVSKGLQQSAQDIGEISFDAIREKMYAGQVLFSRRSPTAQG 
AQGVVGAVAOKGSVLKLIPY'IMHAVKQGFQDLGASSLQSAHGLLRSNILRLEARTGAAQV 
AQGVSGAVVOKGSIKKFIPYLYNGLQHSCQDIGCRSLTLLKNNVQRGKVRFEFRTASAQL 
AQGVSGSIVDKGSVLRYLPYLECGLQHSCQDIGANSINKLRDMIYNGQLRFMKRTHSAQL 
AQGVSGAVQOKGSIHKFVPYLIAGIQHSCQDIGAKSLTQVRAMMYSGELKFEKRTSSAQV 
VK-----LPLRGPVENTARDILGGLRSACTYVGASRLKELTKRT-----TFIRVQ---EQ 
IY-----MPYRGOVSRTIHDLLGGLRSACTYIGATKLKELSKRA-----TFVRVT---QQ 
VE-----VPYKGDVENTILDILGGLRSTCTYVGAAKLKELSRRA-----TFIRVT---QQ 

ESHVHDVTITKESPNYRLG-------------------------s­
ESHPHOVQITVHRNKALPGLFGSHQKKTGFVYDECCQSGFFSSD-­
ESHPHDIIITNEAPNYPLER--------------------------
EGGVHSLHSYEKKLF.AAXM--------------------------­
EGGVHGLVSYEKKSF------------------------------­
EGGVHNLHSYEKRLHN------------------------------
EGNVHGLFSYEKRL-------------------------------F 
EGGVHSLHSYEKRLF-------------------------------
ENRIFNNL-------------------------------------­
TNOQYSAYEVPRID-------------------------------­
HNTVFS----------------------------------------
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Table l. Biological distribution of PRTases and nucleoside phosphorylases 

ORGANISM APRTase XPRTase HGPRTase PNP 

Escherichia coli 
Haemophi/us innuenzae * 
Salmonella typhimurum ? 
Lactococcus /actis ? 
Mycop/asma genitalium 
Methanococcus voltae • ? 
Methanococcus jannaschii 
Giardia /amblia 
Tritrichomonas roetus 
Kinetoplastida * 
Leishmania clonavani ? 
Pfasmoclium ratciparum 
Toxoplasma gondii * • 
Eimeria tenel/a 
Schistosoma mansonl • 
mammalian cells 

APRTase: adenlne phosphoribosyltransferase; GPRTase: guanine phosphoribosyltransferase; 
XPRTase: xanthine phosphoribosyltransferase; HGPRTase: hypoxanthine-guanlne 
phosphoribosyltransferase; HGXPRTase: hypoxanthine-guanine-xanthine phosphoribosyl­
transferase; PNP: nucleoside phosphorylase. GPRTase has only been reported in G. /amblia, 
and HGXPRTase only in T. foetus and E. tenella (Based on Berens el al., 1995). 

presence 
? no lnformalion available 



Table 11. Purine nucleotide salvage pathways in organisms whose entire 
genomes have been sequenced (October, 1996) 

Organism 

Haemophilus influenzae 

Mycoplasma genitalium 

Methanococcus 
jannaschii 

Saccharomyces 
cerevisiae 

Enzyme 

PRTase 

nucleoside 
phosphorylase 

PRTase 

nucleoside 
phosphorylase 

PRTase 

nucleoside 
phosphorylase 

adenine deaminase 

PRTase 

nucleoside 
phosphorylase • 

adenine deaminase 

Salvage pathway 

direct conversion of base 
into a ribonucleotide 

reversible conversion of 
bases to nucleosides 

direct conversion of base 
into a ribonucleotide 

reversible conversion of 
bases to nucleosides 

direct conversion of base 
into a ribonucleotide 

reversible conversion of 
bases to nucleosides 

interconversion by base 
alterations 

direct conversion of base 
into a ribonucleotide 

reversible conversion of 
bases to nucleosides 

interconversion by base 
alterations 

• The pirS48560 sequence from S. cerevisiae has a 50.7% identity value in 274 aa in human PNP 
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CONCLUSIONES 

Si bien Jos caracteres moleculares como eJ 16/J SS rRNA han 

demostrado el origen monofilético de todos Jos organismos y. por ende. Ja 

existencia de un ancestro común a todos ellos (Woese 1983). es ilnportante 

reconocer Jos JiJnites de este enfoque tanto en Ja reconstrucción de las 

filogenias y las características del cenancestro, como respecto a Ja poca o nula 

infonnación que nos proporcionan sobre el origen de Ja vida tnismo. No hacerlo 

puede llevar a conclusiones prematuras. como ocurrió con Ja definición original 

del progenote sugerida por Woese y Fox (J 977), o con la caracterización del 

cenancestro como una célula con genoma de RNA y que supuestamente 

dependía heterotróficamente de nucleótidos de origen abiótico, tal como lo 

sugirieron Mushegian y Koonin (1996). 

El trabajo de Mushegian y Koonin (J 996) que propone a) cenancestro 

como una célula dotada de genoma de RNA, enfrenta una serie de objeciones 

que incluyen: a) las evidencias de gran cantidad de genes homólogos comunes a 

Jos tres dominios celulares, Jo que sugiere que eJ cenancestro poseía un 

complejo sistema genético (Lazcano et al 1992); b) Ja homología encontrada 

entre las secuencias de DNA polimerasas de Methanococcus_jannaschii con la 

DNA politnerasa JI eubacteriana y con las polimerasas a.y. y e de eucariontes 

(Bult et al 1996); y c) Ja similitud que existe entre las secuencias de la 

ribonucleótido reductasa de Ja arqueobacteria Pyrococcus .fi1riosus con sus 

contrapartes eubacteriana y eucarionte (Riera et al.. 1 997). Estas evidencias 

sugieren que los genomas celulares de DNA surgieron antes de la divergencia 

de los tres dominios celulares. De hecho. la metodología de Mushegian y 
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Koonin (1996), basada al menos en parte en las ideas de Benner et al (1989), 

que pretende identificar los genes posteriores al cenancestro y a su vez 

reconstruir algunas de las características de Jos estados anteriores al 1nismo, ha 

pasado por alto la posibilidad de pérdidas secundarias polifiléticas posteriores a 

la diversificación de los tres linajes celulares. 

Como ya se discutió arriba, cuarenta años antes de que se reconociera el 

papel del RNA en la evolución biológica temprana N.H. Horowitz (l 945) 

sugirió la llamada hipótesis retrógrada para explicar el origen de las rutas 

biosintéticas. Los resultados presentados aquí sugieren que la aplicabilidad de 

esta idea es bastante limitada. El análisis cladístico de las enzimas que 

participan en las rutas de salvamento de nucleótídos de purinas presentadas en 

este trabajo no apoya la idea de Horowitz (1945, 1965), que supone que los 

genes homólogos codifican enzimas que catalízan pasos sucesivos en una 

misma ruta biosintética. El análisis comparativo de genomas celulares completos 

ha demostrado que el orden de Jos genes no se encuentra conservado en la 

evolución de los procariontes (Mushegian y Koonin, l 996b; St. lean y Charlebois, 

J 996; Tatusov et al., 1 996). Sin embargo, aunque la falta de contigüidad de Jos 

genes homólogos que codifican enzimas de rutas de salvamento no descalifica por 

si misma la hipótesis de Horowitz, los resultados del análisis comparativo de las 

secuencias de estas enzúnas si son una prueba en contra. Con la excepción de los 

pares .fonnados por (a) Ja Il\1PDH y la GMP reductasa; y (b) la AMP deaminasa 

con la adenilosuccinato sintasa, no existen ejemplos adicionales que demuestren 

que enzimas homólogas catalizan pasos sucesivos. Estos ejemplos son pocos y no 

bastan, por si mismos, para validar la hipótesis retrograda. Se puede suponer, 

por ejemplo, que los pasos son quí1nicamente equivalentes y que la enzi1na 



original era 1nenos específica. En este caso, la evidencia de la homologia de las 

enzimas 1nencionadas podría ser interpretada cmno apoyo a las ideas de Waley 

(1969), Y cas (1974) y Jensen (1976). 

Los componentes enziináticos de las rntas de salvamento de nucleótidos de 

purinas presentan una historia filogenética compleja. El acceso a genomas celulares 

completos ha pennitido demostrar que las rutas de salvamento presentan una 

variedad de estrategias en diferentes organismos, aunque no es claro aún si existe 

un patrón o no en su distribución. A diferencia de macromoléculas como el RNA 

ribosomal, la distribución filogenética de las rutas de salvamento demuestra que 

éstas no son buenos marcadores evolutivos de tipo universal. Sin embargo, 

constituyen un buen modelo para estudiar el origen y la evolución de las rutas 

metabólicas. El uso directo de purinas y pirinlldinas presentes en la sopa primitiva 

por los primeros organismos, puede considerarse como una fonna pritnitiva de rnta 

de salvamento (Hitchings, 1982), pero es probable que las rutas de salvamento que 

dependen de PRTasas, deaininasas, GMP reductasas y otras enzimas que utilizan 

como substrato a nucleósidos y nucleótidos hayan surgido luego de su contraparte 

biosintética. Es decir, el origen de la mayoría de las rutas de salvamento de 

nucleótidos de purinas no es conco1nitante con el origen de la vida 1nismo. 

El descubrilniento de que una porción intportante de los genomas 

bacterianos ha resultado de duplicaciones parálogas ancestrales (Fleischrnarm et 

al., 1995; Fraser et al., 1995; Koonin et al., 1995; Labedan y Riley, 1995) es 

consistente con la hipótesis de que las rntas metabólicas fueron ensambladas por 

patchwork. Cada uno de los ejemplos de enzimas homólogas que se discuten en 

este trabajo son proteínas que catalizan reacciones quúnicas comparables. Ello 



apoya la idea de que las rutas ancestrales fueron mediadas por enzimas que 

poseían una baja especificidad al substrato (Waley, 1969; Ycas, 1974; Jensen, 

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

encuentran directrunente conectadas, como la biosmtesis de histidina y piritnidinas. 

Por otro lado, la demostración del papel que la duplicación génica jugó en el 

ensrunblaje de las rutas de salvrunento 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 nitas 

anabólicas durante el Arqueano temprano (Lazcano y Miller, 1994). 

El reconocitniento del papel de la duplicación génica en la evolución de las 

nitas metabólicas no resuelve el problema del origen las enzitnas que no surgieron 

de esta manera. En algunos casos, las enzitnas ancestrales pudieron haber tenido su 

origen en reacciones no enzitnáticas, y fueron proteinas que aceleraron nn proceso 

espontáneo pero lento (Lazcano y Miller, 1996), como es el caso de la 

descarboxilación fotoquúnica del ácido orótico descrita por Ferris y Joslú (1979). 

Todo sugiere que las rutas pri1nitivas pudieron haber existido con nn número 

reducido de pasos 1nediados por enzitnas poco específicas. Un ejemplo lo 

constituye el tnodelo de sintesis de purinas propuesto en el tercer articulo (Becerra 

y Lazcano, 1997), en donde participan tanto reactivos prebióticos como el AlCA y 

catalizadores biológicos corno la adenina PRTasa. En este sentido, es interesante 

hacer notar que varias enzitnas, incluyendo las nitrogenasas (Silver y Postgate, 

1973), las ureasas (Estennair et al., 1992) y la adenitta PRTasa (Flacks et al., 

1957), catalizan reacciones que ittvolucran HCN o sus derivados (cianida, 

acetileno, cianrunida, dicianrunida, AlCA, etc.) los cuales son considerados como 

reactivos prebióticos. El hecho de que estos compuestos casi no participen en los 



procesos bioquúnicos actuales, pero que se usen como substratos alternos por 

diferentes enzimas, abre la posibilidad de que estemos observando vestigios de 

cuando los metabolismos prúnitivos dependían de procesos semi-enzimaticos. 
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