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Este frabajo de tesis estd conformado por cuatre manuscritos, de los cuales dos son
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GENOMICS. Islas S., Becerra A, Leguina J.I., and Lazeane A. In J. Chela-Flores
and F. Raulin (eds.), Excbiclogy: Matiter, Energy, and Information in the Origin and
Evolution of Life in the Universe, 167-174. 1998 Kluwer Academic Publisher.
Printed in Netherlands
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o COMPARATIVE BIOCHEMISTRY OF €O, FIXATION AND THE EVOLUTICN OF
AUTOTROPHY. Peretd J.6., Velasco A. M., Beserra 4., and Lazcano A.1999
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INTRODUCCION

I Evolucién temprana de ia vida y el Glitimo ancestro universal

€l uso de la subunidad peguefia del rRNA como marcador molecular ha permitido
desarrollar una filogenia universal, en donde fodos los organismos quedan agrupados
en alguno de los ires principales lingjes celulares, subacteria, arqueohacterias v
eucariontes, chora denominades como los dominios: Bacteria, Arquea y Eucarya
(Woese et al., 1950}, Este drbo! evolutivo sin rafz, que resultd de la comparacién de las
secuencias de genes ortélogos de rRNA, se trifurca a partir de un ancestro comdn, al
que Woese y Fox (1 977) denominaron progenote. Debido a que no se ha descubierte
un organisme que pueda servir como grupo externo a esfos tres linajes celulares, el
progenofe fue definido ne séle como el ancestro comin a las eubacterias, las
arqueobacterias y los eucariontes, sino también como una entidad hipotética primitiva
en la que la separacién de fenctipo y genotipo aiin no habia tenids lugar (Woese v Fox,
1977). Afios mas tarde, Woese (1983, 1987) continud desarrollando su hipdtesis y
propusc que el progenote era un sistema donde el material hereditario estaba
constituide por moléculas fragmentddas de RNA que alin no estaban integradas en un

solo polimerc genético.

Ne fodos aceptaron la posibilidad de que el Gltime ancestro comin fuese, en efecto, un
progencte. A partir del andlisis de las secuencias de tRNAs de los tres linajes
celuiares, Fitch v Upper (1987) sugirieron que ei ancesire comin & esios ya poseia un
cédigo genético equivalenie ol de las células contempordneas, y propusieron gue el
érbol del rRNA sze frifurcaba no a portir de un progenofe sino de un organismo
compleje al gue denominaron cenancesivo. Por otra parte, la comparacidn dz las
secuencias homdlogas comunes a organismos de los fres lingles permitié proponer gue

el ancestro comin del drbol de rRNA era, en reclided, una célula procarionte detada



de los mismes rasgos bioldgicos de una bacteria contempordnea {Lazcano et al., 1992;
Lazcano, 1995}, A pesar de que no se puede exciuir del tode ni la posibilidad de que

hayan ocurride fendmenos de fransporte horizontal entre los fres lingjes, ni de que

al., 1997}, la caracterizacién del ancestro comiin a estos tres grupes como una célula
procarionte compleia sugiere la existencia de una fase de evolucién bicldgica previc a

ia Trifurcacion .

Como es sabido, no fue sine hasta que se utilizaron conjuntos de genes pardlogos que
se habian duplicado antes de la separacion de los fres lingjes cuando se pude comenzar
a construir drboles universales con raiz, ia cual s he ubicado en io rama eubacteriana
(Gogarten et al., 19892; lwabe et al., 1989). Aunque la idea de que las eubacterias
corresponden al fenotipo mds antiguo de todas las formas actucles de vida ha ide
ganendo ung aceptacion creciente (Brown v Dolittle, 1995}, es igualmente cierto que
existen anomalias alin no explicadas, entre las que se incluyen las filogenias
consiruidas con secuencias de gluiamato deshidrogenasas, glutamine sintetasas
(Forterre et cl., 1993), carbamoil-fosfato sintetasas, proteinas de chogue térmico vy
otras mds. Ello ha llevade o sugerir que en el pasado pudo haber ocurrido un
transperie masive de genes enire ios ancestros de bacterias gram positivas v las

arquecbacterias {Gogarten, 1994).

La descripcién del ditime ancestro comin a log tres lingjes celuiares puede ser

inferida por la distribucidn de les caractzres homdloges entre sus descendientes. La
ol mmomarsmrm o mad Emainy s onE o e e
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disponibilidad de secuencias provenientes de genomas completos en bases con geoese

oublico he aumentado las herramientss para lo caracterizacidn de la naturaleza del

cenancestro. Sin embarge, los diferencias en e! reperteric metabélico Tanto como an
ios mecanismos de expresidn de genes deniro de los tres dominios (Olsen and Woese,

1997), demuesire que la caracterizacidn del ultime ancestre comin estd aln lejos vy



por el momento subsiste una fuerte controversia sobre su naturcleza (Doglittle
2000

En principio, se pueden intertar reconsirucciones de estados ancesirales con ung

completos de los tres dominios celulares, los caracteristicas del cenancesire estarian
definidas por las propiedades que se comparten en todos los erganismos vivientes,
menocs agueilos gue son el resuitade de evoiucion convergente v :os gue son adquirides
por transporte horizontal (Figura 1). Sin embarge, el andlisis de la inferseccién de
genomas puede complicarse por ias proteinas que no han side identificadas, ademds de
aquellas gue han modificado su secuencia rdpidamente y por ende no se reconoce su
ancestria comin. Ademds, se pueden hacer inferencias incorrectes si no se considera

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

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

Figura L. Caracterizacion de! (iYime Ancesirs Comin (LCA)



II Bl papel de las duplicaciones génicas en la eveolucién de rutas metabdlicas

or explicar 2l origen de las rutas metabdiicas provizne del trabajo
de Horowitz (1943), quien sugirié que el desarrolic y evolucidn de las vias biosintéticas
es el resultade de una adquisicién secuencios de enzimas, perc en un orden inverso al
que actualinente poseen en ung via dada, Esta propuesta, basada en las ideas de Oparin
{1938), establece una conexion evclutiva entre el ambiente primitive vy la emergencia
del metabolismo bicldgico, al sugerir gue los intermediarios bioquimicos de les rutas
metabélicas bdsicas estaban ya presenies en el medic prebidtico. Tiempo después, el
descubrimiento de los operones lievd a Horowitz (1965) a desarrcliar su idea va
conocida pare enfonces come la hipétesis retrdgradas, al provoner que ei

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

una sucesidn temprana de duplicaciones génicas en tandem.

Sin embargo, es facil encontrar una serie de objeciones a la hipdtesis refrigrada. La
mayoria de los intermediarios metabélicos son gquimicamente inestables, y su
acumulacidn en la sopa primitiva resulte dificli de explicar. Ademds, muchos de estos
intermediarios son compuestos fosforilados, los cuales ne podrian permear féciimente
las membrancs primordiales en ausencia de un sistema de fransporte especiclizade.

Una propuesta citernativa sobre el pesel de la duplicacién génica en el establecimiente

de rutas cnabdlicas fue desarrolindn independientemente por Weley (1969), Yeas

~

1974} v Jensen (1976). Segin estos aufores, los rutes biosintéricas

. | - i apie tem ety 2 f E 5 HP v
ersambladas por un mecanisme de "patchwerk en que participaron

enzimas primitivas con una baja especificided at sustrato. De geuerds con esta ideq,
s ruteg metabdlicas estaban catalizedns por enzimes gue podion uscr diferentes

substratos parecides. De esta manerg, ls Zuplicacion génica v o divergencia evelutive

de las secuencias resultantes fue el mecanismo gue incrementé el tamafls de los genes



v aumentd la especificidad de las enzimas of substrate. Diferentes ejemplos de este
mecanisme han sido descrites {Becerra v Lazcano 1998, Islas et al.,i998), lo que
demuestra que la duplicacién génica jugé un papel importante en la evolucién emprana
e B e o vl mm gm
Q€ 14q Vi UU I MIERUD Sl o
gue debieron existir mecanismos adicionales gue parficiparon en el incremento del
material genétice, ya que ne todes procescs metabdlicos pueden ser explicados por

eventos tipo peichwork,

IIL El papel de las secuencias simples en la evelucidn temprana de la vida

Uno de los problemas centrales en el estudic de la evolucidn temprona de la vida es
entender cual es el origen del material genético a partir de lo que debieron haber sido
genomas extremadamente reducides. La disponibilidad de secuencias de genomas
celulares completos provenientes de los tres lingjes {Arquea, Bacteria, v Eucarya), ha
permitido analizar este fendmenc, encontrands gue la duplicacién génica junto con el
transporte horizontal vy la simbiosis son los principales mecanismos que han
incrementade el material genético. Sin embargo, pudieron existir otros mecanismos
que incrementaron él aumerc y Tamafio de los genes durante g evolucidn temprana de

la vida, Uno de estos mecanisines pudo haber side la generacidn de secuencias simples.
Las secuencias simples son regiones de proteinas y deidos nucleicos gue presentan un
sesgo composicional en sus residuos y tipicamente contiznen segmentos repetitivos, es
decir, los lHomados segmentes de baje complejidad. Los segmenios de baja

complejidad son oroducidos por mufociones tips slinped-strand’ durante o

materiah gendtice {Fig.2). Si bien lu alta frecuencic de secuerncias
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letectade fente en genomas suceriontes como en boses de doves
{Brittan ond Kohne 1908; Tautz ond Renz 1984 Wootten and Federhen 1993},

recientements s2 ha cobrado conciencia de gue este Tendmeno también ocurre en

procariontes {Saunder 27 ol 1995, este trabajo). Debido ¢ que las secuencias simples



y aumenté o especificidad de las enzimes of substrato. Diferentes ejemplos de este
mecanismo han sido descritos {Becerra y Lazcano 1998, Islas et ol 1998), lo que

demuesire que la duplicacion génica jugd un papel importante en la evolucion temprana
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que debizron existir mecanismos adicionales que participaren en el incremente del
material genético, va que no todos procesos metabdlicos pueden ser explicados por

eventos tipo pafchivork.

ZIT El papel de las szcuencias simples en la evolucidén temprane de la vida

Uno de los problemas centrales en el estudio de la evolucidn tempranc de fa vida es
entender cual es el origen del material genético a partir de lo que debieron haber sido
genomas extremadamente reducidos. La disponibilidad de secuencias de genomas
celulares completes provenientes de los tres linajes (Arguea, Bacteria, v Eucarya), ha
permitido anglizar este fendmene, encontrando que la duplicacidn génica junte con el
transporte horizontal y la simbiosis son los principaies mecanismes que han
incrementado el material genético. Sin embargo, pudieron existir otros mecanismes
que incrementaron &l numerc y famafio de los genes durante ia evolucidn temprana de
la vida. Unc de estes mecanismos pudo haber sido lo generacidn de secuencias simples.
Las secuencios simples son regiones de preteinas v dcidos nucleicos que presentan un
sesgo composicional en sus residuos v tipicamente contienen segmentos repetitivos, es

decir, los lomados segmentes de baje complejidad. Les segmentos de baja
complejidad son producides por mutaciones tipe slipped-strand’ durante la
replicacién dei material gendtice Fig.2). St bien la alta frecuencic de secuencias

simples he side detectada tonde en genomos zucoriontes como en bases de doios

recientements s2 ho cobrado conciencia de gue este Tendmenc también ocurre en

procariontes {Saunder 2t ol. 1998; este irabaje). Debido ¢ que jas secuencics simples



se han enconirado tarnto en secuencias codificantes como no codificantes, se ha
sugeride que juegan un papel imporiante como fuente de variabilidad genéticay en la

evolucidn del tamafio de genomas {Tautz et al., 1986; Hancock 1995). Debido a su

de variacién Tenotipica, especialmenie dentre de los procariontes patégencs (Moxon
et al., 1994; Moxon 1999). Sin embarge, el papel de las secuencias de baja complejidad
pudo ser relevante en la evolucion Temprana de la vida, dade Gue es un mecanismo
réoide de amplificacién del material genético. Asl, junto con la duplicacidn interna, la
transferencia horizontal y la simbicsis, pueden haber jugodo un pape!l importante en ia

evolucidn del Tamafic v de las propiedades codificantes de los genes ceiulares.
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Figure 2. Proceso de “slioped-sirand”, dende un apares incorrecto de los cadenas de DNA
genera la amplificacidn de s secuencia simple.



Para conocer el papel de las secuencias simples en la evelucién temprana de la vida se
analizaron los siguientes protzomas completos de los siguientes organismos

Escherichia coli (Blatiner et. al., 1997), Haemophilus influenzae (Fleischmann et. al.

@
-t

al. 1999},
Ricketisia prowazekii {Anderson 1998), Bacillus subtilis (Kunst et al. 1997),
Mycoplasma genifalivm (Fraser 2t ol. 1996}, M. preumonice (Himmelreich et. ol. 1996},
AMycobacterium fuberculosis (Cole et al.1998), Chlamydia frachomatis (Stephens et ai.
1998), Campylobacier jejuni (Parkhill et. al. 2000), Borrefia burgdorferi (Fraser et al.
1997), Treponema paliidum (Fraser et al. 1998}, Aguifex aeolicus (Deckert et al
1998), Swnechocysiis sp. (Kaneko et al. 1996), Deinococcus radiodurans (White et, al.
1999), Thermotoga maritima (Nelson et al. 1999), Methanococcus jarnaschii (Bult et
al. 1996), Methanobacterium thermoautotrophicum (Smith et al. 1997), Archaeoglobus
Fulgidus (Klenk et al. 1997), Pyrococcus horikoshii (Kawarabayasi et al.1998), v los
oroteomas de Saccharomyces cerevisioe {(Goffeou et. ol 1997), v Caenorhabditis
elegans. Utilizando el programa SEG (segment sequences by local complexity program;
Wootton and Federhen 1993}, el cual cuantifica la complejidad de las secuencias. Para

ello se utilizé el valer de granulidad: 12 2.0 2.2 donde el inicic de ventana (trigger) fue

de W= 12, el valer de complejidad Kiz 2.0; la extensidn de compizjidad K2= 2.2. Ei

()]

orograma SEG se complemento con un pregrama en shell wnaix, lo que permitid o
identificacién de secuencias con segmentos de bala complejidad (programa 1) La
composicién de amincdcidos de les regiones con baja complejidad fue calculade usands
el progrenc aecomp de ia pagueteria de FASTA (Pearson and Lipman 1988). Tode i¢
crterior pzrmite conocer parte de {a naturaleza de las secuencias simples v nor o
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IV La evolucidn de la autotrofic: bicquimica comparada de la fijecién del €O,

Diversos mecanismes de fijacién bioldgica de COp, explican la diversidad y éxito
evolutivo de los organismos autoirdficos. Segiin la formulacidn cldsica de la teoria
heterdtrofa del origen de vida (Oparin 1938), una vez que el suminisire de
compuestos orgdnicos abidticos se volvié un factor limitante, las primeras células
desarrollaron otras maneras de obtener carbono vy energia. Esto llevd al desarrollo de
los primeros organismos fotoauidtrofos, y luege a la fotosintesis (Oparin 1938}
Existen diferentes evidencias que apoyan la antigiiedad de la ruta de reduccidn de la
pentosa-fosfato, o ciclo de Calvin-Benson. Ello incluye (a} la existencia de microfdsiles
fipo cianobacterias en sedimenios australianos con 3.5 x 10° ofios de edad, lo que
sugiere gue el ciclo Calvin-Benson aparecid durante 2l Arqueanc tempranc (Schopf
1993); vy (b) los perfiles de fragmentacién isctépica del ciclo del carbono en el
Arqueanc Yempranc, que son consistenfe con el proceso de fijacidn del carbone
catalizada por la RuBisco (Haves, 1994). Sin embarge, la filogenia universal basada en
el 16/185 rRNA indica que la fotosintesis basada en clorefila se desarrolié
relativamente tarde en la rama bacteriana {Woese 1887; Pace 1997). Por lo tanto los
primeres organismos autéirofos debieron usar energia quimica en lugar de energla
iuminica, por lo que la ruta de reduccidn de la pentosa-fosfato, debe haber sido
srecedida por mecanismos mds antigues de asimilacidn de CO,.

La asimilacidn del didxide de corbone es un muy extendide, pero las diferencias
hloguimicas entre ias rutas matchélicas sugiere gque éste habilidad eveiucions de
mansra convergante en grunos de procariontes amplicmente separados. Ademds del
cicie Colvin-Benson, hey ofros mecanismos de aesimilacidn de £0: gue incluyer {2} la
Y gl cicie de reduscidn de lo acetil-

Cof, {o ruta de Wood pathway), v {¢] otre mezanismo menos comir, la llamada ruta del



hidroxipropionato, descrita inicialmente en Chloreflexuys, una cianobacteria

fotosintético no sulfurosa.

Hace veintz afies se argumentd que el cicl
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dei ciclo de la ribulosa monofesfate en una poblacién hetrectréfica ancesiral (Quayle
y Ferencia 1978). Recientemente, Wichtershduser {1990) ha pronuesto un esguema
guimnioatoiréfice pora el origen de vida, en donde la formacién de pirita se relaciona
con la fijacidn del CO». Nosotros proponemos que ninguna de estas dos alternativas es
correcia, ¥ que la distribucidn filogenéticas de las rutas Arnon y Wood-pathway no
permite deducir cual de estes dos ciclos es mds antiguo. También argumentamos que
existen evidencias experimentsles que sugieren gue una ruta semi-enzimdtica tipe

Woed pude haber sido une de los primeros procesos bisidgicos de fijacidn del carbén.



TS 4 AT ur TRANWE AN TIE T,

EARLY METABCGLIC ZVOLYG

CELLULAR GENORMICS

=1
s
)
gﬁ
Ei
w
{
)
i
i
]
]
&)
S
€3
-
%
h:

S ISLAS, A BECERRA. 1. I LEGUINA, 2ud A. LAZCAND
Foacultad de Ciencigs-UNAM
Apdo. Postal 70407, Cd Universitaria
04510 Meéxico D. F., MEXICO

1. intreduction

The use of small subumit fRNAs as molecilar masrkers has led to universal
phylogenies, in which ali known organisms can be grouped in one of three major cell
lineages, the eubacteria, the archaeabacteria, and the eukaryotic nucleocytopiasm, now
referred to as the domains Bacteria, Archaea, and Eucarya, respectively (Woese ef al.,
1990). A description of the last commeon ancestor (LCA, i.e., the cenancestor), of these
three primary kingdoms may be inferred from the distribution of homologous
characters among its descendants. In conjunction with the fragmentary information
avaiiabie from other organisms, the compieic genome sequences now avaiiable in the
pubiic databases allow such characterizations, and in some cases can even provide
insights into the nature of the cenancestor predecessors. Here we discuss the basic
assumptions and sirategies used in such approaches, anG apply ifhem (o the
anderstanding of the evolutionsry assemblage of argimine biosynihesis. Additional
aspecis of the evolution of metabolic roniss have been discussed in Peretd ef af. (1997).

The distribution of mauy biosyn &@hc enzymes found in all thres primary lines of
descent before compleir genome seguencss beeame available had alveady led to the
iiea that the cenancesior was car‘»pamme o modern prokaryotes in its biclogical

complexity, ecological mpamia‘?fy and cvniumﬁa:y potentizl (Lazcano, 1995

[

However, the differences In the metzbolic renerivire and gene exnression _¢%;msmt
artong the three primar J:; aias (of. Clsen and @f’ﬁew, E937) deronsirate that th
charsoterization of the L0A s an undnished fask snd thas s*”’m’:‘: staleTens a:ﬁr,ﬁ

broad gonerafizations shonid be avoided.

167
I Chela-Flores and F Raulin {eds.),

Exobiciogy: Marier, Energy, and fnformation in the Origin arnd Evolution of Life i the Universe, 167174,
© 1998 Kluwer Academic Publishers. Frinted in the Netherlands.



168 S.ISLASET AL.

in principle, backirack reconstructions of amcestral states car be achieved with 2z
simple, straightforward methodolegy. Given the availability of complete genome
sequences from the three primary domains, the cenancestor is defined by properties
shared by 2il living organisms, minus those that are the outcome of comvergent
evolution and those acquired by hotizontal transfer (Figure I). However, cross-
genomic amalysis can be difficuited by unidentified proteins encoded by rapidly
evolving sequences, as well as from the properties of a given genomic daiaser,
Inferences on the nature of the LCA can also be biased by the reduced DNA contsnt of
parasites and pathogens such as the mycoplasma, which have been selected as modei
crganisms beczuse of their smail, compact genomes (Becerra ef f., 1997). Although
the application of shotgun sequencing has led to an impressive growth of the databasss
in & very short iime, larger volumes of complete genome sequences reflecting a broader
cross-gection of biological diversity are stili requires.

Figure 1. Intersection of the complete sequense spaces of the three domalins defines the gene complement of the
common ancestor (LCA). Identification of rapidly-evolving sequences would jead to & bigger set of ancestral
genes (hatched areas).

FaEn T

The functions of many open reading frames (ORFs) derived from compigte genome
sequencing proiccts have beer tentstively ideniifed by computer searches bassd on
structural similariiies fo known seguences in daizbases, Dud many MORE rowiain
anidentified (30 10 $0%, depending on the organism). Such databases are oollectioas of
the seguences (hat make up biolegical systeims, but understanding how esch compsnent
works is not encugh Tor 2 proper description of how the entire svsism pronseds
(Kamehisa, 1597}, For instance, in the Bocillus subiiiis (rypiophan oporde 0o $84.5008

Fom tia i : et e Sy e PG U B S L i1 L R P
SRCONSE L8 ZANETUNS AIGIIS DansiETase required W0 shfnranyate CIOETINAESIE. b
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EARLY CELLULAR EVOLUTION 169

would pose a problem in comparative genomic-based metabolic reconstructions, had
biochemical experimentation not demonstrated that in B. subiilis the required gene is
shared with the folate biosvnihetic route, in whose operon it is located (Crawford,
1989).

As summarized in Table I understanding of the evolutionary development of
metzbolism can be obscured by a complex series of changes involving enzymatic
additions, sccomdary losses, pathway replacemenis, and fonctional redundancies.
Additional complications can result from {a) intraespecific enzyme substitutions
involving paralogous proteins; (b} that possibility that extant enzymes may have
participated in alternative routes which no longer exist or remain to be discovered
(Zubay, 1993; Becerra and Lazcano, 1997); (c) homologous enzymes endowed with
wicely different catalytic properties (see below);, and (d) iniraceliular Dhotizontal
aransfer within nucleated cells (Embley ez ¢, 1997)

TABLE I. Some processes in metabolic evoiution.

process examples reference

addition of enzymatic step(s)  oxygen-dependent cholesterol biosynthesis Bioch {1994), Ourisson

and Nakaiani (1994)
archaeal biosynthesis of 2,3.di-O-plhvtanit Stetter {1996)
sn-glycerol
joss of routes and enzvines purine bicsynthesis in parasites Becerra et al. {(1997)
pathway replacement aerobic instead of anaerobic biosynthesis of  Bloch (1994)
monounsawraied fatty acids
fungal bysine biosynthesis Vogel (1960)
functicnal redundacics phosphatidylcholine biosynthesis Bloch (1594)

imidazole biosynthesis in purine and histidine  Peretd ef al. (1997)
biosyniheses

3. Bid metabolisn evelve backwards?

The first attempt to expinin the emergence of metabolic pathways was ﬁ@v@.@p@i oy
Horowitz (1943), who sugges ﬁd that binsvathetic enzymes had been acguirsd vig gene
duplications that took place in reverse order as found in extani pathways. This ides
aisc known as 'émw rgirngrade byvothesis, established ap evolutionary connecticn
between 'a’*pe jehlis] ¢he deveiopment of mefabolic pathways, and is
freguvently inveked in descriptons of early biclogical evelution {cfl Peretd ef of., 1957

[ sk A ¢ sy ¢ o f = . ) h s o s
Promoted by the discovery of operons, Horowite (1965 resiated his model, argming
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that it was supported not oniy by the overlap between the chemical structures of
products and subsirates of the enzymes catalyzing successive reactions, but also by the
clusiering of functionalily related genes.

Although somme operon-like gene clusiers are found in both bacterial and archaeai
genomes, whole genome comparisons between distant prokaryotes have shown that
gene order can be easily eroded by extensive shuffling events (Mushegian and Koonin,
1996). This implies that the distribution in prokaryotic chromosomes of homologous
genes encoding pathway enzymes camnot be used to (dis)prove the Horowitz
hypothesis. However, if the enzymes catalyzing successive steps in 2 given metabolic
pathway resulted from 2 series of gene duplication events (Horowitz, 1963), then they
must share structural similarities. The koown cramples confirmed by sequence
comparisons that satisfy this condition are limited (o few pairs of enzymes and have
been discussed elsewhere (cf. Peretd ef al., 1997).

4. The patchwork assembiage of biosynthetic routes
An slternative interpretation of role of gence duplication in the evolution of metabolism

According to this scheme, bicsynthetic rouies were assembled by primitive catalysts

t could react with a wide range of chemically related substrates. The recruitinent of
enzymes from different metsbolic pathways to serve novel catabolic routes unmder
strong selective pressures is well decument under Iaboratory conditions. Repeated
ocourrences of homnologous enzymes in different pathways provide independent
evidence of patchwork tinkering. Daia derived from the ongoing gerome projects has
already demonstrated that a large portion of each organisms genes are related to each
other as well as to genes in distandy related species. As discussed in the following
section, the central role tha! gene duplication and recruitment have played in the
assemblage of histidine anabolism (Atifano ef al., 1996) end purine nucleotide salvage
pathways (Bzcerra and Lazcano. 1997) can also be extended fo include asginine
biosynthesis.

5, Gene duplication and grgining apabolism

The phylogenetic dstribution of arginine biosynthetic genes suggest that (his rowls was
already present in the LCA. Hence, iis absence in both Helicobocter pylori ang the
mycopiasma probably reflects polyphyletic secondary losses. Abthough the same
chemical steps invelved in arginine blosynthesis have been found iz 2l organisms
smdied, ftwo different strategiss for the deacetylaion of the inlsrmediat: AL
acetylornithine have been described. In enlercbacteria, the gerus Pociffus, 2py the

ok : PR ¥ AP S Sy : te e ] ) et %
arckacon Sulfolobus soifpiaricus this reaction is catalveed by Nemeetvlornidiinase, fie




=

Figure

2. Arginine Hlosymihesis, T1

EARLY CELLULAR EVOLUTICN

L-Ghadamete
Acelyl-CoA=~_§
Macsiiguiamete synthase,
j ergA (agb)
CoAS—ﬁ%z

!\Lﬁceiyigutamate

fv—aceéy@utama’te kirass,
agB (argA)
AP

Mﬁmy‘iq—guﬁamy phosphate
NADPHEH

fecetvigulamatephospiale reductase,

¢ N-acetylomithine aminctransferase,
i 89D {bioA, gabT, hemi)

{ -Omithine
Carbamovl ie
phosphat “\I Cmitine carbamoy! transferase,
agHl (pyB)
P:;
L—Cimé line

L-Asoarieie, ATP
»ﬁ:@mmsuw nate synthass,

ey
L-Argninosiuctingte
E Argininosucdnass,

&gH (e, farl)
Emar Eté»fr “ﬁ

i-Argning

Th

1e arginine Diosyndetic senes parslogs are indicaied within pereniiesis.

7



72 5. ISLAS ET AlL.

gene product of argl (Figure 2), while 1n other prokasyotes and in fungi the acetyl
group is removed by ornithine-gluiamate acetyliransferase. There is no evidence of
phylogenetic relationship between thess two different enzymes. Another variation in
this pathway occurs in the E. coli K12 sirain, where two homologous genes {org/,
argl} encede a family of four irimeric iscemzymes, that bind to L-oruithine and
carbamoyi-phosphate to produce L-citruiline {Glansdorid, 1996).

Argining biosynthesis consists of eight steps, five of which are medizied by enzymes
that belong 1o different paralogous families (Figure 2). The list includes the pairs
argd/argE, argF/dapE, avd argliargF, and ihe three- and four member families
argH/aspA/fumC and argD/bioA/gabT/heml (Riley and Labedan, 1996}, Although the
first two consecutive reactions in the pathway are catalyzed by the gene products of
homologous sequences {arg4 and argB), we do not consider this as conclusive proof of
the reirograde mechanism. Both reactions are chemically eqguivalent, and during the
early evolution of this route they may bave been catalyzed by an ancestral less-specific
enzyme. Arginine biosynthesis thus provides additional evidence of the role of enzyme
recraitroent in metabolic evolution.

6. Homelogous enzymes can have different catalytic properties

With the exception of proteins in which the evolutionary accretion of a functional
motif or module has led new catalyiic or binding properties, all enzymes encoded by
paralogous genes can be expected fo be endowed with comparable biochemical
properties. However, reports on the existence of homologous enzymes that caialyze
separate and mechanistically different reactions (Neidhart ef al., 1990) prompted us to
search for additional examples in the zvaiiabie databases.

This analysis was performed using the database assembled by Riley and Labedan
{1996), who compared the F. coli 1,862 protein seguences available as of April 1996
in the SwissProt datzbank They concluded that 52.17% of all smdied protein
sequences had resuited from gene duplications, and classified them in paralogous
families defined by sequence sumilarity. Their list includes 112 small families with
only two sequences, 38 with three, 41 with three to seven, and 13 large families. As
roted by Riley and Labedan, most of the members of paraiogous families share
coraparable bicchen.lcal properties, with a scarce 1.23% of homologous protein pairs
displaying whex appear (o be different functions.

We have repeaied this analysis by looking exhaustively at all the chavatterized
paralogous genes, and excluding fom our sample 88 ORFs reporied o5 hypothetical
proteing. The resulting set was cross-checked with experimentzl data and the
cortesgonding Snryme Comisgion 20) number. We have fdund 2 higner nusioer of
homologons genes wilh different HC numbers, which will be descringd olsewhere, An
exampie is siown in Figure 3. It includes argininosuccinals fyase, which catalvigs the

o
ingt ster in srginine biceymtheeis Fisure 2 2nd s homeloes ssnartoie cmment s dugee
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at takes part in the synthesis and interconversion of aspartate and asparagine/, 4l
narafe hydratase (which participates in the tricarboxylic acid cycle). As denoted by
eir corresponding BC number, these enzymes catalyze different reversible reactions

wo-hydrolytic cleavage, {(de)aminadon, and a hydration resction, respectively).
lowever, all three of them use fumarate as substrate, which suggest that the structural
sasis for their sequence similarily may be 2 large homologous binding site for this
compound.

Argininosuccinase (EC 4.3.2.1)
Aspariate anunonia-lyase (BC 43,11

Fumarate hydratase (BC 4.2.1.2}

Figure 3. A three-member family of F. coli paralogous enzymes which different catalytic properties. The
sequences were aligned using the Macaw program. The regions with satistically s:gmﬁc&.m sequencs sunilarity
are shown in black.

7. Conclusions

The discovery that homelogous enzymes that catalyze stmilar biochemical reactions
are found in many different apabolic pathways supports the idea that enzyme
recruitment ook place at a massive scale during the early development of anabolic
pathways. This cenciusion is supported by analysis of the gvaiiable genomic databases,
which suggest that approximately 50% of cellular DNA is the sutcome of paralogous
duplications that may have preceded the divergence of the three primary domains.
Such high ievels of redundancy suggest that the wealth of phylogenetic information
older than the cenancestor itself may be larger than realized, and that this information
may provide fresh imsighis imte a crucial but largely unexplored stage of early
biclogical evolution.
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1. Introduction

Only half-a-century after the DNA double chain mode! 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 gt the molecular iegvel, but also to major conceptual revoiuiions in life
sciences. Is there any hope of developing methodological approaches and theoretical
frameworks not only to make sense of the overwhelming growing body of data that this
relatively new field is producing, but also to usc them to develop a more integrative,
truly multidisciplinary understanding of biological phenomena? As Peter Bowler wrote
a few vears ago, Charles Darwin and his followers were accutely aware that
"evolutionism's strength 25 a theory came fom its ability to make sense out of 2 vast
range of otherwise meaningless facis” (Bowler, 1990). This sifuation has not changed.
Evolutionary biology may be in a state of major turmoi!, but its unifving powers have
not diminished at all. In fact, they probably represent one of the most promising
possibilities of overcoming the perils of reductionism thai have plagued molecular
biclogy since its nception.

Mpolecular approaches o evolutionary issucs are g century old. The possibility of
developing a sucessful blending between them may hiave been first suggested by the
American-born British biologist and physician George M. F. Nutiall, who in 1904
pubiished a book summarizing the resyits of the detailed comparison of bieod proteins
that he had wvsed to recomstruct the evointionary relationships of animals, “In the
shsence of palaeriniegical evidence”, wrote Nutall (1904}, “the question of of the
inggrrelation-ship amongst animais is based upon sindlarities of structure in existing
forms. In judging of (hese similarities, the subjective element may largely enter, in
evidence of which we need bt look 2t the history of the classification of (e Primaies”™.

Such subiective element Nuiiall believed, could be succesfully overcomsd by



overcomed by constructing a phvicgeny based not on form but on the inmunological
reactions of blood-related proteins.

Although the comparative analysis of biochemical properties, metabolic
pansways and, in few cases, morphological characteristics, had provided some useful
insights on the evolutionary relationships among certain microorganisms, uniil a few
vears ago the reconstruction of bacterial 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
(Zuckerkand! and Pauling, 1965), and has led tc a2 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, and the
soundness of traditional taxonomic systems, the development of the full potential of
molecular cladistics will depend not only on methodological refinements to improve
the algorithms used for reconstructing evolutionary histery from molecular data, but
also on the critical reexamination of its theoretical framework, which mcludes a
number of central concepts, most of which were grafted from classical evolutionary
theory into molecular biology, Here we discuss some of these issues, and review
briefly some of the major contributions that they have promoted in our understanding
of previously uncharacterized early periods of bioclogical evolution.

2. On the nature of eukarvetic cells

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 previcusly unsuspected heights. The development of efficient
nucleic acid sequencing techniques, which now allows the rapid sequencing of
complete cellular genomes, combimed with the simulianeus and independent
biossoming of computer science, has led not only io an explosive growth of
databases and new sophisticated tocls for their exploitation, but also to the
recognition that differen: macromoiecuiss may be uniguely suiied as molecular
crronometers in the construction of nearly universal phylogenies.

A major achisvement of this zppreach has been the evelutionary compansen of
smail subumt ribosomal RNA (RNA) seguences, which has allowsd the
constructicn of a irifurcated, unrogted tree in which 2l known organisms can be

grouped in one of three major (apperently) monocphyletic cell lineages: the



-cubactenia, the archaebaciena, and the eukaryotic nucleocytoplasm, now referred to
as mew taxonomic categories, 1.2., 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 exirapolation of
information derived from cne single melecule. While trees based on whole genome
information have confirmed at a broad level rfRNA-based phvlogenies (Snel et al,,
1999; Tekaia et al., 1999}, it is also true that the congruence between rRNA genes
and other molecules is not always ideal, and anomalous phylcgenies have been
reported (Rivera and Lake, 1992; Gupta and Golding, 1993}, At the time being there
1s no general explanation to account for these peculiar topologies, and the possibility
that we may have to resinict ourselves 1o empirical characterizations of such cases
should be kept in mind. However, a large variety of phylogenetic trees constructed
from DNA and RNA polymerases, clongation factors, F-type ATPase subunits,
heat-shock and rnibosomal proteins, and an increasingly large set of genes encoding
enzymes invelved in biosynthetic pathways, have confirmed the existence of the three
primary cellular lines of evolutionary descent (Dootittle and Brown, 1994), benween
which extensive horizonial transfer events have taken place (Doolittle, 1999).

The ensuing tripariite taxonomic description of the living world fostered by
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
peculanties that separatz that separate them at the molecular level, both are
prokarvotes (Mayr, 1990; Margulis and Guerrero, 1991; Cavalier-Smith, 1992}
Furthermore, 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 comporents of eukavotic cells, Accordingly,
Margulis and Guerrerc {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 comparison of macromolecules, but
also on metabolic pathways chromosomal cytclogy, uitrastructural morphology,
biochemical data, life cycles. and, when available, paleontological and geochemical
evidence.

While molecular phylogenies have confirmed the endosymbiotic origin of plastids
and mitochondria, 2 number of trees also suggest that a major portion of the
sukarvoiic nucleccytoplasm origimared from ar archaebacteria-like cell whose
descendants form the monophyletic eucarval branch {(Gogarten-Boekels and
Gogarter, 1994). As zsserted by Woese and his collzborators, zithough ﬂ~e presence
of eﬂdesymbioms is of crilical imporiance to tne sukaryoles, it 1s u‘ide ble that the
fatter "have a unique, ”ﬁm.x:gﬁal phylogeny” {Wheelis et al, 1992). '\Ef'h”e such

view assumes an zbsolute continuity between the nuc!eocycmas*n and its direct
ancestor, the hoiistic arguments advecated by Margulis and Guerero {1991),

Ca .faifer—Snni:ﬁ {1692}, and others, emphasize the evolutionary emergence of an
novel type of cell as a result of endosymbictic events. According to the latier, the key
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transitional event leading to eukaryosis was the evolutionary acquisiticn of heritable
intracellular symbionts, and the eucarval 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.

(f course, antagonistic taxonomies have coexisted more or less peacefully aiong
the history of biology. However, the urgent meed to criticaliy revise current
classificatory systems cannot be underscored. Modem taxonomic schemes need to
acknowledge not only the existence of three major celi lineages, but also the
eukaryotic divergence paiterns, which appear to be the result of rapid bursts of
speciation {Sogin, 1994). Any such modifications in biclogical classificatior require
the recognition of the functional and anatomical continuity beiween 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. In fact, extant amitochondrial eukaryotes such as Giardia
and Trichomonas appear to have had mitochondria in the past (Germont et al.,
1997}, and still harbor permanent intracellular bacterial endosymbionts (Margulis,
1993). These amitochondrial celis, which may inciude the microaerophilic, amitotic,
multinucleated giant amoeba Pelomyxa palustris, are all located in the lowest
branches of the eucarya, and contain several types of intracellular prokaryotes which
may be the functional equivalents of mitochondria. The ubiquity of endosymbionts
suggests that they may have played a critical role in the evolutionary development of
nucleated cells. This hypothesis is amenable to observational and experimental
designs, and may be supported by studving the possible bactenial affinities of
membrane-bounded hvdrogenosomes that are known to multiply by birary division
in the Trychomonas cyioplasm (Miiller, 1988}, ‘as well as by searching for
prokarvotic endosymbionts in species of Parabasalia, Refortomonads, Diplomonads,
Calonymphids, and other protist taxa, some of which may have evolved prior to
mitochondrial acquisition.

3. The root of the tree or the up of the trunk?

The construction of the unrocted rRNA tree showed that no single major branch
predates the other two. and all three derive from 2 common ancestor. It was thus
concluded that the latter was a progenocte, which was defined as 2 hypothetical entity
m which phenotype znd genotype still had an imiprecise, rudimentary linkage
relattonship (Woese and Fox, 1977). According to this view, the differences found
among fthe iranscriptional and translational machineries of subacteria.
archaebacieria, and eukaryotes, were the vesait of svoluticnary refinements that tock
place separaiely in each of these primary banches of descent after they have diverged
from thair universal ancestor (Woese, 1987,



From an evelutionary point of view 1t is reasonable to assume thatl at some point
in time the ancestors of all forms of life must have been less complex than even the
simpler extant ceils, but our current knowledge of the characteristics shared between
the three lines 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 discovered, has been definitively superseded {Woese, 1993).
A partial description of the last common ancestor of eubactens, archaebacteria, and
eukaryotes may be inferred from the distribution of homologous iraits among its
descendants. The set of such genes that have been sequenced and compared 1s 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 (2) DNA polymerases
endowed with proof-reading activity; {(b) ribosome-mediated transiation apparatus
with an oligomeric RNA polvmerase. (¢} membrane-associated ATP production; (d)
signalling molecules such as cAMP and insulin-like peptides; (e} RNA processing
enzymes; and {(f) biosynthetic pathways leading to amino acids, purines, pyrimidines,
ceenzymes, and other key molecules in metabolism (cf. Lazcano, 1993).

Although the possibility of horizontal transfer should always be kept in mind, the
traits listed above are far to numerous and complex to assume that they evolved
independently or that they are the result of massive muitidirectional horizontal
transfer events which took place before the eariiest speciation evenis recorded in
each of the three lineages. Their presence suggests that the cenancestor was not a
direct, immediate descendant of the RNA world, a2 protocell or any other pre-life
progenitor system. Very likely, it was already a complex organism. much akin to
extant bacteria, and must be considered the last of a fong line of simpler earfier cells
for which no modemn equivalent is known.

Unforunately, the characterstics of evolutionary predecessors of the cenancestor
cannot be inferred from the plesiomorphic traits found in the space defined by rRNA
sequences. Although trees construcied from such umiversally shared characters
appear to be fres of infemal incousistencies, the lack of outgroups ieads to topologies
that specify branching reiationships but notf the position of the ancestral phenotype.
Thus, such trees cannot be rocted. This phylogenetic cul-de-sac may be svercomed
by using paralogous genes, which are sequences that diverge not through speciation
but after a duplication event. As noted over twenty vears ago by Schwartz and
Dayhofl {1978), rooted trees can be constucied by using ene set of paralogous

set, a rate-ingdependent cladistic methodology that
expands the moncphylietic grouping of the sequences under comparison. '

s
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This aporoach was used Jdepen:ientw a few vears ago by wabe ¢t 2l (1985) an
Gegarien 2t al {1%89), who amalyzed paraicgous genes encoding (z) the two
elongation factors (ET-G and EF-Tu) that assist in prcte;_g bicsynthesis; and (o) the

alpha and bsta aydfonmhc subuniis of F-type ATP svnthetases. Using different tree-



constructing algorithms, both teams independently placed the root of the universal
trees between the eubacteria, on the one side, and archacbacieria and evkarvotes on
the other. Their resuits imply that eubacteria are the oldest recognizable cellular
phenotype, and imply that specific phylogenetic affinities exist between the archaea
and the sucarya.

This branching order, which was promptly adopted by Woese et al (1990},
appears to be consistent with structural and functional similarities which are known
10 exist in the translation and replication machineries of both archaebactenia and
cukaryotes {Ouzonis and Sander, 1992; Kaine et al., 1994). However, the issue is far
from solved, and has in fact been further complicated by the availability of
completely sequenced genomes. The situation is further aggravated by the fact that
the phylogenetic analysis of sets of ancestral paralogous genes other than the
glongation factors and the ATPase hvdrophilic subunits has challenged the
conclusion that universal trees are rooted in the eubacterial branch (cf. Forterre et
al., 1993). While the sequences of the products of genes involved n the
transcription/transcriptional molecular machinery of eukaryotes appear to be closer
to those of the archaea than to the eubacteria, other sequences such as those
encoding heat-shock proteins and several enzymes suggest the existence of
phylogenetic affinities betwsen archaebacieria and Gram positive bacteria. No
support for a particular topology was detected when mean interdomain distance
analysis was used to analize a set of approximately forty genes common to the three
lineages {Doolittle and Brown, 1994).

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 107 years ago,
but also of even older additional paralogous duplications (Forterre et al., 1993), and
of horizontal gene tranfer events (Dooliitle, 1999), both of which mayv be obscuring
the natural relationships between the lineages. Given the likelihood that microbial
phylogenetic analysis will increase its reliance on paralogous duplicates to define
cutgroups and character polarities (Sidow and Bowman, 1991), detailed studies
should be devoted to assess ihe vandity and limits of this cladistic methodology.

Minor differences in the basic molecular processes of the three main cell lnes can
be distinguished, but 2l known organisms, including the oldest ones, share the same
essential features of genome replication, gene expression, basic anabolic reactions,
and membrane-associated ATPass mediated energy production.
details of these universal processes not only provide direct evidence of the
monophnyletic origin of all extant forms of iife, but also imply that the sets of genes
encoding the components of these complex traits were frozen a leng time ago, 1. e,
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major cuznges in them are very strongly selecied against and are lethal. Bioclogical
evolution prior 1o the divergence of the thres domains was not 2 continuous,
unbroken chain of progressive transformation steadily proceeding towsards the



cenancestor. However, no cvolutionary 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 complexity of the
earlier entities from which the cenancestor evolved may be derived from the analysis
of paralogous segquences. Their presence in the three cell lineages vnplies not only
that their last common ancestor was a complex cell aiready endowed, among others,
with pairs of homclogous genes encoding two elongation faciors, 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 existence of ancient organisms in which
ATPases lacked the regulatory properties of its alpha subunif, protein synihesis ook
place with only one elongation factor, and the enzymatic machinery imvolved in the
replication and repair of DNA genomes had only one polymerase ancestral to the £,
cofi DNA polymerase [ and II.

By definition, the node located at the bottom of the cladogram is the root of a
phylogenetic iree, and corresponds to the common ancestor of the group under study.
But names may be mislzading. The recognition that basic biological processes like
DNA replication, profein 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 trunk of unknown length in which the history of a long {but not
necessarily slow) series of archaic evolutionary events may still be recorded. The
mventory of paralogous genes that duplicated during this previously unchacterized
stage of biciogical evolution appears to include, in addition to elongation factors,
ATPase subunits, and DNA polymerases, the sequences encoding heat shock
proteins, ferredoxins, dehydrogenases, DNA topoisomerases, several pairs of
ammoacyl-{RNA synthetases, and enzymes involved in nitrogen metabolism and
ammo acid biosynthesis. It is woteworihy that this list includes also aspartate
transcarbamoyl transferase, an enzyme which together with carbamyl phosphate
synthetase (whose large subunit s ifself the product of an internal, ie., partial,
paralogous duplication) catalyzes the initial steps of pyrimidine biosynthesis
{Garcia-Meza et al, 1995).

Thus, prior to the early duplication events that led to what mayv be a rather large
p!"'n‘m:-r of cenance
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logous sequences, simpler living systems existed which

cked the large sers of enzvmes and the sophisticated regulatory abilites of
'.,ouaempo?afv celis. Althougn iateral transfer of ceﬁ;?,g Seguences may te almost as
old zs life iself, gene GHDHCT:’.}OL: followed by c:vargance probably played a
dominant icie in the accrotion of compicx genomes, and may have led 10 a rapid rate
of microbial evolution, If its is essumed that the rate of gene duplicative expansion
of ancient celis was comparable to today’s present values, which are of 107 1o 107
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gene duplications per gene per cell generarion {Stark and Wahi, 1984), the maxamum
time required to go from an hypothetical 100-gene organism io one endowed with a
filamentous cyanobacterial-like genome of approximately 7000 genes would be less
than ten miliion years (Lazcano and Miller, 1994}

Although there are no published data on the rate of formation of rew enzymatic
activities resulting from gene duplication events under either neutral or posifive
selection conditions, the role of duplicates in the generation of evoivtionary noveities
is well stablished. Once a gene duplicates, one of the copies may be free to
accumulate non-lethal mutations and acquire new additional properties, which could
lead inteo its specialization or recruitment mio new role. Data summanzed here
supports the idea that primitive biosynthetic pathways were mediated by small,
inefficient enzvmes of broad substrate specificity (Jensen, 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 simular biochemical reactions
are part of different anabolic pathways supports the idea that enzyme recruitment
took place during the early development of several basic anabolic pathwavs.
Evolutionary tinkering of the products of duplication events apparently had a major
role in metabolic evolution. This is supported by the analysis of complete genome
sequences, that has shown the large proportion of gene content that is the outcome of
duplication evenis (Tekaia and Dujon, 1999). Such high levels of redundancy
represent an illumunating possibility and suggest that the weaith of phylogenetic
information older than the cenancestor mav be larger than realized, and its analysis
may provide fresh insights into a crucial but largely undefined stage of early
biological evolution during which major biosynthetic pathways emerged and became
fixed.

There is 2 major exception to the above conclusion. True fung, euglemds, and
chrytridiomyeetes synthesize lysine via an eight-step pathway in which o-
aminoadipate {AAA} is an intermediate. This route is different from the seven-step
diaminopunelate pathhway used by bactenia, plants, and most protist (Bhattacharjee,
1985). The phylogenetic distnibution of these two pathwayvs suggest that the AAA
route is the most recent one. Accordingly, if the patchwork assembly of metabolic
paibrways {Jensen, 1976) is valid, then i can be predicted that the enzyimes catalizing
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the AAA-rouie should be homologous to those pariicipating in other majos

The recognition that enzyme recmiiment may have plaved a mzior role in
metabclic svolunion jeads, howsver, i assume some caution in phylogenetic
inferences. Although in some cases metabolic pathways may be sucessfully used o

assess the phylogenstic relationship of prokarvotes {(DeLey, 1968; Margulis, 1993),



the possibility that some of the enzymes of archaic pathways may have survived in
unusual organisms {Keefe et al., 1994), or that important portions of extant
metabolic routes may have been assembled by a paichwork process (Jensen, 1976},
suggest that considerable prudence should be exerted when attempting to describe
the physiology of truly primordial orgarisms by simple direct back extrapolation of
extant metabolism,

4. Molecular cladistics and the origin of life: is there any connection?

"All the organic beings which have ever lived on this Earth”, wrote Charles Darwin
in the Origin of Species, "may be descended from some 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 heterotrophic hypothesis suggested by Opann (1938) not only gave birth to a
whoie new fieid devotied to the study of the origin of life, vut played a central role in
shaping several influential taxonomic schemes and different bacterial phylogenies
(Margulis 1993}. Although the central role of glveolysis and the wide phylogenstic
distribution of at least some 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 identification of putative primordial traits to assume that the first living
svstem was a Clostridium-like anaerobic fermenter or a Mycopiasma type of cell
{cf. Lazcano et al., 1992). Like vegetation in a mangrove, the roots of universal
phvlogenetic trees are sumerged in the muddy waters of the prebiotic broth, but how
the transition from the noa-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 syathesis is such an essential characteristic of cells, that 1t
15 frequently argued that iis or:gin should be considered symonymous with the
emergence of life iseif. However, the discovery of the catalviic activities of RNA
molecules has led considerable support to the possibiity that during early stages of
biolcgical evelution biving svstems were endowed with a primitive replicating and
catalytic apparatus devoid of bath DNA and proteins The scheme may be even more
complex, since RMA  itself may have been preceded by simpler genetic
macromolecules lacking not omiyy the familiar 3°3" phosphodiesier backbones of
nuzleic acids. but perhass even today's bases {Lazcano and Milier, 1996,

Although molecular cledistics may provide clues © some late sieps in the
deveiop-..m i of the genetic code, i is difficult 1o see how the applicability of this
approach can be extended beyond 2 threshold that corresponds 1o 2 period of cellular



evoluiion i which protein biosynthesis was aiready in operation. Older stages are
not yet amenable to molecular phylogenstic analysis. Although there have been
considerable advances in the understanding of chemical precesses that may have
taken place before the emergence of the first living systems, life’s beginnings are stil!
shrouded in mystery. A cladistic approach to this problem is not feasible, since all
possible intermediates that may have once existed have long since vanished. The
temptation to do otherwise is best resisied. Given the huge gap existing in current
descriptions of the evolutionary transition beiween the prebidtic synthesis of
biochemical compounds and the cenancestor (Lazcano, 1994), it is naive to attempt
to describe the origin of life and the nature of the first Eving systems from the
available rooted phylogenetic trees.

Nevertheless, there have been several 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 eubactenia and -

archacbacteria were extreme thermophiles, ie., organisms that grow optimally at
temperaturss in the range 90° C and above {Achenbach-Richter et al., 1987). Rooted
universal phylogenies appear to confirm this possibility, since heat-ioving bacteria
occupy short branches in the basal portion of molecular cladograms (Stetter, 1994).

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

Such ideas are mot totally without precedent. The possibility that the first
heterotrophs may have evolved in a sizzling-hot environment is in fact an cld
suggestion {Harvey, 1924). Despis their long genealogy, these hypotheses have not
been able to bypass the prob 181“ 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, 1t is possible that
hvperthermophily is a secoads 'Ar{angav.nn that evolved in eafiv (-n:ninmr\a‘ times

{(Sleep =1 al., 198%: Co ﬁf“?; nieri ez al., 1993; Lazcano, 1993). Such possxb lity is in
fact strongly supported by the recen: pﬁyzuémem ana}yszs of the G+C content of
TRNA  genes, -which suggest that the last common ancestor was not a
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In fact, hyperthermophiles 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 onigin of life must address the
guestion of how such traiis, or their evolutionary precedessors, arose spontaneously
in the prebictic environmeni. Such adaptaticns may include histone-like proteins,
RINA modificating enzymes, and reverse gyrase, a peculiar AT P-dependent enzyme
that twists DINA into a positive supercoiled conformation {Confalonieri et al., 1993},
Clues to the origin of hyperthermophily may be hidden in this list, and its
evolutionary analysis may contribute to the understanding of the rather suwrprising
phylcgenetic distribution of the mmmediate mesophilic descendants of heat-loving
prokaryotes, which shows that at least five independent abandonments evenis of
hyperthermophilic traits took place in widely separated branches of universal irees,
one of whick corresponds to the eukaryotic nucleocviopiasm {Garcia-Meza et al.,
1993).

The antiguity of hyperthermophiles appears to be well established, but there is no
evidence that they have a primitive molecular genctic apparatus. Thus, the most
basic questions pertaiming to the origin of life relate to much simpler replicating
entities predating by a long series of evelufionary events the oldest recognizable
heat-loving bacteria. Why hyperthermophiles are located at the base of universal
trees is still an open question, but the possibiity that adapiation to exireme
environments is part of the evolutionary innovations that appeared in trunk of the
tree cannot be entirely dismussed. The phvlogenetic distnbution of heat-loving
bacteria is no evidence by itself of a hot origin of life, any more than the presence in
the hyperthermophile archaeon Sulfolobus solfataricus of a gene encoding a
thermostable B-type DNA polymerase endowed with 3'-3' exonuclease activity
(Pisani et al., 1992} can be interpreted to imply that the first living organism had a
DNA genome.

Although in the past few years the reiationship between molecuiar biclogy and
mucrobial phylogenetics has been embittered by frequent clashes and amagonism, the
development of rapidly growing sequence datzbanis hag provided a unigue view of
the evolution of bacterial and sukaryotic micrcorganisms, and has opened new
figlue of Iife sciences. Molecnlar evolution was
: uiar biclogy with necdarwinian
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ngne. Hwsver, its Tl deveicpment coouirss no? ondy the development of less-
expensive, more rapid macromeissuiar asglensing fechnigues and wore sowerful
cormnputer aigondins for consiruciing vhylogerstic trees, but also the awersness of

its non-stated assumntiions ard more precise definitions of ivs conceptual framework.
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As summarized by Patterson {15388}, the theor moccular
cladistics have been based on a number of central concepis, most of which were
inherited from older disciplines, such as ,.:hyszology, anatomy, and neodarwinism.
Homology, which is one of the key concepts in evolutionary theory, was originally
_used by Wolfgang Goethe, Ettiene Geoffroy Saint-Hilaire, Richard Owen, and
others, to describe structural resemblance o an archptype {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
refationships that include species- or gene-phviogeny. In fact, some classes of
homology that describe phenomena at the molecular genetic level may have no exact
equivalent in orthodox evolutionary anaiysis of morpholegical traits. Cne such case
is paralogy, a term coined by Fitch {1970} to describe the diversification of genes
following duplication svents.

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 og this distinction has.led to repeated recommendations on the
avoidance of paralogous sequences i phylogenetic analysis. However, the use of
paralogous duplicates in cuigroup analyses for determining the evelutionary polanty
of character states in universal phylogenies (Gogarten et al, 1989; Iwabe et al,
1989) has rekindled keen theoretical interest m their advantageous properties. Their
use, however, does pose some risks. The naive assumption that only one paralogous
duplication has taken place in the set of sequences under considerativon may lead to
incorrect topologies (Forterre et al., 1993). Indeed, the mcorporanon of genes that
are the result of unrecognized mult:pie paraiogous ev.,mts in a tree may be even more
insidious than the problem derived by convergent evolution and lateral gene transfer.
The latter phenomena are much more easily identified at the molecular level,

The recognition that paralogous duplicates expand a monophyletic group of
sequences raises a number of issues not encountersd in classical evolutionary
analysis. From a {classica!) cladistic point of view, a character that is found only in
outgroups is prinutive. MNonetheiess, in molecular phylogenetic analysis this may not
be always the case. Such rule vould hold if maltipie para ogous duphicaiions have
tzken place, and if one {cr several) of the oider sequences is used as an outgroup for
an unrooted tree of vomger sequences. 1his would be the case, for instance, if a
myogiobm seguence is used to root alpha { or beta) basmoglobin trees However, this
rule would not held f an aipha haemoglobin sequence (o7 a set of them) i¢ used as an
outgroup 1or the beta hasmnoglobin tree, or viceversa.

course, with universal phylogenetic trzes cerived Tom
toan, 19859) In this case neither ser is older than iis
the reccnsiruction of ancestral character states fTom
CEous gﬁa@s G" es nat ccmes frem the analysis of ths



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 fikely
to play a central role in future understanding of snzyme evolution during the early
Archean. Although it is frue that the raw material for molecular cladistic analysis is
restricted to sequences derived from living organisms {or from fossil samples from
which ancient preserved DNA can be reirievad) and cannot ke applied to exiinct
groups of organisms, the construction of trees derived from archaic paralogous
sequences may allow us to mnfer evoluiion prior to the ealiest detectable nodes.

The flourishing of molecular technigques has led into a proliferaticn not only of
sequences of isolated molecular constituents of living orgamisms, but also of
completely sequenced genomes. This is a storchouse of data that has already
provided considerable insights wmto 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 thetr evolutionary acquisition. However fruitful, such approach has all
the demerits of a reductionist one-trait approach o biological evolution chastised in
early literature as “pariial phylogeny”, and since the birth of molecular phylogeny
has rarely been used to attempt a truly integrative analysis of complete character
complexes.

Such limitation may be overcomed in several ways, some of which are part of
intellectual iraditions deeply rooted in comparative biology. As Georges Cuvier
contended 1n his 1805 Lectures in Comparative Anaiomy, the appearance of the
whole skeleton can be deduced up to a certain point by examination of a single bone.
The success that Covier had in such anatomical reconstructions s legendary, and
was based not only in nis unsurpassed knowledge and intuition, but also on what he
termed the “comrelation of parts”, i e, the full recognitien of a functional
coordination of the parts of the bedy of a given animal (Young, 1992} Such
correlation of paris 1s not restricted to bones and muscles; at subcellular levels, it
underlies the functional coordinar on among the molecular components of multigenic
traits such as metabolic pathways and protein biosynthesis, As shown by the
intimats relationship between the biosyntheses of valine and isoleucing, their triplet
assigmrents and the phvicgenetic proximity of their aminoacyl-tRNA synthetases,
inguinies on the early evoluticn of the genetic cods and other basic features of living

systems should be undsrsiood not onl j‘*’" determining th ,‘.ofef“.liur phylogenies of
some of their 13012&&1 COMPCNENts Of by mathetical siscussions spiced with a distinet
Pythagorean flavor, b with the infegrarive apalvsis of cheracier complexes,

St for c.E, its »oﬁ:L e rsiavionsglp  between T'\smﬁa* iciogy and
gviiutionaTy theory has openad newy, unsuspected avenues cf intzilesy ai exploration.
MNever bgf::rs bas such @ wealth of sw“rsm‘n““‘a‘ approachies and empincal data
been availanie to the students of i:f phar.ol in part because of this prospenty,

systernatics anc evolutionary biology, vwo of the ost broadly oriented fields of ufe



sciences, 2re 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 fire, the origin
and taxonomic position of genetic mobile elements is unknown. There is an increased
awareness that the understanding of the processes underiying the generation of
evolutionary noveltics and the origin of ontogenic parterns cannot be restricted by
classical neodarwinian expianations. We are living in the midst of hectic times in
which epoch-making debates are reshaping the future of the life suiences, and the
development of a more integrated molecular biology may be a2 never-ending story. It
is said that to wish somecne o live in an inferesting time is one of the most terrible

{ all Chinese curses. Whatever the outcome of current discussicns and debates, for
biology the putative Oriental curse may tum out to be nothing less than an
ineliectual blessing. )
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Abstract

Simple sequences are regions of protein and nucieic acid sequences which are
biased in residue composition, and which fypically contzin repefitive segments
Homopolymeric tracts and tandem arrays of multiple short repeat motifs have their
origin m shipped-sirand mispairing during DNA replication, and due to their
hypermutable character are recogunized as 2 major source of random phenotypic
variation, especially among pmk&ryoﬁc pathogens (Moxon 1999}, In order to obtain
msights on the phylogenetic distribution of simple sequences and their biological
properties, we have used the SEG program (Wootton and Federhen, 1993), with a
highly stringent level of granularity, to analyze 23 completely sequenced cellular
genomes available in public databases as of March, 2000. Qur results indicate that
simple sequences (a) have a wide phylogenetic distribution, 1.e., their appearance is
older than microbial pathogens, but may not be monophyletic; (b) are not restricted
to a umique class of enzymes, but are present in catalytic and structural proteins
mvolved i 2 wide spectrum biclogical functions; (¢) tend to present at both at the
carboxy- and amino- ends of proteins; (d) there is 2 compositional bias in simple
sequences, which tend to be rich in alanine, leucine, Iysine, serine and giutaming,
while histidine, wyptophan, and cisteine are underrepresented; and {e)
homopolymeric tracts in hypericrmophyles are snriched in glutamme. The role of

a

simpile sequences in protein evolution is discussed.
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L. Imtroduction

imple sequences are regions of proteins and/or nucleic acids which are biased in residue
composition, and which typically contain repeiitive segments. Because of the complex
nomenclature used tc describe such segments can be, in this work simple sequences are
defined solely to homopolymeric tracts and tandem arrays of nultiple short repeat motifs.
The high frequency of simple sequences has been recognized since long ago in eukaryotic
genomes and gene databases (Britten and Kohne 1968; Tautz and Renz 1984; Wootton and
Federhen 1993), they are known to be also a prokaryotic tratt, found both in Bacteria and
Archaea (Hancock 1996, Saunders et al. 1998). Homopolymeric tracts and tandem arrays of
multiple short repeat motifs have their origin in mutational processes such as slipped-strand
mispairing and unequal crossing-over that take place during DNA replication {(Bebenek and
Kunke! 1990; Richards and Sutherland 1994; Hancock 1995; Epplen and Riess 1997). It
has been argued that the occurrence of simple sequences in various types of coding and
non-coding sequences plays 2 role as 2 source of genetic varation and 1n the evolution of

genome sizes (Tautz et al. 1986; Hancock 1995},

=ty

Bue 1o treir hypermutable character, simpie sequences are recognized as 2 major SOUI0e o
s Ay et i ot Py X aremeis 79’\f\ P OF T kq % wﬂ‘}‘ \ ey
TARGONL DASHOTYIMC varalion {GAnCOLX LFYo), OSpoClany Among profaryiic Pataogens
{(Moxen et 21 1994; Moxen 1999} However, their ample phylogenstic distribution czens

i

P i e ke - - o | ' ” s h ey .
the posibidty that may zlay 2 role = gene regulation, gene con

A

compensation, recombination and sex determunzticn {Taviz and Schlétierer 1994 Here we

discuss the roie that simple sequences may have vlayed together with gene amplification
P 1 ¥ b )



horizontal transfer and symbiosis, in the cxpansion of the encoding abilities of early

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

segments in protein.

The recemt availability of complete cellular genomes from the three major cell lineages

~

{Bacteria, Archasa, and Hucarva), opens up the possibility of ansiyzing the phylogenetic
distribution of simple sequences and the role they have play in gencme evolution. Here we
report the outcome such analysis, and discuss the possible role of simple sequences in the

early evolution of coding sequences and their antiquity of the phenomenon.

Biaterial and Methods

Proteomes from the following organisms: Escherichio coli {Blattner et al, 1997)
Haemophilus influenzae (Fleischmann et. al. 1995), Helicobacter pylori 26695 (Tomb et.
al. 1997), Helicobacter pyiori 199 (Alm et. al 1999}, Rickeftsia prowazekii {Anderson
1998), Baciilus subtifis (Kunst et al. 1997), Mycoplasma genitalium (Fraser, et al. 1996),
M. preumonice (Himmelreich et. gl 1996), Mycobacterium tuberculosis {Cole et al.1998),

[y P S

Chlgmydic irachomatis (Stephens at ol 1998), Campvicbacter jejuni (Parkiil ef. ai. 2000
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Caenorhabditis elegans (in www.sanger.ac.uk/Projects/C_elegans/), were obtained from
the KEGG Encyclopedia via the fip server of the Chemical Institute of Kyoto in the web

site http.//www. genome.ad jp/kege/kegg? himi.

The analysis of complexity of the sequences obtained was performed using the SEG
program {segment sequences by local complexity progrem; Wooiton and Federhen 1993},
with 12 2.0 2.2 granularity level, where the trigger window length was W=12; trigger
complexity X1=2.0 {K1= local compositional complexity, Wootton and Federhen 1993;
Wootton 1994}, and cxtension complexity K2=2.2. The amino acid composition of the
regions with iow complexity was calculated using the agcomp program from the FASTA

package (Pearson and Lipman 1988).

Low complexity sequences detected were grouped using the functional distribution
suggested by KEGG (Kanehisa et al. 1996; Goto et al. 1996). The categories proposed by
KEGG are: 1) carbohydrate metabolism,; i) energy metabolism; T} lipid metabolism; TV)
wicleotide metabolism; V) amino acid metabolism; Vi) metabelism of other amino acids;

i

I) metabolism of complex carbohydrates; Vill) metabolism of complex lipids; 13

h

metabolista  of  cofactors, viamkns, and other substances; X)) mefebolism  of

macromolecuizy; XI) memovane transuori, XIT) signal trensducticn; XHI} molecuiar
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The cistrioutior of wow complexity ssgmems vrasents in homclogous ORFs were estimated
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Results and Discussion

3.1 Presence of simple sequences in protecmes and their amino acid composition

The percentage of proteomic sinple sequences in all organisms studied here is shown in
Table 1. Although the level of simple sequences in non-coding regions of eukaryotic
genomes is high in this work are observed that the coding regions possesses a significant
percentage of simpie sequences. However, it is clear that this phenomenon is present in
prokaryotic, found both in Bacteria and Archaea , highlighting the genomes of
Mycobacterium tuberculosis, and Deinococcus radiodurans. But in general it could be
observed thai a important numbers of coding sequences in the three domains (Bukarya,
Bacteria and Archaea), it contains sections of low complexity. Is important to remark the
high percentage of coding sequences that have been increase by the insertion of low
complexity segmeni, produced by slippeé-sirand mispairing or unequal Crossing-over,
durtng DNA replication process. This results, together with their wide phylogenetic

istribution of the phenomenon suggsst that the simple sequences have played a role n the
i

evolution of coding sequences at least in amplification process and source of variabiiity.
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As seen in Figure 2, simple sequences exhibit important compositional biases. They tend to
be rich in alanire, serine, isoleucine leucine, lysine, glutamic acid, while aspartic acid,
metionine, histidine, arginine, tyrosine, tryptovhan, and cysteine are clearly
underrepresented. As shown in Figure 3, is obvious that the compaositional biases of high
mass amino acid (M, H, F, R, Y, W), are selected agalust, together with cysteine, that
produce disulfide bonds, proline tend to adopi cis conformation in peptide units and reduce
the stability that is produced by frams-form (Branden and Tooze 1999), and aspartic acid,
that produce less stable peptide bonds. In conirast, the compositional biases present in
simple sequences tend to be rich in small, hvdrophobic (except K, that is a ionizable
residue), and formed of o-helix amino acids (A, L, I, X), that are mainly present in all
organism, serine {(hydrophilic), in eucariontes studied here {Saccharomyces cerevisiae and
Caenorhabditis elegans), and glutamic acid, that is the high formed of a-helix and tend to
produces strong peptide bonds, is mainly present in simple sequences from eucariontes and

hyperthermophyles.

3.2 The functiondl distribution of simples sequences

Simple sequences appear to be presemt in 2zl kinds of functional classss of proteins,
suggesting that Meir rowe 18 niot restricted 1e one tvpe of funcrior. However, they are clearly

cverrepresented In membrane- and signel {ranspori proteins (Figure 4. 7The non glovolar
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proteins in phatogenic processes. Important interactions and functions have been attrnibuted
to low complexity segments, that includes DNA and RNA binding, interactions in
transcriptional regulation, signal iransduction, centrol of protein folding and turnover,
cellular and extracellular mechanics, and tumorigenesis (Wootton 1994b). Joined to this
activities of simple sequences, their presence in proteins which are recognized as some of
the oldest enzymes, such as those involved in translation; RNA polymerase sigma 54, 70
factors, transiation initiation factor IF-2, I¥-3, ribosomal proteins (L7,L9, L10, Li2, LiS,
L.27a)}, replication; DNA polymerase 111, and others like ATP synthase {FO, F1 subunits},
and many ABC transporters, shows that they are a very ancient phenomenon, and may have
already been present in the last common ancestor, thus their appearance is oider than
microbial pathogens. Furthermore, the presence of low complexity segments in ribosomal
protein L7/12, that their basic nature tend to unite to RNA, in large and small subunit of
ribosomal RNAs (Tautz 1989, Hancock 1995}, and in development genes ke Mmchback,
mastermind and per (Treier et al 1989, Newfeld et al., 1994; Peixoto et al., 1992}, suggest

that the phenomenon of simple sequences could have given crigin to functional domains.

Conglusions

T PR S - Tviehr vam 1y Ao Lz A 3

The ample vhylogenetic distribution and high Treguency of simple seguences found in
s raflant ; ol min] e e meqe TR S -

profecmss, reliecis thet mutationel orocesses such as suppec-sirant nm i’lI}U angd

crossing-over may hsve play
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4 a significant role in coding sequences evoluiion,
Furthermiore, the presence of low complexly segment in recenily sequences (specific
arotein to 0ac specie and hypothetical protein), as welt as in high conserved profein

(suggesting that may have already been presen: in the last common ancestor thus their
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appearance is older than microbial pathogens), suggest that this phencmenon has been
operated since early evolution of life, where the simple sequences were & major source of
randomn phenotypic variaiion, but also a rapid mechanism 1o obtained.

-
i

he mutation that produce the low complexity segment appear at the fong of protein,
however, are selected zones of the sequences that produce lees stivctural problem, the C-
and N- ends of protemms. The compositional biases of simple sequences tend to be rich in
alanine, serine, isoleucine, leucine, lysine, ghutamic acid, while aspartic acid, metionine,
histidine, arginine, tyrosine, fryptophan, and cysteine are clearly underrepresented. Where
the high mass anvno acid (M, H, ¥, R, Y, W), are selected against, together with cysteine,
proline, and aspartic acid, that produce several structural changes. Simple sequences appear
o be present in all kinds of functional classes of proteins, This suggests that their role is not
restricted to one fype of function. However, they are clearly over-represented in membrane

and signal transport proteins.
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Figures caption

Table 1

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

Figure 1
Percents of position of low complexity segment among the ORFs

Figure 2

Percents of amino acid compaosition from the total of low complexity in all complete
proteomes (bars), and percent of occurrences amino acid in data bases (http://chait-
sgi rockefelier edu/asinfo/struct him)

Figure 3

Ammo acid composition in low complexity segment from coding sequences of compie‘?e
genomes (surface graphic). K. coli (Ec), H. influenzae (Hi), H. pylori 26695 (Hp), H. pylori
59 (HpS9), R. prowazekii (Rp), B. subtilis (Bs), M. genitedivm (Mg), M. pnewmonive
(Mpn), D. radiodurans (Dr) C. jejumi (G5, M. tudercuiosis (Mt), C. frachomaiis (Ct), B.
burgdorferi (Bb), 7. pallidum (Tp), A. aeolicus (Aa), Synechocystis sp. (Sy), T. maritima
{(Tm} M. jannaschii (WG), M. thermoauictrophicum (Mth), A. fulgidus (AD), P. horikoshii
(Ph), 8. cerevisiae (Sc), and C. elegans (Ce). Showed a) mass, b} hydrophobicity and ¢)
tendency of former o-helix of the amino acid.

Figuts 4
Simnpies seguences ﬁercw‘tages smong meiabolic pathways from all complete genomes. 1)
Cardohvdrate Netaooasm 3 Engrgy Metabolism, T) Lipid Metabolism IV) Nucleonde
olism, V3 A,LA;LU Agid mguaﬁei sre, VI3 Metabolism of Other Amino Acids, V3L

..-A

,
o
Ci“

et
Q

i 2
& L}

i iters of Complex Carbohydrstes, VDY Metabolism of Complex Lipids Efi';}
Metzbolism  of Q,Uﬂac‘zors, Vfba”rins, am“ Other Bubstances, X} Metaschsm of
Macroraoieccies, X3} Membrane Transporf, XII) Signal Transductinn, Xiil) Molecuiar
Lssemnly, and XEV) Unassigned



simple seq. N

proteome total
ORFs Y
FEscherichia cofi 4289 20.84
Haemophilus influenzae 1717 1770
Helicobacter pylori 26695 15653 23.06
Helicobacter pylort J99 1491 2481
Ricketisia prowazekii 834 19.54
Bacillus subiilis 4100 18.82
Mycoplasma geniialium 467 23.34
Mycoplasma preumorniae 677 26.88
Mycobacterium fuberculosis 3918 4382
Campilobacter jejuni 608 19.40
Chiamydia trachomartis 894 24.83
Borrelia burgdorferi 1256 28.58
Treponema pallichum 1631 25.21
Deinococcus radiodurans 3103 43.18
Agquifex aeolicus 1522 29.54
Thermotoga maritima 1846 20.74
Synechocystis sp 3166 21.76
Methanocaceus jarmaschii 1776 2762
Methanobacterium thermoautotrophicum 1869 18.94
Archaeoglobus fulgidys 2407 21.18
Pyrococcus horikoshii 2061 24.35
Saccharomyces cerevisiae 6126 45.01
Caenorhabditis elegans 19099 4137




middie
22%

36%
n=15,263



T e L L e

BRPEL

BT

3 i L
Biy
ayd
SIH
il

T WL e j_O

5 s
sA
dsy

sy

nem|

9l

sAD

TR S e .le_h

BA

ToamaeEaE N 0ld

leg
Bly

14 -

12 4

![ sitnple sequences Edata bases 1




m
o =]
= 3
QO £ e o E @ > n 9 £ « L B D e 00 8o 0
OV LITEECCchrn=2000FT oo I
T n e doa
A ST e
i g
o o
T
e %
Pat e
A o
] . o w"w... : 7 %
3 g - 3 3
: R : %

GASPVTEC

§
[
W

H

P

K QE

D

N

i

!




iy

o
g a&f -
B ;e oo e S e '
X
>
L0
o o
R e
R o o |3
= L.
)
s ol
o)
- e
: L |
e ")
7 £ v
s C,
L oy zu.
TS g
o R e
,ﬂ\uu..
.
=z I3
FEE e e -
=5 i B T S
X e X "&\. y i < EL
2 .xo.....ﬂ.... F: Ay i s
i) .\(. : W e
3
% 4 i3r <
7, 5, ﬁu

-«



GASODP

£ o 5 3
S8sExssfEipecd8isoss 48P Es g,
. =
-
o
e oreeesd — L
-
Lt
-
X
1]
|
<L
-
=3

5

-20 B 20-2

5 1S

10-1




1 it w N vV VI vIE X X XD X X XY



INTERNATL M g PRy 2530
& Soringer-verlay Mdnen 1069

B e vstases Comparative biochemistry of €O,

Arturo Becerra® fYivation and the svolution of
antonio Larcang®
autotrophy

Depirittent of Brochemistty and Moleeuds
Biolamy, Unisansity of Valeneia, Spaio
Favalty ol Soemes, LMNAM, Mixivw

Repelvedd 15 Uetier QU8 Summary Carbon dieaide fixation is a polyphyletic duit that hay evolved i widely
Accentei! I3 Novemher (948 separated prokaryotic branches. The theee prinvipal COy-assimilation pathways are

(i} the reductive pentose-phosphate cycle. 1. e, the € abvin-Benson cyeler dinthe
veductive cliric aeid for Amont cvele: aod (1) the net swnthesis of seetyl-CoA frow
COICO.. or Wood puthway, Seguence analysis and 1he vonparative biochemistry
of these routes suggest thal all of then: were shaped to o consderable extent by e
evolutionary recruitment of enzymes. Melecular phylogenetic trees show that the
Calvirn-Benson vyele was g relatneely fate developmeani in the tewphacterial brasch,
suggesitag that some formes) of carbon assintilathom may have heen operative before
chlorophyli-based photosynthesis. On the other hand. the ample phylogenetic
disuribution of both the Arnod and the Wood pathways docs not wllow us to infer
which ene of them is older. However. dilferent lines o avidence. Including
experimental reports ur the NiSFeS-mediated C-C hond formation Trem OO and
CH.SH are used here 1o argue that the first COx-fixation mute miay have been g serst-

Carvespurdence o) snzvmatic Yood-like pathwaw

Jub € Perettn, Departmetst of Tiochumisin and

Retecular Blolowy, Lapersy of Vadeness. . S , ,

br. Mofiner, 361 46 HI0 Buraws. Spain. Key words Calvin-Benson cycle - Amon cycle - Wood pathway - Semi-cnrymatic

E-mauf julipeecingzav.en synthesis - Carbon dioxide assimilation

Carbon dioxide assimilation i~ 2 widespread biolegeal tan.
Infrocuction but the brochemicat dl‘;\:in‘iiizrtifcs bebw con different pathv ays
by which it 1akes place suggest that this ability svobved
Severa] different mechunisms for biotogical CO, fixation aceount converzemly in wideh zsep.smled proharyotes. naddithon o
for e diversity and evolntonary suceess of autotrophic Tife,  phe Calvin-Benson oxele, there ars mther CO--wssimilution
Aeording 1o the classical fermulation of the hﬂcmlmp‘nic theory  mechanisms. meluding (1) the reductive citre aod paiiwas., o
of the origin of {ife {30]. once the suppiy of abiofic organic  apnon ovele: () the reductive acen 1-CoA el e the Wood
compounds hiad becowe g fniting Tactor, prmitive celis evolved pathwity (sometimes also relerred 1o 2 the Ljundahl-Woud
e wavs of phtaining carbon and energy. This led linst ot patiway s and (il other less commm mevhanisma s as
develnpmient of photauttophy. wnd alten.arts o oxygen-  the hydroaypropionate pahis ay (e found in Cliforfiean,
refeasing photosynthesis T3, Severst linos of evidence suppait 5 green non-suilur photosy athetie bacteri.
the anticulty of the reductive pentose-phosphade pullway, o7 Taeenty vears age B was araued ti the ribulosed. mmp*l U
Calvin-Benson [t LlLr- These include 1) the C}’-ﬂﬂf?‘{‘iit‘lﬁ'.lﬁ‘!“\'{‘ ;;\_r(_‘lf,‘ evolved vig the ribuioae mUW[miln,?‘n e ovoke in
microfossits i the 3.5 ¢ B your old Ausalion Apex sediments,  gnvesiral heteromophic population 1371 More necents
wliich stggest that 15 c {ulvin-Bensou cyele appeared ditting  wWichiersiituser |41 ] us proposed @ chemomienropiis "-.chm'r‘.g
carly Archzan times 1351 and 60D ke owpie ractionnion  of the ortgin of 1ide in which pyoste Tuemalion i Snkeid w
madilos of the sarly Archaean carbon coele. which are consisiont garky CO, lixation In 4his puper we propose that noms of E?‘E\S
with the sihutose b}s"i‘O\gT se cathoxvhse/oxveenase (mbiscol-  pwo shematives s correct, and that e ;aiuhmenc;.:
s 1 15] However, 164188 fRT\ A- ii»fribr.uio'h of the Armon and Wood patbiw s do st dicats

[

cainls 7eu curbon 1

baved uriversy i ex indicaie that kiud‘\J}ii H haged \' ifweisetves which of thesr two v ctas is the wldest, e ::':.HJ
Pholosymiesiy win ¢ winively e developmentl W e grpue thul energelie vonsidarations and ihe experimonis

158 i

{enshacierial branch (31, 35) Thus, it s likely thut the st evidence on the MS/FeSomediated fomution 05 el haams
qutetrophz wied chiemicad enerey rather thaa light. and that the from CO and CH SH 171 can be anterproted as supporiing he
reductive pentuse-phosphaic puthway was preceded by hypothesis that o Wond-hike sems-ensymatic pathway wae T
shemative. older medes of CO~-assimilaion antotroghy. carliest biologica! carbion nation route.



By ExrERn st MicroRIon Yol. 2. 1908

Pereid ot of,

Biological carbon fixation can take place
by different mechanisms

The reductive penigse-phosphare natbway, or Calvin-
Benson cycle During the 1950s Calvin and his associates
extablished. in a series of elegant experiments, the patiway by
wirich OO is assimiluted by photoaworoplic eukaryoios [3].
The Cuivin-Benson oyele, which originated in the oyanobac-
terdal anceslors of chloroplasts, is the outcome of & provess
in which enzyme recruitment bad a major role, As summarized
in Fable L. in biochemical terms there are only two enzymes
uniyue 1o the Calvin-Benson cycle. namely phosphoti-
bolekinuse. or wbulose S-phosphaic kinese (PRES,
and ribulose bisphosphate (RuBP) carboxylase/oxyzenase
frubiscol The other eleven chemical reactions are eatalyzed
by elgin different enzymes (nine in plustids) thas have additionat
roles in  several hetérorophic  pathways,
givechsisfoluconeogenesis and the pentose-phosphate oxidative

Tablel Enzymaic sieps in e Cabvin-Benson cycle

such 28

rouie. Thus, a major portion of the Calvin cyele may he
explained as the result of a parchwark assembly of 1 route 1200]
from pathways already exiant in previously evclved
hetermtrophic anagrobes. such as the ability to synthesize
pentoses from - or Cgcompounds {293,

Atialysis of the compleiely-seguenced genomes of
Methaunoeocrus junnaschil 14] and the closely reiated
curyarchaeoty Archaeglobus julgidus [23] has bed 1o the
wdentification of ORFs which exhibit considerabie levels of
similarity with the rebizeo large suburit (Teble 13, Idensification
of rubisco-homolozues in these vuryarchaesotal genomes
confirmy previous reports of the presence of this enzyme in
some non-retinal-containing species of halobagteria {1,
Howover, there is mo report of Calvin-Benson oytie-based
sutotrophic growth in archeebrcieria. and it has been suggesied
that tbe presenes of rubisco-like syquences in archueal genomes
is e to horizontal wansfer phenomena {22].

Primary structare comparisons do not indicate sny obviows
evolutionary relationships between rubisco and all the ather

Enzyme B Reaetion

Oiter pathiways Dhrstribeiizon

phosphunbulokingse 2.7.1.i% ATP + p-rivuiose S-phosphate
= ADP = periltione

i & hlsphosphat

BE

ribufose bisphasphale RN eevigatow LI-bisphosphae + OO, slymgylite & dicarboxyiate metubolsnt B, B oSasadl subinins
cariosvhige = 2.3-phospho-b-ghyrerae B. AL E tlasrge subwnin)
phosphogiscerare 2333 ATP + 3-phospho-n-glveerare slycolysisieluconeogenisis B.AE
hinuse = ADP = 3-phospho-v-glyceroy]
pimsphats
alvoerildelnyde-3- P28 seofyeetshdzhyde 3ophosghme B E
phosphate + phusphae + NaDP~ =
defrydrogenase Fe phosphomi-elyeeroy] phosplate
+ MADFH
riorepiah e 3304 p-glyreraldehyde 3-phospliie givealysisfgiucunengenesis: BALE
ismanse = glyeerme phasnhnte frtone f manmeme metabotisg
giveeratiprd metabolism
Trswtome-bisphosphus: 40213 u-irucioss | B-msphasphate shyeotvsisfgluconcogensels o.E
abdotasy = glveerope phosphate + nenfowe phospiiate cyvele:
glyrarakichvde 3. hiosphate frnclose & mannieg metubolium
Dedtose-bisphospharese LI p-trucioss Lh-bisphonphaie + gleeniysivigluconaopenesis R
.0 = piructose t-phosphae pentose phosphate cycke:
+phusghaie fruripse & omnposs wremholinn
Lam-ketalase A Secubepualose T-phosphue § peniose Phosnhgie cycle AR
rglyearubdehyde 3phosplow
= p-riboss hate -
s ildoge Bt
nbndfwe-plaospliie 5081 oeribalose S-phosphnge pentoxe phes phete eyeke: BAE
Eepimera = p-ayhiose S-phoaphoie paptose & gluctsonste ieroonve: sicns
it S-phosphsi 5318 p-rikose 3-phosphate peninse phosshale vsugie 8 AE

SR IS = p-ribubose S-phosphuis

B= Buclwrn A= Archaes E= Fukarvy
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Fig- ! Multiple sequense shigmment of 4 conserved phospfhoribelokingss {dbelose S-phasphate kinass) wotid with its bacterial and eubarvartic uridine

kinasefovtidine Kinuse homologues

Abbrevintions: pri., phosphoribilekinase: vdk. uridine kinssefeytidine Kinase: Av, Arabidopsis plicea; Me. Mevembrranthemum o tallianin, T,
Tritricspraestiviess 8o, Spriacie vleracear Cr, Camydamendgs reinliardtrs, Ssp. Svnechu yoiis sp. PCCERO%: Bs. Bacihes webnlis; Bo. Eschoric v coif

My, Mrvcaplasme gemitalinen So. Sacvharamyers cerevisiar

sequences found in the available databases. On the other hand,
phosphoribulosekinase (prk) 15 probably derived through gene
duplication and divergence events from an ancestral, jess
specific kinase. This possibility is supported by 3 conserved
20=0dd amino acid segment thar phosphoribulokingse
sequences share with uridine kinase/cytidine kinase (udk), a
ayrimidine ribonuclentide biosyiihetic enzyme that catalvzes
the O GTP = UCHMP + ODF reaction (g 10,

In every cramined case. the cachoxylating enzyme rubiseo
Bas been shown to perform the oxygenolytic tleavage of RuBP
This bifunctionatl character is the result of the competizion
betweon Oy snd OG- for the same cotalysc shie. From .an
gurotrophic viewpoint. the inhibitery effectof oxygen on carben
asximilation (or photeraspiration) appears 1o be a wasteful
orocess. However, tha ancestral carberyiase probebly evolved
m s T0,rich covironmen in whith very e freC oxygen whs
graitable. Throughow Beth's goological histery Gils sivation

has been reveried. and rubisTo appears 48 the outcome of an
siietee process Gl lod to an irorease I tho tat of subsizate
speciicites T5,{0, dint compensamd for the G- inhibliory
offect, Anatysis of the different

T R SRS
asent paglosyiibel

the bmpact of ncreasing ox

1
e by A o] =
t contain robisos o reduce

CO,concontrating mechanisms in cyanchacteria and algse,
and the Hatch-3lack patlrway in C4 plants. make this wend
rather cbvious {7].

Althiough 1t is possible that eibterranssn Hhotrophs comirtbute
significantly to biological carpon fixation [31), today the Cabvin-
Bengon cycle appears 1o be responsible Tor the bulk of hiokeeicat
C0,-fixation. It Is présen 10 ali photosyaibetic microorganisms,
nctuding cyanobeeierie and purple bacteria. and also In sors
Cram-positive chenolithotrophs, As reviewesd by Marguli [ 28],
this appears 10 be ihe only antorrophic rowte aoguired by
culearvotes through symbistic evems. inwvolving either
photomsoiropitc or chemolithatwophic prokaryotes.

The drnen cyele: the reductive cltvie acis pathwey In 1463
Arnon arnd s coworkers proposed that corbom assimifation Tn
the barderium Chiorobium ffmicola {which photochermiontly
disproportionates clementary sulpfor w sainkide ond selphaie,.

procesds not by the stendard Calvin-Benson cvele, but viz 2
reducitve citrie zeid eycle, oy reverse Krobs ovele {37

summarized in Table 2, this oathway requires vwe addt
f ¥ eyl

T kT 23 > P s ey ] L
CoA, namely ferredoxin-dependen Z-oroshuerais. and 477

citrgte Ivase’. Recen! structurs! comparisons have shown {hat

¥ O search for lismwloaues of AP -citraie Iyase indicaisd o considerabic fovel of wequence similariy with NCB emre 382630 (pwr AsDuda). which was
originally deposiied a5 2 300 amine acid fragmen of the sea urchin embryonic ciliary dynein heta beavy chmin [ 111 However, detsited walvsey of bath dynsin
s KTP- citrate Tyase sequences demonstraied that NUBI 382640 was misidentified, and thay 1 75 not @ membet of The dy aefres but « ATP vitrale yase.
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Perodd of 2l

Fable 3 Brorrmatio steps i the seductive claic arid opcle {Asnon pailwa)

Brryme EC Catalvzed reaction Other pathweys Dizeiprbuiion
Zeopuptuwtorate gynthase 1273 Zremogiutaraie + CoA + oxidized Qi reid cucie B A
fervedonin = gucoioyl T + €0, 4+
reduved ferredoniy
isnciimme delydropease 5. 0.042  Diovitrae « NaDPYs zlifie seid eyele: gletathisne restubolism B.4E
mHaDpty 2- wxophitaan + 0, + NARPH
wotnitaie hvdrse 2243 chtraies cis=aconiiate + H0 sivaxylate & dicohoxvlare meeaboliza B.E
aiirie seid oyeln
STP-civewe lyase 4.1,3.6 citraig = goetnbe 4 axaceials sitrde acid gycle bi]
matate dabydrosenaey LLLIT (sl-mislate + NADT = oxlmeeie + citde acid eyelc: pimtvaie.
NADH shvaxylate & dicirbonpdae mesdolism 84K
fumuirate hydratase L el ] S anadate = fonarae -+ H,G eitric zchd cyele B oA E
sueeipae debpdrogenase 15901 SCETRARS + ReCapIoT = Fnse 4 citrie aoid cyole; sxidative phosploeBation: B.E
reduged soseptor bucznnae metabolism
sezginate-Clol Hgues AR ATP + qucomnir = Ond = ADE » stuka acid oysle pragancate B AR
(A EP. frming) saccimy! Cod + phosphate matabalism; CS5-hrnched ditasie

wid metabolism

B+ Boceri A= Arlines; B= Bukarye

ATP climmie iyase belongs © an enzyme superfamily
charseterized by an onugnal nuclzotide-bimding fold, de., the
palmate- or ATP-grasp fold. This superfamily includes giber
ST P-depencent carboxylate-thiol Bpases (stecinate- and malate-
ok ligasesy, as well a5 enzymes endowed with carborylate-
axnine HZase sotivity {mlutathione synihedase, biotin carboxylase,
and carbamoyl-phosphate synthetase) [13],

The reduetive cide acid oycle Is found in both bacterial
el avcliaea! prokarvores. Te was first seported in te modersiely
thermophilic hydrogen-oxidizing Medrogenabacier sherss-
ifis, the serobic Aguifer pyrophites, and the suiphats reducer
prowwobaciera Desulforobacier vdropensplihs. s welizs
groheal species including members of the serobically grown
Soffeiabuy germe, and Thermoprotens peurophifae (When grown
with M and elemental suphar} {17 %41 Tae wids distribution
of thds pnabolic pathway and its modifications (such as the
redieeive acetyl-CoA or the redoctive melomd-Cod pathways)
amig ankerolic archues amd the nongl decply rooted ovbactesia
srrongly sugoest that i evelved prior o the Calvin-Benson

syole 1221 Thiz cyvele is currently fpvored as the primosdial

metabolic pashway by the adberenss of the pyrite-based

s

el s g s stamea . AT T 1
chaTprsnsirophic theary of the ofigin of B 1445

The reductve neelyl Cok oyole {Word pathogyl ARl
exied in 908 thas dirsst assimidmion of
{0 in & witdespread biglogical wail, it was not anfi sty yeers
taver thet Wood and his eo-wotkers [25] demonsirated the fxedon
of sienospheric carion dieaide into reduced oreanic compoands
by the heteromopi’c propionle 2¢id becteria [£7, 48], Rurlier
stadies demonsirarad fhat assimdation of TO, by the net synhesiy

of sceiyvt Cok could sustain ausofropbic grovwtl: in Cingeridumm
fhermoncericos [50). Fixation by the antorrophic redutiive
aoetate patevay 18 4 shmple process that involves te contbination
aof twe 204 tor T molecules to fonm o tvo-carbon canpound,
feom which reduced orsanic comgonznts ase formed by noo-
sutotrophic or anaplerctic carboxylation processes and other
irpical heterorophic meactions (48], The first reaction in thix
pathway is fhe redoction of carben doxide to CHj;, which reacis
as mefhylietsakydrefolam with CoA ST 1o form avetyl-CoA via
acarisecl donoi stch as COor U0, Instesd of the typical blolm
carhoxy] corrier protein found it . coli and animals, e
ermedistes ate ceried-bound orgamometallic complaes
imvoving M, Fe, and S, Tn this cyele te breskage end formaiion
of st thiocster bond bopwesn CoASE and the O=0 proug ol tng
areryt molely are both catmbvaed by OO dehdoganase/facely]
Cos synihese, This bifuncidonal ensyme iz the cenieaf catalys
in; this pathovay, and siedinmes both e extidation o (0 1o T,
ard the gymthesis of azety]-CoA 33, 49,

The Wood pathway, which is the major CD- fantlon
machaniam unger atgerobic conditions MY, also es an sronls
phylpgeneris distribuion. and is known o be used
seetogenic hectenia, methanogens, sad &
ot snabolic and catsboiic porposcs j4
Aecgiobacterinm woodli and Speromasa

and Deselfovitrio begrsil. 1t is sleu widely dismriboie
ameng methanagess, including Methanacbacrerim the: mo-
asigtrophionm, Methonosorcina barkeri, and in the ¢
divergine  hyperthermophilic  goners  Hethamopyrus.
Methanoroooss, and Metherothermas [12, 341 In spite of
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the clifferences in formase niilization and the peonliar cofactors
emploved by methanogens, the first steps of acetyl-Cod
synthesis are similar among these autoirophic archizes and
the enbacteria {21, 43, 461, confirming the monophyletic
vrigin of this pathway. Althoogh no carbon monoxide
i ﬂehydtaéenase gotivity has been found in Archneogiobus
s -profundis, it has been reported in A. fidkotrophkicus [38], This
aitinding iz consistent witd the presence of the Wood pathway
ey dn fhie A filgides gensmes T23], whers they ce probably
s Snesived in the anasrobic-oxidation of zesiateto CO,.
rEe Thelipdroxypropionate pashway Several stadies.on'the
-2 plitauiotophic growih of thethermephidic, gresn nom-sulplur
aeterium Chloraffexss aurantigeis mdicated that, in some
%mﬁs.,e:ii: was assimilated ingo reduced orgamic compounds
vid apathrvay different froro those desoribed sbove. Labelling
periments with cells grown in the presencs of the sconitase.
icking Hureacetase, dewonseared thatacet-Cod covld be
Jath-an insermsediste and o product of this COp-finadon patway
[ 363, This cydic route invoives the carboxyiiion of zoetyt.
Bod, which i then reductively converied o form 3-lydrowy-
jfﬂﬁ}@iﬁﬂ&w 1167, This ususeal intermediste 12 first reduced and
smibenylated to form propionyl-Cod, which is eonverted
“Hireugh = second carbonylation into saccinae aad then to matyl-
Eoks [10, 36, 37] Ir is possible that the starning pein: of
- guecinate biogyothesis iz this padrway, which is present aise
i the archaen Thermoproteys neatrophilus [38) and in a
‘somewhat modifisd form dn Acffiare brierlev {19, mvolves
~glvoxylate derived from the reordingtion and escission of
for Zermetioyt mialonyi CoA through the glyoxylate shant (Stankey
Feoks, Wfiller, personal commmmication).

ﬁaﬂﬂﬁ@%&@g@héaJ@@@eﬁmﬁ@ﬁ:a@ﬁmwwm
Sproress?

Severs! autotrsphic theories onabe origin of life have besn
repesad-whichdn not require preformead priimic compoanls
Af gbdotie orgln Twoe of these theorlas te the otigin of
Cli-aseinriiation pathways teibe appearapreof life, Le., they
o ossume the fimst living syseme were-glrendy endowed with
eshe abity of Hxing atmospherin carbon dioxide. One sue
¢ ferry mvelving non-enzymatic veeciiony wus paemed alter
© exiant Mochemicsl pariways of intermediaze metabolizm
T tagones Thet e ciivic acid cysie swrmd with scetyb-Col by
<. twie COy-fixarions [14], The developmeny of such 2 sysien
iz snvisgned 0 repuire UV Night. clays, and frausition sae
wwatalz, all of wiich ars Hiely components of the peimitive
aryriscnanent. sdowevean such oyclic paibways nesd 1o e wary
efficisnn o they will ston working. Une such cxample is
Precieody the Krabe cyole, whish comes o 4 eornplowe siandstill
mrless the oxalecetans os? by non-enzymatic decarhinogyiation
is repisued. By any czse;this thetry has ol besn examineg
i detadl, and thwre is no experimental evidence siporting
its besic assumptions [231,

n,

o

Currently the most popular and elsboraic smstrophic
theory on the ongin of Yife s thae of Wichershauser {39421
According to this bypothesis, life began with the appearance
of an auleczialyiec two-dimensional chemolithowrophic
metabolic sysiem based on the conversion of ron sulphide
into the stable orystalling minersl pyritg (FeS,). Syathesis
and polymerizaron of organie compounds are azzumed to
have paken plase on the surface of Teb and FeS. in
envitonments that resemble those of deep-sea hydirorhermat
venis. Replicarion followed the appearance of aomn-
organizmical iren tedfide reo-dimaensional lide. in which
chemouitotrophic carbon fixaton Is assumad o have aken
piace by a reducive sicarboxylic (TTAY or ¢iiric acid cyels
of the tvpe originally described for the photoeimthatic meen
sulphyr bacterinme Ohlorebinm Imicola. The ample
phylogenetic distribution of this ansbolic cyele and Us
mpdificaiions (soch a5 the sedactive aoetyvi-Cot snd Lhe
reduciive malchyl-Cod pathways) have been Interpreted as
evidenes of s primordial charcter. which {s assumed 1o have
besn pritned by a carbon dioxide fination process akin o the
reductive acetyl-Cod pathway [22, 27, 411

The reaction Fe8 + Hy8 = Fel, + H, s highly exergonic
AG" = —9.23 kcalfmol, E* = 620 mV), and i has been
demonsirated o take place under anssrobic conditiong at weuieal
pH and HGCC [9]. The FelfH, 8 combination Is 4 strong
seducing azenr, and it peovides an officient sowrce of slecirons
fiow the reduction of organic compeunds vrader mild conditions.
This FeSfHLS combination van produce motecular Inpdrogen,
and radiice aiteate 1o ammonis, acerylene to ethyltemss, thicueetie
aid to acetic acid, ag well a8 roore complex svathesis (271
ingluding peptide-bond formation by sctiveiion with carbon
wotxide-on (N, Bell surfiapng 18],

However, these syperimental resnlis are alse compatibie
with z more geners], modified model of the clasgics]
nerownphiic ey which pyrize formation Is recognized
s an mporant 20t of elecmons for ihe-raduation of crpmic
compodnds 241, It is possible. for instancs, thet ander ceriin
conditions armospherie T0, would Rave heen phototeducad
bre fervpus Drot in soluton, and pyrite formation on sybmenped
rocks oight bave reduced sdegen 0 snmvgsda (2] snd ovaanis
compomnds. The essentis! question in deciding berween this
shemoawiiropiic theoty and the hetoromephic hypoiiesls
on the origin of Hfe is clearly mot pyrite-rnediniGe oigauic
syrihesis, dot wheibor divger OO0, reaoofion and svathesiy of
organic compounnds can fake —pié;& by » hvpotheriost too

dlrensional Hving vystem tat lacks geneiis informution 1241

A sermi-eneyeiatic model Yor the frst
LOofluation pathway

Giver the sirong dlsshnllarities in carbon dioxide assimifesion
soutes that have developed in widsly separaied autotsopas,
it is important o endessiand which of em s oldest and
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how it evelved from previeus heisgotrophic modes of
neiritien, Answers io these questions shonld provide =
coherent, aon-telenlogical historical narrative consistent
with i) the phylogenetic distribution of autotrophic
metabolisms? (if) the geological conditivns of the sarly Barth
(such as its anoxic envirowment) and the availability of
inprganic peecursors and eatalysts; (iil) recognition of the
Itmited catalytie abilitias of the flist sutoirophs, fe.. the
eartizst bisfogical CO, assimilation pathways musthave
been relatively ximple. and may have depersied on
spoglaneous oy semi-enrymaile carboxylztion reactions
[eading-to O bond formation.

ceayie and Ferened {32] sugpesied a slow, stepwise
development of the highly endergonic ribiulose bisphosphate
Dathway I which the-simpler ribuloss-monophosphate oycle
was assumed-to be aninteemediate stage in the evolution of
rubisco-mediated OO, assimitation. However, this modsl is
nat consisient with die pliviegenetic distribution of the ribulose
biphosphase patlyway, which appears 10 be a Telatively late
development in the (eulbacterisl bennch, Thaes, 1842 likely. that
an oder form of chemoantoirophic carbon asshmilaiion
evilved before the appesrance of chiorophyll-based
pholcaaiomophy.

Adnasems of the pyrite-based chemoautotiophic theory
of e origin of life, on the other band, have argued that the
reductive TCA sygle. whick has an autocatalytie nature snd
providas both srehecal and bacterial melabodisms with the
stariing materiad for practically ail biosynthetis routes, wag
originally driven by pyrite formation and the very firsy
anabolic pathway {22, 27, 4£1.

The ahiuity of Fe-S active centers in mmny ancient
enmymes, lncluding OO delopdropesass, has besnexplained ag
the:evglationary outoome Srom this FeS/H,S-mediated reducron
ol organic compounds {8, 41} The archassl acetyl-Coh
synthase (CHLC0=8C0A), fike the Closeidin: thermeaesivan
arzyme 151 sise inchades M in iis P8 reaction cemen{s, 8},
and uses OOy or OO -as precugrsors for acetyt-Cnd (47, 481
Paved oo these cbsenvations 2nd on the kev 1ols of aceil-Col
in. manifold blosynthetic pathways (Eq. 1), Huber and
Wiichsershozer [17] developed a non-enzymatic synthesis
of CH-L0-BCH, fom a mixiure of G0 and CH,3E-r 2 high-
emperature Regetion catalyredby & minmte of co-precipitaied
MiSFeS (Ea. I

CH,-comrin + CF + HECoa "0 T80 CHOG(SCoa) {13
TS oh = connzyms &

NSRS

SOHSH « 00—

= CH,O0ECH ) + HyS @
Addition of seleniom 1o the catalytic mizture MiS/FeS led 10
the synihesiz of acetic aoid and CH.8H (Ba. 33

Setliires

£0 + K8 =20 CHCO0H + CH;SH {3

The abigtic C=C bond formation from CTH.5H and CO
{Ea. ). whicl Is analogous o the metal-caistvzed indusrial
synthesis of CHO00H from CHOH and OO0 via tie migration
of z methy) erome 1o 2 coordinaged C0 [2], demonsteases the
feasibility of carbon monozids fxarion in & Weod-like reaction
catalyzed by mansition metal jong §17]. Although this resction
does net take place in & two-cimensional system as postulated
by Wichtershfnser 139427, the meta] sulphide-catalyzed
€- bond-Forming process has been intesprated a3 evidense
of a CO-assinflstion-process that would feed an archaic
aumgeatnkyiin ehemonutotrophic carbon-fication cycle. As
requtred by Wichsterhduser s theory, soch 4 oyole mast have
been 2 primitive vatiant-of the reverse citie acid eyele, whtick
onee-sparked by & E-C forming process dkin o the Wood oycie,
wotld besome e starting point for ol anabolic pathways. The
appearance of ihe ancestral reductive TCA cyele would then
be followed by the development of the reduetive sceryl-Coa
pathway [41],

However, there is en alernative iniepretation o the reslis
repored-by Huberand Wichtershiuser {17, Le., (e reaction
summarized in Bq. 2 suggess the possibility that the Wood
pativway had precesded the redurstive eliric acid cyele. Itis
possibie, for instasee, that a semi-enzyimatic Wood-tike eycle
gvolved in an ancestral heterotrophic popaiation of lmited
catalytic abilities. Acpording o this afrermnative interpretation,
the utilization of mezal sulphides as reducing agents also
correspends to 2n early siep in biochemical evelution, ie.,
searyl-Cod synthase is the evolutionary cutcone of 2 simple
MWi-Fe-§ catalyst with carbon monoxide dehypdrogenase
activity. The C-units gensrared by 2 reaction sqelvalent o
that shown in Eg. 2 could b2 lncorporaied Tto cell material
following a ferredoxin-dependsnt {or pyrite-dependent)
redactive earhonylation. Corriprskeletons-wred first in the
reduction of rthonucleotides in the BNA — DRA wangitien
would be then selected as methyl-transfer molecules
{CH-oorvin}, in @ process originally mediated by broad-
substrate privoitive epgymes. Thiz view is consistert with {3
the widespread-disuibutionof the Wood pathway {Table 3y
amd (ii) the hynothesie that catelvticdran-solphur clusters
foand in electron-transter protelzs have an anclent origin.
Howgver, i-does nol reguive 2 hot otigin of iife or an
autoiophic emorgeres of lving systems.

Lonclusions

in this paper we have reviewed some of the bischemicsd
characterizties of the basic COy-sssimilation pathways.
Sequence compatisons demonstrate thet the potchwork
assermbly of catalysts hag played 2 centra] role in ihe evolution
of thase difforent modes of carbor fixaion, As onderlined by
Pace [31, phylogenetic distmbution of the differsnt types of
energy metabolism and carbon dioxide fixation in universal
molecuiar phylogenies does not follow 4 simple developiment
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Tablz 3 Enoymaiie stops in the neductive atetylCoA oyele {Wood pathway)
Esome EC Canafzzed seachon Jiher palitedys Dexzrsvvntion
fomzte delysirngenaas O s fomage + NAD T = O, + NADH redared 10 oAy ciher delnpdrogenssos B AE
foeney T esrddroliplae £3£% ATP -+ fortans + tethwdeafolat = sheoxylae & dicirbonyiae meabolism By
smthelase ADP + phosplate + 13- formy)
etrahydrofolze
mathesy] iemahvdofolae 35458 5. 10-methylensicirahydreiplate = alvoxylae & dicarboxvize metabolism 8 E
H,0 = 10-famayl tecaitvdeniniate
* methylone etnfpdmfolae LELLS S.I0-methylenereimhydrofole elyonvlase & diwark ot metabolisin BE
defydrogenase [MATDFT) KADPY = 5,30-metheny?
ietrabydmialata + NADPH
5.50 methylean 17883 S-mectiybotrehydeofolate + dooepiir dicarboxyiate metabolivn B.a
wheabydrofola ductase 15030 = 5 ianetdndensteuwaiydrotaiug
(Fa3H} + redpocd accepin
- carhon monoxide 1.280.2 203 H 2 sseeplor methaas swisholism B.AE
T flehydeopenige = 00, + rediced aoveptor

Y B= Bockeria A= Archacn; E= Evkunya

" wnd roey Indicate lateral zene transter. However, it is obvious
-+figt soese form of carbon asshriladon, which is found ovan in
strind beteroirophs, was sperative befors chlorophyli-based

" photosyathesis,

Tz contrast with the chemoanssuphic pyrite-ased thedry
of the origin of Hfe that assumes that the alotrophic redugtive

-itric 2ckd cvcle was the first anabolic pathway 141, 42), we

“have propused here that the experiments on metal suiphide-
- mecfiated C-C bond formaion [i’r’} can also he interpreted as
an avidence that the Woud pathway s the most primitdve carbon
fionide sxsimilation pathway, This aitanative interpretaiion

g eonsistent with (1) Sie ample phylosenctic distributon of the
Wood oycle: (31 the relative simplicity and energstically more
awonarable process of COvassimilation reediated by the Wood
patvway comuared 1o other sutorrophio reutes {12]; and {iD
e vossibiiley that the (0, assimailetion was Loginaiy & semi-
enzymags pathveay, in which the net simrhesis of aoetvb-Udé
frmn OO, was medisied by 2 wmple MBS catalvtic
mixsire ancesiral fo acetyl-Cod synthase (17]
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CONCLUSIONES

Si bien los caracteres moleculeres como el 16/185 rRNA han demosireds el origen
monofilético de vodes los organismoes vy, por ende, la existencia de un ancestro comiin a
todos ellos {Woese 1983, es importante reconocer los limites de esie enfoque Tanto
en ia reconstruccion de las filogenias y las caracteristicas del cenancestro, como
respecto a la poca o nula informacidn gue nos proporcionan sobre el origen de la vida
mismo. No hacerfo puede flevar a conclusiones prematuras, como ocurrié con la
definicién originai dei progencie sugerida por Woese y Fox (1977), o con la
caracterizacidn del cemancesire como una célula con genoma de RNA y gue
supuestamente dependia hefercirdficamente de nucledtidos de origen abidtico, tal

come lo sugirieron Mushegian y Koonin {1996).

El descubrimiento de enzimas homélogas que catalizan reacciones bioguimicas
similares en diferentes rutas anabdlicas apoya la idea de que existid un reclutamiento
masivo de enzimas durante el desarroilo primaric de rutas metabdlicas. Como va se
mencioné arriba, cuarenta afios antes de que se reconcciera el papel del RNA en la
evelucidn bisidgica temprana Horowitz {1945) sugirid la llamada hipdtesis refrdigrada
para explicor el origen de ias rutas biosintéticas. Los resultados presentades agui
sugieren que lc aplicabilidad de esta idea es bastante limitada. El andlisis ciadistico de
las enzimas gue participan en lcs rutas de sclvamento de nucledtides de purinas
demuesira que 23 difici! sostener o idea de Horowitz (1945, 1963), que supane que los
genes homdicgos codifican enzimas que catalizan pasos suczsives en una misma rufa
biosiniética. Ei andlisis comparetive de genomes celulares completes he demostrade

guz 2! orden de los genes no fe encuanirg conservado en la evolucidn de los
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Por ofra parte, el descubrimienio de que una porcidn importante de los genomas
bacterianos ha resultado de duplicaciones pardlogas ancestrales (Fieischmann et al,,
1995, Fraser et dl., 1,995; Koonin et al, 1995; Labedan y Riley, 1993) es consistente
cen la hipétesis de que las rutas metabélicas fueron ensambladas via patchwork. Asi,
en muchos casos se puede afirmar que las ritas ancestrales fuercn mediadas por
enzimas que poszian una baja especificidad al substirato (Waley, 1969; Yeas, 1974;
Jensen, 1976}, que pudiercn parficipar en rutos metabdlicas oue actualmente no se
encuentran directamente conectadas, por ejemplo, la biosintesis de histiding v
pirimidinas. Por ofro lado, ia demosiracidn dei papel que la duplicacidn génica jugé en
el ensamblaje de las rutas de salvamento de nucledtides de purinas no solamente es
censistente con la hipdtesis de patchwork, sino que también permite explicar la
aparente rapidez con la que pudieron haber evolucionado las rutas anabélicas durante

el Arqueano Temprano {Lazcano y Miller, 1994).

El reconocimiento del papel de la duplicacidn génica en la evolucidn de las rutas
metabdlicas no resuelve i problema del origen las enzimas que no surgieron de esta
manera. En algunos casos, las enzimas ancestraies pudieron haber tenido su origen en
reacciones no enzimaticas, v fueren profeinas que aczleraron un preceso espontdneo

nere lento (Lazeano y Miller, 1996}, come es el caso de la descarboxilacidn fotoquimica

del dcide orético descriva por Ferris y Joshi (1979). Todo sugierz que los rutes
primitivas pudieron haber existido con un nimere reducide de pasos mediados por

enzimas poco especificas.

Lo comuuracidn de secuencias demuestre que ai ensamblaje Tipo pafchwork na
un pape! importante en la evelicién de las diferentes rutas metabdlicas dz fijaeion de
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diferentes tipos de metebolismos de energia v ios de filacién de didxido de carbono

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



eventos de fransporie horizontal pudieron haber ccurride durante su evolucién, Sin
embarge, es evidente que alguna forma de asimilacidn de carbdn, que se encuentra de
igual manera en los heterotrefos estrictos, estaba operands antes de la fotosintesis

clorofila-dependiente.

En contraste con la teoria quimicatotréfica basado en la pirita para el origen de la
vida, gue supone que el cicio autotréfico de reduccicn del dcido citrico fue la primer
ruta anabdlica {(Wachtershduser 1990, 1992}, noscires proponemos que los
experimentos realizados por Huber v Weéchtershtiuser en 1997 sobre la formacién de
enlaces C-C en metales azufrados, pueden ser interpretades como evidencias de que la
ruta Wood es la forma mas antigua de fijacién de carbdn. Esta interpretacidn
alternativa es consistente con : (a) la amplic distribucidn filogenética del ciclo de
Wood, (b) energéticamente esta ruia es mas Tavorable gque las otras formas de
fijacion {Fuchs 1989); y (¢} la posibilidad de que lo asimilacidn del CO, fuera
originalmente una ruta semi-enzimdtica, en donde la sintesis de acetil-CoA o partir de
C0/C0O, fue mediada por NiS/FeS junto con acetlil-CoA sintasa (Huber vy
Wechtershduser 1997}

Finalmente, quisiera agregar que la amplia distribucion filogenética v la dlia
frecuencic de secuencios simples en los proteomas andlizados, refleja que los
procesos mutacionales (slipped-strand) gue producen los segmentos de baja
complejidad, pueden haber jugado un papel importante en la evolucidn de secuencias
codificantes. Ademds, la presencia de segmentos de baja complejidad en proteings
aifamente conservadas y muy antiguas como RNA polimerasa sigma 54, los Tacteres de
iniciacidn TF-2 v IF-3, los proveings ribosomaies L7, L9, L10, L12, L19, L27a, DNA
poiimerase IZT, v en las subunidades hidrofilicas Fo v Fy de ATP sintetascs, sugiere
quz este fendmens ha cperado desde la evolucidn temprana de la vida, Es decir, las

secuencias simples han funcionads como una fuente de variacién genética (Moxon



1994), pero sobre todo como un importante mecanismo de amplificacin génica que al

menos en algunos casos han dado origen a regiones funcionales.

Las mutaciones que producen ics segmenios de baja complejidad se presentan a todo
lo largo de las proteinas. Sin embargo, su distribucidn {78%) hacia los extremos NH; -
y -COOH en las profeinas sugiere que son seleccionadas en conira aquelias que
modiTican radicalmente la estructura al perturbar dominics esiructurales. £l sesge en
la composicién de la secuencias simples tiende a presentar altas concentraciones de
aminodcidas que tienden a formar a-hélices {aianing, sering, isoleucing, ieucing, lising,
dcido glutdmico), mientras que el dcido aspartico, la metioning, la histiding, la argining,
la tirosina, el friptofane, v la cisteina estvdn subrepresentades. Los aminodcidos de
aifo peso molecuiar (MHFRY W), son seleccionados en confra mientras gue la
ausencia de cisteina, ia prolina v el dcide aspdrtice, se debe probablemente a que
inducen importantes cambios estructurales. Las secuencias gimples estdn presentes en
todos jos tipos de funciones metabdlicas, aunque muchos de ellos se concentran en

proteinas de membrana.
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