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RESUMEN

Aungue no conocemos como surgio la vida, la sintesis bajo condiciones
prebioticas de moléculas organicas, la presencia de muchas de estas en
meteoritos, y las propiedades cataliticas de diversas ribozimas, apoyan la
idea de que los primeros organismos se formaron a partir de compuestos
presentes en el medio ambiente primitivo, y de que durante etapas
tempranas de la evolucion biolégica tanto la reproduccion como el
metabolismo de 10s seres vivos dependia de las propiedades cataliticas y
replicativas del RNA. Debido a las limitaciones para la extrapolacidn de
filogenias moleculares a epocas anteriores a la sintesis de proteinas, no se
conocen ni 108 mecanismos que hayan podido conducir al llamado mundo del
RNA, ni las rutas metabodlicas que lo hayan podido sustentar. La situacion es
distinta cuando se pretende estudisr la evolucion molecular de sistemas
primitivos ya dotados de enzimas. En 1945 N. H. Horowitz propuso la 1lamada
hipotesis retrogada, segun la cual las vias biosintéticas se habian formado
en sentido inverso al utilizar en forma gradual una serie de intermediarios
metabdlicos de origen abidtico presentes en los mares primitivos. Sin
embargo, el analisis filogenético de las secuencias de las enzimas que
participan en la biosintesis de la histidina, por una parte, y de las que
catalizan la formacion de de la valina, 1a leucina, y la isoleucina, apoya no
tanto la hipdtesis retrdgrada, sino la idea de que las rutas metabdlicas
originalmente estaban mediadas por unas cuantas enzimas de especificidad
relativamente baja. En particular, la comparacidn de las secuencias de los
genes que codifican para diversas enzimas de la biosintesis de 1a histidina
sugieren que esta ruta se establecid antes de la separacion evolutiva de 1os
tres linajes celulares, y que los fendmenos de duplicacion y elongacidn
genica jugaron un papel central en su ensemblaje. La hipotesis de que los
fendmenos de amplificacion génica jugaron un papel central en la evolucion
de los genomas celulares permite explicar, al menos en parte, 1a rapidez con
la que parece haber tenido lugar la diversificacion de los procariontes
durante el Arqueanc temprano.
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NOTA PRELIMINAR

La parte central de esta tesis estd compuesta por una serie de articulos, 1a
mayoria de los cuales estan ya publicados, y que han sido escritos en los
tres (ltimos afos como parte de un esfuerzo por comprender etapas muy
tempranas de la evolucion celular, anteriores a la diverrgencia de los tres
linajes contemporaneos: arqueobacterias, eubacterias, y eucariontes. Esta es
una fase aun por definir en la historia de la bidsfera, y comienza, segun
algunos, con el origen del mundo del RNA, en el cual supuestamente los
organismos dependian para su perpetuacion y reproduccion de de las
propiedades cataliticas y replicativas de ribozimas de origen prebiotico. Sin
embargo, como se discute en varios de los textos que se incluyen aqui, hoy
se duda de que el mundo del RNA haya podido surgir directemente de la sopa
primitiva, y es perfectamente posible que haya sido precedido a su vez de
sistemas aln mas sencillos que dependian de polimeros cuya naturaleza se
desconoce del todo. Nada es posibie, por lo tanto, decir de los procesos
metabdlicos que pueden haber caracterizado estas etapas aln hipotéticas.

En cambio, y como se demuestra en el resto del material que se ha incluido
en este trabajo, el analisis filogenatico de las secuencias de las enzimas
que participen en una serie de rutas metabdlicas, especialmente las que
llevan a la histidina y a los aminacidos hidrofdbicos alifgticos (valina,
isoleucina, y leucina), ha permitido asomarse a etapas previas a la
separacion evolutiva de los tres linajes celulares. Por ello, este trabajo se
orientd primero hacia la definicion de un marco tedrico dentro del cual se
pudiera analizar 1a evolucion de las rutas biosintéticas. Como se discute en
el resto de los textos incluidos aqui, este analisis ha permitido no solo
validar la idea de que las rutas anabdlicas se ensamblaron merced al
reclutamiento de enzimas ancestrales poco especificas, sino que también ha
permitido ofrecer una explicacion preliminar a la rapidez aparente con la
que se establecieron los procesos metabdlicos durante el Arqueano
temprano. Esta segunda parte del trabajo llevado a cabo ha sido posibls
gracias a la colaboracion con Stanley L. Miller (University of California, San
Diego, EEUU), Joan Oro y George E. Fox (University of Houston, Houston,
EEUU), Renato Fani (Universita degli Studi di Firenze, Florencia, Italia).
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En este tipo de estudios no se puede ser excesivamente ambicioso: a 10 mas
8 10 que se puede aspirar es a la elaboracion de una narrativa de caracter
histérico 1o mas coherente posible, y que sea congruente con las
caracteristicas de las rutas biosintéticas y las propiedades de los
compuestos de importancia biguimica en los seres vivos contemporéneos.
Ello explica el porqué algunas de l1as premisas e hipdtesis discutidas aqui no
han sido sometidas al analisis empirico, en su sentido ortodoxo, sino
unicamente & 1as pruebas que se pueden derivar del anélisis cladistico
molecular.

Los textos incluidos en esta tesis son los siguientes:

1.

Lazcano, A. (1994a) The RNA world, its predecessors and descendants. In

S. Bengtson (ed), Early Life on Earth: Nobel Symposium No. 84 (Columbia
University Press, New York), pp. 70-80

Lazcano, A. (1994b) The transition from non-living to living. In S.

Bengtson {ed), Early Life on Earth: Nobel Sumposium No. 84 {Columbia
University Press, New York), pp. 60-69

. Lazcano, A. (1993) The significance of ancient paralogous genes in the

study of the early stages of microbial evolution. In R. Guerrero and C.
Pedros-Alio (eds), Trends in Microbial Society (Spanish Society for
Microbiology, Barcelona), 559-562

4. Lazcano, A., Diaz-Villagémez, E., Mills, T., and Oré, J. (1995) On the levels

of enzymatic substrate specificity: implications for the early evolution
of metabolic pathways. Ady. Space Res. 13: 345-356

. Lazcano, A. (1995c) Cellular evolution during the early Archean: what

happened between the progenote and the cenancestor? Microbiologia SEM
11: 185-198

. Keefe, A. D, Lazcano, A., and Miller, S. L. (1995) Evolution of the

biosynthesis of the branched-chain amino acids. Origins of Life and Evol,
Biosph. 25: 99-110

. Fani, R, Lio, P., and Lazcano, A. (1995) Molecular evolution of the

histidine biosynthetic pathway. J. Mol. Evol. 41: 760-774



8. Alifano, P., Fani, R., Lid, P., Lazcano, A., Bazzicalupo, M., Carlomagno, M. S.,
and Bruni, C. B. (1996) Histidine biosynthetic pathway and genes:
structure, regulation, and evelution. Microbiol Rev. {en prensa)

9. Fani, R, Barberio, C., Casalone, E., Cavalieri, D., Lazcano, A., Lid, P, Mori,
E., Perito, B, and Polsinelli, M. (1996) Paralogous histidine biosynthetic
genes: evolutionary analysis of the Saccharomyces cerevisiae HIS6 and
HIS7 genes. GENE (enviado al Comité Editorial).

10. Mills, T., Fox, G. E,, Fani, R., Leguina, I., Lazcano, A., and Org, J. (1996)
Molecular evolution of glutamine amidotransferases: implications for
the origin of metabolic pathways. (titulo tentativo; en preparacion)

1. Lazcaho, A. and Miller, S. L. (1994) How long did it take for life to appear
and evolve to cyanobacteria? J. Mol. Evol. 39: 546-554



1. INTRODUCCION

1.1. La hipdtesis retrégrada y el origen del metabolismo

Es facil reconocer a la preocupacion por comprender el origen y la evolucion
del metabolismo como uno de 10s principales impulsos intelectuales que
llevaron a Oparin (1924) a formular sus ideas sobre la aparicion de la vida
(Lazcano, 1995a, b). Sin embargo, es igualmente cierto que aungue a partir
de la década de los 60s se comenz0 a experimentar con poblaciones de
microorganismos para estudiar 10s mecanismos que permiten el desarrollo
de rutas catabolicas y el uso de substratos artificiales (Mortlock, 1984;
Hell y Hauer, 1993), salvo un nimero reducido de trabajos publicados
durante el periodo comprendido entre 1945 y 1976, muy pocos se
interesaron en la aparicion misma de las vias anabolicas comunes a todos
los organismos. La excepcion mas importante la constituyé la llamada
hipotesis retrograda (Horowitz, 1945), segin la cual las rutas biosintéticas
se habian ensamblado hacia atras, es decir, el eventual agotamiento por
parte de los organismos primitivos de 1o que shora es el producto final de
una ruta catabdlica dada habia 1levado a la utilizacion de una molécula de
estructura similer, y asi sucesivamente hasta llegar a 10s precursores con
los que se inicia cada proceso biosintético. La idea de Horowitz (1945), que
estaba basada en las propuestas de Oparin (1924) sobre la llamada sopa
primitiva y el caracter heterdtrofo de los primeros seres vivos, suponia que
los procesos prebidtica habien permitido la sintesis y scumulacion en el
medio ambiente primitivo de todas las moléculas que participan como
intermedisarios en las rutas biosintéticas contemporéneas. De acuerdo con
este modelo, 1a duplicacidn de los genes que codificaban para las proteinas
ancestrales habia permitido la eparicion de enzimas cepaces de utilizer
substratos con estructuras comparables hasta llegar al producto final.

Veinte aflos mas tarde, Horowitz (1965) afind su idea inicial al proponer que
el orden de los genes en un operon era precisamente el resultado evolutivo
de la duplicacion sucesiva de las secuencias genéticas que codificaban para
las distintas enzimas que participan en una ruta biosintética dada. La
hipétesis retrograda se vio rapidamente transformada en la explicacion
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canonica de la aparicién y la evolucién temprana del metabolismo. No es
dificil reconocer el origen de esta eceptecidn ecritica de las ideas de
Horoyvitz. En primer lugar, 1a investigacion sobre 1a aparicion de la vida se
concentro sobre todo en el estudio del origen de la replicacidn. En segundo
término, 1a mayoria de los bioquimicos permanecié ajena durante muchos
afios ajenos a los problemas evolutivos. En tercer lugar, 1a mayoria de las
rutas biosinteticas basicas parecen ser de origen monofilético, y hasta
antes de la explosidn de la informacidn contenida en los bancos de
secuencias, no existian muchas posibilidades de anslizar su aparicidn bajo
la dptica de la biologie comparada y evolutive.

Por otra parte, la hipdtesis de Horowitz posee, en si misma, una serie de
incentivos nada desdefiables: (a) como ya se dijo arriba, desde un punto de
vista historico constituye el primer intento para explicar el origen de las
rutas biosintéticas; (b) permite establecer una continuidad entre el medio
ambiente prebidtico y los procesos de propiamente bioldgicos, 1o que le da
un atractivo intelectual considerasble; y (c) 1a comparacién de las
propiedades bioguimices y, en algunos casos, de secuencias, ha permitido
demostrar el origen comun de elgunas parejas de enzimas que catalizan
pasos sucesivos en rutas biosintéticas, lo que algunos han interpretado
como evidencia favorable a las ideas de Horowitz. Estos casos incluyen la
homologia entre (i) la B-cistationasa y la cistation-y-sintasa, que catalizan
reacciones sucesivas en la biosintesis de metionina en eubacterias (Belfaiza
et al, 1986); (ii) la protoclorofila reductasa y la clorin-reductasa, que
participan en la formacion de la clorofila (Burke et al., 1993); y (iii) la
fosforibosil  formil-imino-5S-amino  imidazol-4-carboxamida ribotido
reductasa y 18 amidociclasa, dos enzimas que catalizan pasos sucesivos en
la biosintesis de 1a histidina (Fani et al., 1994).

Sin embargo, es evidente que la demostracion del origen monofilético de dos
enzimas que participen en pasos sucesivos en una ruta biosintética no es
suficiente para probar la validez de las ideas de Horowitz (1945, 1965). Es
posible, por ejemplo, que los pasos catalizados sean quimicamente
equivalentes, y que el origen comun de las enzimas en cuestion sea resultado
de una duplicacion que permitid el aumento de la especificidad de los
catalizadores (Fani et al., 1995). De hecho, es posible oponer al modelo de



Horowitz una serie de contraargumentos {Lazcano et al., 1992), que incluyen
(a) 1a inestabilidad intrinsica de muchos intermediarios metabdlicos, cuya
sintesis y acumulacion en la tierra primitiva es dificil de comprender en
términos estrictamente quimicos {(Canovas et al., 1967; Ornston, 1971;
Jensen, 1976); (b) muchos intermediarios metabdlicos son compuestos
fosforilados que dificilmente podrian atravesar las membranas primitivas
(Ornston, 1971) en ausencia de mecanismos de transporte especializados
(Jensen, 1976); (c) la hipotesis de Horowitz supone que todos los cambios
quimicos sufridos por los intermediarios en una vis metabdlice dada son
iguales o equivalentes, 1o que sabemos que no necesariamente es cierto; (d)
en sentido estricto, l1a aplicacion de las ideas de Horowitz al problema del
origen del DNA pareceria implicar que los desoxirribonucléotidos
precedieron s los ribonucledtidos, pero existen muchas evidencias en contra
{Lazcano et al., 1968); y (e) la hipotesis retrograda no explica el origen de
108 mecanismos de regulacion presentes vias catabdlicas o anabdlicas.

A pesar de estas limitaciones, existe una variante de la hipdtesis de
Horowitz que apenas comienza a ser explorada. Como se menciond arriba, la
presencia de intermediarios metabdlicos en el medio ambiente primitivo
parece ser poco probable; sin embarge, la sintesis prebiotica de un
compuesto organico de importancia bioldgica permitiria la acumulacién de
los productos de su descomposicion. Un caso evidente lo constituyen, por
ejemplo, 1la acumulacién de poliaminas que resultarfan de 1la
descarboxilacion de aminacidos de origen prebidtico, o la presencia de
uracilo como resultado de 1a desaminacion oxidativa de la citosina. A partir
de esta premisa, se ha propuesto que la biosintesis de la valina, 1a leucina, y
la isoleucina, que no puede ser explicada con la aplicacion estricta de la
hipétesis retrograda, puede haber tenido su origen en la carboxilacion
reductiva de acidos grasos de cadena corta, seguida de una transaminacion
no enzimatica (Keefe et al {1995). Este intento por desarrollar una variante
de la hipotesis retrograda no fue aceptado por Horowitz (comunicacidn
personal), quien prefiere seguir creyendo en l1a presencia de intermediarios
metabolicos en 18 sopa primitiva y en la aplicacion directa de su idea tal
como la sugirid en 1945.



1.2 La duplicacion génica y la evolucion de rutas biosintéticas

Pocos afios después de que Horowitz propusiera su esquema, Lewis (1951)
sugirid que la presencia de enzimas con propiedades comparables pero que
participaran en rutas metabodlicas diferentes podria ser explicado como
resultado de duplicecién y divergencia de secuencias génicas. Sin embargo,
ni Lewis discutid su idea en el contexto de la evolucion metabdlica
temprana, ni la comunidad interesada en el estudio del origen de la vida se
percato del significedo de esta hipdtesis. Esta misma idea fue propuesta y
desarrollada por mas tarde por Waley (1969), Ycas (1974) y Jensen (1976),
quienes sugirieron en forma independiente que las rutas biosintéticas se
habian ensamblado a partir de enzimas poco especificas, que catalizaban no
tan solo una reaccion, sino conjuntos de reacciones similares en las que
intervenian substratos de naturaleza quimica comparable.

El propio Ycas (1974) hizo notar que la suposicion de que las enzimas
primordiales eran poco especificas permitia obviar el problema de las
capacidades codificadoras reducidas que deben haber poseido los genomes
primitivos. Es decir, aunque 1as células ancestrales codificaran tan solo
para unas cuantas enzimas, la escasa especificidad de estas les dotaba de un
conjunto de habilidades metabdlicas no necesariamente desdefiables. De
acuerdo al modelo de Waley-Ycas-Jensen, la especificidad enzimatice
contemporénea es resultado de 1a duplicacidn y divergencia de unos cuantos
genes ancestrales. Esta hipotesis parece chocar contra la idea generalizada
de que las enzimas son extraordinariamente selectivas. Es posible, sin
embargo, mostrar 1o contrario. A veces basta substituir un cofactor
metéalico, por ejemplo, para lograr que una DNA polimerasa se comporte
como una reverso transcriptasa, o vice versa (Lazcano et al., 1994).

Le primera en darse cuente de que este modelo es comparable a las labores
de retaceria fue Clarke (1983), quien lo bautizd como la “patchwrork
hypothesis” --equivalente al “bricallage” de los franceses. Es decir, al igual
que ocurre con una colcha de retaceria, en donde el conjunto final estd
formado por componentes de distinta procedencia, 1as distintas enzimas que
forman una via metabdlica dada tienen origenes diversos. Ello implica, por
supuesto, que 1a validez de esta hipotesis se puede demostrar con evidencias



del origen comun de diversas enzimas que participen en distintas rutas
metabdlicas, o de enzimas homologas que catalicen pasos distintos en la
misma via biosintéticas (Fani et al., 1995).

En los Gltimos diez afios se ha acumulado una buena cantidad de evidencias
que apoyan de manera directa e indirecta la hipotesis de Waley-Ycas-Jensen.
Es evidente, por ejemplo, que el descubrimiento de que parece existir un
nimero relativamente reducido de familias de proteinas, o la posibilidad de
alinear las secuencias de deshidrogenasas o de glutaminamidotransferasas,
apoya fuertemente lo idea de que en epocas ancestrales las diversas
reacciones bioguimicas en las que hoy intervienen estas enzimas eran
catalizadas por proteinas menos especificas. Esta hipotesis se ve reforzada
por 1a confirmacion del papel que la duplicacién de genes ha jugado en el
origen de cuando menos una tercera parte de los genomas de Escherichia coli
(Labedan y Riley, 1995) y de Haemaophilus influenza (Brenner et al., 1995) y,
por supuesto, con la demostracion del papel que la duplicacion y elongacion
de genes hen tenido en la evolucién moleculsr de la biosintesis de la
histidina {(Fani et al., 1995). Resta, sin embargo, no solo el extender este
tipo de andlisis a otras rutas anabolicas ancestrales, sino también a la
comprensién del origen de secuencias aisladas que no parecen formar parte
de familia alguna, bien sea por que en efecto hayan surgidoc en forma
independiente, o bien porque han divergido tanto que no es posible detectar
su homoldgia con otras proteinas.

1.3 El mundo del RNA

Aunque la idea de que el RNA hubiera precedido al DNA como material
genético comenzo a ser aceptada desde hace unos cuarenta anos (Lazcano et
al., 19688), 1a posibilidad de que los primeros organismos carecieran también
de proteinas y que, por lo tanto, dependieran unicamente de moléculas de
RNA, no dejo de ser vista como una mera especulacion sino hasta el
descubrimiento de las ribozimas. La carscterizacion de las propiedades
cataliticas de estas Ultimas moléculas llevé a la formulacion del 1lamado
mundo del RNA, entendido como una Tase en 1a evolucion en la que 1as células
primitivas eran poco mas que pequeios liposomas conteniendo cuyo



metabolismo y reproduccion dependia de ribozimas capaces de replicarse
{Lazcano, 1994a).

A pesar del valor heuristico que tiene la hipdtesis del mundo del RNA,
estamos lejos de saber cual fue su origen. Ello es debido no solo & la
ausencia de ribozimas autoreplicativas, sino también a (a) la felta de
modelos capaces de explicar la sintesis y acumulacion en la Tierra primitiva
de los diversos componentes del RNA, incluyendo la ribosa misma (Larralde
et al., 1995); {(b) 1a inhibicion que sufren las reacciones no-enziméticas de
polimerizacion molde-dependientes en mezclas racémicas de nucledtidos
activados (Joyce et al., 1987); y (c) 1a ausencia de mecanismos prebiéticos
que expliquen la presencia de ésteres de fosfatos (Keefe y Miller, 1995).

Las dificultades que enfrenta la sintesis prebidtica del RNA ha llevado @
postular la existencia de sistemas genéticos mas antiguos que el RNA
mismo, 1o que ahora se conocen como los mundos de pre-RNA (Joyce et al,
1987). Esta hipdtesis supone que estos se caracterizaban por la existencia
de polimeros genéticos que reunian, al igual que el RNA, las propiedades de
fenotipo Yy genotipo en un solo tipo de molécula. Sin embargo, estas
macromoléculas ancestrales pueden haber carecido no solo del esgueleto
fosfodiestérico del RNA, sino tal vez hasta de las purinas y pirimidinas que
hoy endia forman parte de los écidos nucleicos (Miller y Lazcano, en prep.).
E1 problema fundamental de la caracterizacion de estos sistemas bioldgicos
ancestrales radica, por supuesto, en su naturaleza por shora totalmente
hipotética. Postular la existencia de sistemas biolégicos mas antiguos que
el RNA implica, por supuesto, que el origen de este ultimo se encuentra no en
procesos meramente quimicos, sino de naturaleza propiamente bioldgica. Es
decir, la suposicion de que hubo mundos de pre-RNA hace necesario el
proponer la existencia de fuentes de energia y rutas metabdlicas
ancestrales capaces de sintetizer no solo ribosa (Larralde et al., 1995), sino
también nucledsidos y nucledtidos, a partir de 1os cuales el RNA se formaria
y eventualmente pudiera substituir a sus progenitores. Huelga decir que nada
sabemos de estos procesos hipotéticos.



1.4 ¢Qué sabemos del ultimo ancestro comun que tuvieron los tres
linajes celulares?

El analisis filogenético de las secuencias del 16/18S rRNA no solamente
permitid a Woese y Fox (1977) caracterizar a las arqueobacterias como una
rama monofilética claramente definida, sino que también mostré que todos
los organismos conocidos forman parte de un &rbol en el cual es posible
distinguir otros dos grandes linajes, formados por las eubacterias y el
nucleocitoplasma eucarionte. Este &rbol evolutivo, que resulté de la
comparacion de las secuencias de genes ortdlogos del rRNA, se trifurca a
partir de un ancestro comdn, al que Woese y Fox (1977) denominaron
progenote. Debido & que no se ha descubierto ningun organismo que pueda
servir como grupo externo a los tres grandes linajes celulares, el progenote
fue definido no solamente como el ancestro comin a las eubacterias, las
arqueobacterias, Yy 10s eucariontes, sino también como una entidad
hipotética primitiva en la que la separacion de fenotipo y genotipo aun no
habia tenido lugar (Woese y Fox, 1977). Eventualmente Woese (1983, 1987)
supuso que el progenote era un sistema en donde el material hered}tario
estaba constituido por moléculas fragmentadas de RNA que no estaban
integradas en un solo polimero genético (Woese, 1983, 1987).

No todos aceptaron la posibilidad de que el ultimo ancestro comun fuese, en
efecto, un progenote. A partir del andlisis de 1as secuencias de tRNAs de 10s
tres linajes celulares, Fitch y Upper (1987) sugirieron que el ancestro
comln & estos ys poseia un codigo genético equivalente al de las células
coniemporanea, y propusieron que el arbol del rRNA se trifurcaba no a partir
de un progenote sino de un organismo complejo a la que denominaron
cenancestro. Por otra parte, la comparacion de secuencias homolégas en los
tres linajes permitid proponer que el 1lamado progenote era, en realidad, una
célula procarionte dotada de los mismos rasgos de la biologia molecular y
las habilidades metabdlicas que cualquier bacteria contemporénea (Lazcano
et al., 1992; Lazcano, 1995c). A pesar de que no se puede excluir del todo la
posibilidad de que hayan ocurrido fendmenos de transporte horizontal entre
las eubacterias, las arqueobacterias y los eucariontes, la caracterizacion
del ancestro comun a estos tres linajes como una célula procarionte



compleja sugiere 1a existencia de una fase de evolucion bioldgica previa a su
trifurcacion.

Como es sabido, no fue sino hasta que se utilizaron conjuntos de genes
paralogos que se habian duplicado antes de la separacion de los tres linajes,
cuando se pudo comenzar a construir arboles universales con raiz, la cual se
ha ubicado en la rama eubacteriana (Gogarten et al., 1989; Iwabe et al,
1989). Aunque 1a idea de que las eubacterias corresponden al fenotipo mas
antiguo de todas las formas actuales de vida ha ido ganando una aceptacion
creciente (Brown y Doolittle, 1995; Doolittle, 1995), es iguaimente cierto
que existen anomalias aun no explicadas, entre las que se incluyen las
filogenias construidas con secuencias de glutamato deshidrogenasas,
glutamino sintetasas (Forterre et al., 1993), carbamoyl-fosfato sintetasas
{Lazcano, Puente, y Gogarten, en prep), proteinas de choque térmico, y otras
mas. Ello ha llevado @ sugerir que en el pasado pudo haber ocurrido un
transporte masivo de genes entre los ancestros de las bacterias Gram
positivas y las arqueobacterias (Gogarten, 1994).

Algo que pas0 desapercibido para muchos, sin embar: go, fue el hecho de que
las duplicaciones paralogas ancestrales nos permiten asomarnos a épocas
muy tempranas de la evolucion y describir, asi sea en forma parcial,
sistemas biologicos mas simples que el cenancestro mismo (Lazcano, 1993,
1994b). Por ejemplo, 1a presencia de dos conjuntos pardlogos de factores de
elongacion (1wabe et al., 1989) y del caracter homoélogo de 1as subunidades o
y B de las ATPasas tipo F en los tres linajes (Gogarten et al.,, 1989), por
ejemplo, permite reconocer una fase ancestral en la que la sintesis de
proteinas requeria de un solo factor de elongacion, y las ATPasas con
habilidades reguladoras limitadas (Lazcano, 1993, 1994b). Este tipo de
andlisis, que se ha podido ir extendiendo & los conjuntos de genes parélogos
que codifican a las DNA polimerasas, las aminoacil-tRNA sintetasas, las
glutamin-amido transferasas, y otras enzimas mas, ha permitido reconocer
una etapa temprana de la evolucion bioldgica que no habia sido caracterizada
previamente. Asi, aunque aun estamos lejos de comprender los eventos gque
tuvieron lugar entre el mundo del RNA y el cenancestro, el analisis de los
genes paraélogos comunes a 10s tres linajes permite no solamente detectar
otros candidatos para enraizar &rboles universales, sino tambiéen para



describir, asi sea de manera parcial, 1a evolucion de la especificidad
enzimatica y la forma en que se fueron ensemblando las rutas metabélicas
antes de la separacion de eubacterias, arqueobacterias y eucariontes (Fani
et al., 1995)

1.5. Los ritmos y tasas de la evolucidn en el Arqueano

Aungque existe un nUmero limitado de técnicas, como los valores de
fraccionamiento isotdpico, que podrian ser utilizadas para dater la aparicion
de ciertos metabolismos, no es fécil utilizar la informacidn del registro
fosil para establecer las fechas de divergencia de los principales grupos
procariontes. De cualquier manera, el descubrimiento de diversos morfotipos
similares a cianobacterias filamentosas en las rocas sedimentarias de 3.5 X
10° afos de Warrawoona (Schopf, 1993), ha venido a demostrar que 1a vida es
un fenomeno cuya antiguedad se remonta a las primeras etapas de la
formacion del planeta. La complejidad estructural de estos fosiles implica,
por 1o tanto, que la vida surgid y alcanzd un grado considerable de
diversificacidn en un tiempo de tan solo 10? afios. Esta conclusidn es, por
supuesto, contraria al prejuicio de que estos son procesos que deben haber
requirido de varios miles de millones de afos (Oparin, 1924, 1938).

El problema anterior se ha agudizado al reconocer que durante su historia
temprana la Tierra, al igual que otros cuerpos del Sistema Solar, sufrié un
gran nnumero de colisiones con meteoritos, cometas, y asteorides que deben
haber tenido efectos devastadores. En particular, el estudio de la superficie
lunar ha llevado a sugerir que hasta hace unos 3.7 x 10° afios, todavia tenian
lugar colisiones capaces de fundir el material rocoso de la luna (Chyba et
al., 1990). Debido & que la Tierra no se pudo haber escapado de este proceso,
se cree que hasta esas epocas chocaban contra nuestro planeta cuerpos
menores capaces de fundir la superficie terrestre y de provocar la
evaporacion de los mares primitives. Ello implica, por lo tanto, que la vida
pudo haber surgido y desaparecido varias veces o, al menos, que no pudo
haberse establecido definitivamente antes de esos tiempos {Sieep et al.,
1990). Por 1o tanto, quienes trabajan en origen de 1a vida se ven obligados a
reconocer que el tiempo disponible para el surgimiento y evolucidn de la



biosfera primitiva debe haber quedado limitado, a 1o sumo, a unos 200 o 300
millones de afos.

No ha sido facil aceptar la conclusion anterior. Después de todo, las
cianobacterias son uno de los clados mas tardios de 1a rama eubacteriana, y
su presencia en las rocas de Warrawoona (Schopf, 1993) indicaria que
bastaron 300 millones de afios 0 menos para que surgiera la vida celular, se
desarrollaran los sistemas de replicacion y traduccion, los organismos se
diversificaran en las dos grandes ramas procariontes, y la evolucin
metabdlica permitiera el uso del agua como donador de electrones en la
reduccidn fotosintética del CO,

El reconocimiento de que buena parte del genoma procarionte parece ser el
resultado de procesos de duplicacion génica permite, al menos de manera
aproximada, calculer el tiempo necesario para que el genoma de un
heterdtrofo anaercbio ancestral similar a un micoplasma alcanzara las
dimensiones correspondientes al de una cianobacteria filamentosa y cuyo
numero de genes (Lazcano y Miller, 1994). Bajo la suposicién de que las
tasas de uuplicacién génica se pueden considerar como eventos neutrales,
que durante el Arqueano su frecuencia era comparable a que se observa en
microorganismos contemporaneos (10-5a 10-3 duplicaciones genicas por gene
por generacion), se concluyd que la acreccion de duplicones seria del orden
de 0.001 gene por afio, es decir, de unos 7 nucledtidos anuales (Lazcano y
Miller, 1994). Por lo tanto, el tiempo requerido para que un genoma creciera
hasta alcanzar las dimensiones del de una cianobacteria, estaria entre los 5
y los 7 millones de anos.

Aunque estos célculos dan una cierta idea de los tiempos requeridos para
que se incremente el tamafio de un genoma celular, es evidente que atras de
ellos existen wuna serie de suposiciones Yy simplificaciones no
necesariamente validas, incluyendo la hipétesis de que no hay pérdida de
duplicones. Por otra parte, este modelo se ve limitado por la ausencia de
informacion empirica que permita cslcular los tiempos de divergencia y
fi jacifm de genes duplicados que codificaran para enzimas homologas pero
con habilidades cataliticas diferentes. Existen otros aspectos igualmente
poco explorados. Por ejemplo, se sabe que las bacterias merodiploides



contemporaneas son extraordinariamente inestables, y las poblaciones
rapidamente regresan a su condicidn haploide originales {Anderson y Roth,
19877). Sin embargo, la gran proporcidbn de secuencias duplicadas
involucradas en distintas rutas metabdlicas (Fani et al.,, 1995; Mills, Fox,
Fani, Leguina, Lazceno y Ord, en prep.) sugiere que cuasndo estas vias
biosintéticas se establecieron, tanto la tasa de mutacion como la de
fijacidn de nuevas secuencias ocurrian con mayor eficiencia que hoy en dia.
En segundo lugar, se sabe que las copias duplicadas sufren fenémenos de
conversion génica, 1o que tiende a homogeneizar 1as secuencias Yy reduce la
posibilidad de divergencia hacia nuevas funciones {Walsh, 1987). Es evidente
que durante el Arqueano la conversion génica debe haber sido menos eficaz,
0 de lo contrario no observariamos enzimas homdlogas pero involucradas en
diferentes rutas biosinteticas. Las explicaciones que subyacen a estos
fendmenos no se conocen aun, y representan un érea no explorada de genética
bacteriana susceptible de ser analizada no solo bajo una perspectiva tedrica
sino también experimental.



The RNA world, its predecessors
and descendants
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According to the RNA-world hypothesis, primordial cells based on catalytic and
replicative polyribonucleotides of abiotic origin were the phylogenetic forerunners of
the complex functional relationship between DNA, RNA, and proteins that drives
extant life. This is a Russian-doll scheme that assumes that nucleic-acid-directed
protein synthesis was selected for in primordial cells because of the enhanced adapt-
ability that protein catalysts brought with them. It is in such an enzyme-rich intracellu-
lar environment that DNA genomes eventually evolved, confiscating the genetic role
that until then had been performed by RNA molecules. The process of increasing
complexification assumed by the RN A world model is consistent with many examples
of biological evolution in which new traits are added without the complete loss of
previous characteristics. Problems involved with the prebiotic synthesis and accumu-
lation of RNA have led to the suggestion that the RN A-based biosphere was preceded
by apre-RNA world in which genetic macromolecules were nucleic-acid-like polymers
of nucleoside analogues. No explanation has been offered for the transition from such
a hypothetical archaic system into the RNA world, which remains the best working
model for explaining the origin and early evolution of life.

he RNA-world hypothesis states that during the long-forgotten primordial times

when protein biosynthesis and DNA genomes had not yet evolved, the reproduc-
tion and metabolism of the earliest cells depended on the catalytic and replicative
properties of RNA molecules (Fig. 1). This idea, which was sparked by the startling
discovery of the catalytic activities of RNA molecules, has opened the possibility of
understanding the origin of extant nucleic acid-directed protein biosynthesis by sug-
gesting that both DNA and proteins are the evolutionary outcomes of RNA-based cells
(Alberts 1986; Gilbert 1986; Lazcano 1986).

RNA may be unique among biomolecules because of its dual ability to serve as
repository of genetic information (as in the case of infamous viruses associated with
diseases like polio, AIDS, and others), and to perform catalytic activities — a property
that until a few years ago was believed to be found exclusively in proteins. RNA
molecules are also conspicuous structural components of all cells, where they play akey
role in protein synthesis, DNA replication, and RNA processing. In one known case the
polar moeity of an eubacterial membrane component is aribonucleotide and, at least in
some eukaryotes, RNA is also involved in transcription and in protein translocation
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The RNA world 71

across membranes. It is unlikely that all these activities are relicts of a vanished RNA
world. Nonetheless, they demostrate the multiple roles that polyribonucleotides can
play in biological processes and thus provide indirect support to the idea that RNA-
based life once existed.

As argued in the accompanying chapter, it is conceivable that early Archean RNA-
cells were the ancestors of contemporary cells (Lazcano, this volume, p. Ill). Did their
appearance also mark the beginnings of life? The strong points of this idea have their
corresponding weaknesses, including the non-trivial issue of the prebiotic availability
of RNA molecules. The purpose of this chapter is to discuss the advantages and
limitations of the RNA world hypothesis, as well as to review the evidence indicating
that rudimentary protein synthesis once existed and evolved through biological
mechanisms and not because of chemical events in the prebiotic environment.

RNA-based cells RNA & protein-based cells DNA, ANA & protein-based cells
GNA @NA—bproteins DNA—RNA—proteins
I I —
t energy-harvesting molecules t proteinic pyrophosphatase ATP synthetase

aminoacylation of RNAs

origin of rANA ribonucleotide reduction

Ficure 1 The three major steps in cellular evolution beginning from an RNA world (madified
from Alberts 1986).

Imagining life in an RNA world

Despite some initial skepticism, it is now generally accepted that the cut-and-trim
activities involved in the hydrolysis and transfer of phosphodiester bonds first de-
scribed in self-splicing introns were the first evidence of the extraordinary versatility of
ribozymes, i.e. catalytic RNA molecules (Cech & Bass 1986). Previous claims on the
catalytic properties of the RNA moiety of a polysaccharide branching enzyme (Shve-

dova et al. 1987) have not been sustained, but there is a growing tide of experimental

results showing that ribozymes are truly astonishing catalysts that are not confined to
nucleic acid substrates. Is it possible to construct a reasonable working model of
primordial RNA-based cells?

An RNA world requires ribozymes capable of replicating RNA templates. The
existence of such molecules is supported by the work of Jennifer A. Doudna and Jack W.
Szostak (1989), who have engineered a catalytic RNA with RNA-joining activity that
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uses external templates. As noted by the Scripps Research Institute evolutionary
biologist Gerald F. Joyce (1991), this ribozyme is not completely equivalent to proteinic
RNA-dependent RNA polymerases: it does not move processively along the template,
nor can it copy self-structured regions. However, it is reasonable to assume that the
discovery of a catalytic RNA overcoming such limitations is only a matter of time.

Itis unlikely that a template-dependent ribozymic polymerase can achieve absolute
copying fidelity. In such a case, populations of molecules with considerable genetic
variation would exist, due both to point mutation and to RNA-mediated rearrange-
ments of polynucleotide sequences. Selection of some strands over others, i.e., dar-
winian evolution at the molecular level, can thus be expected (Joyce 1989). That such a
system can be designed is supported by experiments in which RNA templates are
copied by Qp replicase, a viral RNA-dependent proteinic RNA polymerase (Spiegel-
man 1971; Biebricher et al. 1982). After running approximately 100 replication cycles,
several smaller variants of the original templates accumulated, as they were selected by
the elimination of segments unnecessary to the Qf replication process (Mills et al. 1973).
A similar phenomenon can be predicted in a system with catalytic RNA-mediated
RNA replication, but template-shortening would not have been advantageous in an
RNA-world. In other words, ribozyme-mediated replication was a necessary but not
sufficient condition for the emergence of RNA-based life, whose existence and mainte-
nance would depend on the dynamic equilibrium between replication, and on the
functional interplay of additional mechanisms insuring nutrient capture from the
external environment and the utilization of high-energy bonds from energy-harvesting
molecules (Lazcano, this volume, p. 1il).

If RNA were present in the primitive environment, it could not have been engaged
in chemical soliloquies. Company would have been kept by a wide range of potential
cofactors and substrates including metal ions, amino acids, polypeptides, sugars,
lipids, and many other molecules of prebiotic origin (Or6 et al. 1990). The coexistence of
ribozymes with other chemical species could have led RNA to the acquisition of
additional functional groups. Examples of such molecular interactions are provided by
contemporary biochemistry. For instance, the Pb**-dependent self-cleavage of a trans-
fer RNA (Sampson ef al. 1987) strongly suggests the existence of primordial metallo-
ribozymes (Gilbert 1987). Another particularly interesting case is that of a membrane
component of the purple non-sulphur bacterium Rhodopseudomonas acidophila, which is
formed by a hydrophobic terpenoid covalently linked to a ribonucleotide (Neunlist &
Rohmer 1985; Ourisson, this volume). This unusual compound suggests that a direct
association between lipids and RNA may have existed, one which could have facili-
tated both encapsulation and chemical reactions in the lining of primordial liposomes.

The abiotic synthesis of several coenzymes has been achieved in the laboratory (Mar
& Or6 1991), but it is also possible that contemporary nucleotide-like coenzymes are
molecular remnants of an RNA world (Orgel & Sulston 1971; White 1982). This
alternative possibility is strengthened by (a) the highly ubiquitous presence of pyridine
nucleotide coenzymes and other ribonucleotide prosthetic groups; and (b) the fact that
in the absence of their corresponding protein, many coenzymes can catalyze chemical
reactions similar to those in which they take part as mere cofactors. According to the
Delaware University biochemist Harold B. White (1982), even histidine, an imidazole-
bearing amino acid which forms part of the active center of many enzymes, may be a
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ghost of its former self. Although the prebiotic synthesis of histidine has been reported
(Oré, this volume), it is the only amino acid whose biosynthesis begins from a
phosphorylated sugar and a ribonucleotide. This unusual pathway has led to the idea
that histidine may be the molecular descendant of a catalytic ribonucleotide derivative
(White 1982). This is not a far-fetched suggestion - as a matter of fact, the disappearance
of biological traits that fade away leaving behind only the shadow of their grin is a well
documented evolutionary phenomenon (Margulis & Cohen, this volume).

In the RNA world, some biochemical reactions may have been spontaneous, and
others could have depended on the catalytic effect-of transition metals, but RNA was
the major catalyst. It was probably never a very efficient one - otherwise, ribozymes
would have been discovered long time ago by biochemists. The RNA world was in
constantrisk of sailing over the edge, since self-maintenance and reproduction of RN A-
cells were probably hindered by the insidious hydrolytic cleavage of the RNA phos-
phodiester backbone. By assuming that darwinian mechanisms began operating ear-
lier than previously thought, it has been argued that the enhancement of the catalytic
activities of RNA-cells was the basic selective pressure underlying the origin and
stabilization of the translation apparatus (Alberts 1986; Gilbert 1986; Lazcano 1986). The
sequence of events leading to RNA-directed protein synthesis probably began with
simple chemical interactions between amino acids and ribozymes, but it would even-
tually seal the fate of RNA-based cells. How this may have happened is discussed
below.

A world without mirrors: the molecular predecessors
of RNA

A major assumption underlying the hypothesis that life began with RNA-based cells is
thatcatalytic and replicative RNA molecules were brewed in the prebiotic environment
from random abiotic condensation reactions of ribonucleotides. Although this view is
mildly supported by the discovery of rather small ribozymes (Uhlenbeck 1987), the
initial optimism surrounding the possibility of an RN A-world has been challenged by
an increasing awareness that current evidence does not support the abiotic formation
of RN A molecules. One case in point, as cogently argued by Joyce (1989), is the prebiotic
synthesis and accumulation of pyrimidines, nucleosides, and nucleotides, which face
several major obstacles. Moreover, the formose reaction, traditionally invoked to
account for the presence of ribose on the primitive Earth, requires unrealistically
alkaline conditions, and yields a complex array of many different sugars of which
ribose is only a minor and relatively unstable component (Shapiro 1986; Ferris 1987).
Although the existence of a nucleotide-rich primitive broth is debatable, recent-

experiments have shown that high yields of a ribose derivative are obtained by the
formaldehyde-mediated condensation of phosphorylated glycolaldehyde (Miilleret al.
1990). Itis not known if this chemical pathway can lead to the accumulation of biological
nucleotides (Fig. 2). However, it does suggest the existence of as-yet-unaccounted
prebiotic reactions and geochemical settings that could have favored the formation of
D- and L-nucleosides (Gedulin & Arrhenius, this volume). Even if we assume that
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Ficure 2 A possible OH~ . _
prebiotic synthesis of CHO + H,CO——— Ribose 2, 4 — diphosphate + other
ribonucleosides (based CH,~OPOH formaldehyde ‘IP diphosphorylated sugars
.y o (« 3 a {
on Miiller ¢f al. 1990). olcolaiahyde
phosphate ®OCH2 o Base
— —> catalytic and
replicative RNAs
OH OH

ribose was present in the primitive soup, important objections can still be raised against
the RNA-world hypothesis. On the one hand, the abiotic condensation of ribose and
nitrogen bases leads to a mixture of nucleosides with different configurations, includ-
ing not only those with the B-glycosidic linkage of contemporary nucleic acids but also
the slightly twisted geometry of the non-biological alpha form. On the other hand,
while biological systems use only D-ribose, both the formose reaction and the conden-
sation of glycolaldehyde-phosphate produce racemic mixtures, i.e., equal amounts of
D-and L-ribose and their derivatives. This is a major obstacle, since under such racemic
conditions, non-enzymatic template-dependent polymerization reactions are halted by
the so-called enantiomeric cross-inhibition, which rapidly stops chain elongation
(Joyce 1991).

Asargued forcefully by Joyce et al. (1987), some of these problems can be avoided by
assuming that the most archaic genetic system was based not on RNA, but on simpler
polymers of prochiral open-ring nucleoside analogues such as glycerol, a simple three-
carbon chain alcohol (Fig. 3). Since such molecules are prochiral, i.e., lack mirrorimages,
enantiomeric cross-inhibition would not have prevented their replication. Support for
this possibility has been provided by the pioneering work of Alan W. Schwartz and
Leslie L. Orgel (1985), who have shown that nucleoside analogues can undergo
template-dependent polymerization reactions. These experiments have been extended
to a large variety of compounds, including phosphoramidates, acetic acid derivatives,
deoxynucleoside diphosphates, and many other molecules that yield oligomers with
rather unusual backbone structures (Rodriguez & Orgel 1991). We are thus faced with
the dazzling possibility of a pre-RNA world based on informational polymers akin
neither to RNA or DNA, molecular structures that lacked ribose, phosphates, and
perhaps even the conventional nitrogen bases found in contemporary nucleic acids!

HOCH, o Base HOCH, o Base HOCH, o Base

FiGure 3 A: Glycerol-

based nucleoside analog.

B: Ribonucleoside. A OH B
OH

C
C: Deoxyribonucleoside. on. o oo
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At the very least, the study of proto-nucleic acids suggests that many different
molecules may have been involved in replication-like reactions in the primitive envi-
ronment. Did such reactions form part of a biological prelude to the RNA world? Such
a possibility pushes further back the origin of life, and touches other issues like the
antiquity of protein synthesis and the genetic code, which may be older than RNA itself
(Orgel 1987). As argued in the accompanying chapter, the pre-RNA world hypothesis
is not without problems of its own (Lazcano, this volume, p. Il). Acceptance of a pre-
RNA scenario requires (a) evidence of catalytic activities in nucleic acid-like molecules;
(b) a convincing explanation of its evolutionary transition into an RNA world, which
may have involved a step-wise process through several intermediates (Orgel 1987); and
(c) if ribonucleotides cannot form abiotically, then a primordial ribozyme-based me-
tabolism with the ability to synthesize them is required. Is such an RNA-based system
feasible? Answers to this and other equally significant questions lie in the largely
untreaded ground of the chemistry of nucleoside analogues and their polymers. Until
adequate solutions are offered to overcome these problems, the RNA world may be
considered as a reasonable model for understanding the transition from non-living to
living (Lazcano, this volume, p. Ii).

The origin of protein biosynthesis BIBLIOTECA
INSTITUTO DE ECOLOGIA
The possibility that DNA genomes evolved prior to protein synthesis cannot be UNAM

completely discarded. Nonetheless, according to the RNA-world hypothesis, ribo-
some-mediated protein synthesis evolved in membrane-bounded systems in which
RNA molecules had functioned until then, both as the source of inheritable genetic
information and as principal catalysts. It has been difficult, however, to exorcize the
looming legacy of academic emphasis on the proteinic nature of biological catalysts.
There is still some resistance to the idea that RNA could have played a primordial role
in biological catalysis in the absence of proteins. It is frequently argued that nucleicacid
replication and genetic coding of proteins coevolved, i.e. that protein synthesis and
replicative nucleic acids emerged as a result of the interactions between catalytic
peptides and replicative RNA templates (Ord, this volume). Are proteins and nucleic
acids molecular siamese twins, as implied by the different coevolution theories on the
origin of translation?

I find it difficult to support this possibility. Of course, there is considerable evidence
suggesting thatamino acids and oligopeptides were present in the primitive Earth (Or6
et al. 1990). Histidyl-histidine and other small catalytic oligopeptides that can use
nucleotides or oligonucleotides as substrates have been synthesized under plausible
prebiotic conditions (Brack & Barbier 1989; Shen et al. 1990c). It is doubtful, however,
that the promiscuous coexistence of replicative oligonucleotides and catalytic peptides -
would lead to an inheritable liaison between them. Even if (‘and oh, what a big if") we
assume that huge amounts of oligopeptides with catalytic and structural characteristics
necessary for polynucleotide replication were available in the prebiotic environment,
sooner or later this supply would have been exhausted or hydrolyzed in the absence of
translation. Regardless of how many different peptides were formed on the primitive
Earth, nucleic-acid-instructed protein synthesis could never have evolved without a
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replicating mechanism insuring the maintenance, stability, and diversification of its
basic components.

Protein synthesis is an elaborate exquisitely-tuned process requiring more than a
hundred distinct components which include ribosomal RNA (rRNA) and proteins,
transfer RNAs (tRNAs), aminoacyl-tRNA synthetases, and proteins such as the initia-
tion and elongation factors. How the actual formation of peptidic bonds takes place
inside the ribosome is still a matter of conjecture. Tampering with rRNA has dramatic
effects on translation, but there is no evidence that ribosomal proteins have any kind of
catalytic activity (Nomura 1987). No ribosomal protein is known to catalyze the
formation of a covalent bond between adjacent amino acids, and recent experiments
(Noller et al. 1992) have confirmed previous speculations that this ability lies in IRNA
itself (Nomura 1987; Noller et al. 1990). The observations by Noller et al. (1992) add
considerable credibility to the idea that protoribosomes were devoid of proteins
(Woese 1967, 1980; Crick 1968). How did the ancestral rRNA originate? The UC-Santa
Cruz molecular biologist Harry F. Noller (1991) has suggested, from observations of
von Ahsen et al. (1991) on the inhibition of self-splicing ribozymes by antibiotics which
are also known to affect translation, that ribosomes may have evolved from an RNA
related to the so-called group I catalytic introns. As noted by Peter B. Moore (1988) of
Yale University, there is a certain chemical similarity between the trans-esterification
reactions in ribozymes (Cech & Bass 1986) and the transpeptidation event that takes
place during protein synthesis.

Interactions between amino acids and RNA in the primitive environment were
almost unavoidable, and it is generally agreed that the attachment of amino acids to
polyribonucleotides was one of the earliest steps of protein synthesis to evolve.
According to Yale University molecular biologists Alan Weiner and Nancy Maizels
(1987), transfer RNAs may be derived from terminal tRNA-like structures that tagged
primordial genomes at their 3' end, marking an initiation site for ribozymic-mediated
RNA replication. As argued by Orgel (1989), the linkage of amino acids or dipeptides
to RNAs could have provided a transcription initiation site, while according to
Whichtershauser (1988b), aminoacylated RNA molecules could associate to cationic
mineral surfaces and undergo further changes. An additional possibility has been
raised by the Hong-Kong University biochemist J. Tze-Fei Wong (1991), who has noted
that the bonding of amino acids to ribozymes may have increased their catalytic
activities by adding more chemically active functional groups. These ideas are not
mutually exclusive. Aminoacylation may have originated as a tagging process, and
then been maintained and further refined and exploited because of the additional
capabilities gained by RNA-cells.

There is no experimental evidence showing that ribozymes can react with activated
amino acids and catalyze the formation of peptide bonds, but there are several
indications that such reactions are feasible. A statistically significant correlation be-
tween the polarity and the hydrophobicity of amino acids and their anticodon nucle-
otides has been described, hinting to a primordial interaction between RNAs and

. amino acids that may be related to the origin of the genetic code (Lacey & Mullins 1983).
The specific binding of arginine to a catalytic RNA (Yarus 1988b), and of aromatic
amino acids to fragments of phenylalanine tRNA (Bujalowski & Porschke 1988), are
also well documented. Even more encouraging are the recent results that have ex-
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panded the known reperoire of ribozyme chemistry by showing that peptide bond
formation depends on the catalytic properties of ribosomal RNA (Nolleretal. 1992), and
that RNA also has the ability to hydrolyze the bonds that join amino acids to RNA -
suggesting that the reaction can also proceed in the opposite direction if the equilibrium
conditions are changed (Piccirilli ef al. 1992).

Although it is not known how protein synthesis began, there are several indepen-
dent but complementary lines of evidence showing that a rudimentary version of this
process once existed. Data supporting this possibility includes:

1 In vitro experiments in which peptide bond formation is catalyzed solely by a
ribosomal RNA moiety (Noller et al. 1992), or can take place in systems with
complete ribosomes but in the absence of a number of proteinic components of the
translation apparatus such as initiation and elongation factors (Spirin 1986). Protein
synthesis probably took place in a distant past without these molecules which may
berelated to the appearance of regulatory or optimization mechanisms (Woese 1980;
Spirin 1986; Moore 1988).

2 Anextensivecomparison of primary and secondary structures of cellular, mitochon-
drial, and plastid rRNAs has led to the recognition of conserved highly defined cores
significantly smaller than the typical eubacterial ribosomal RNAs. Since these
minimal rRNAs contain most of the functional sites involved in translation, they
may be the oldest recognizable functional portion of extant ribosomes (Gray &
Schnare 1990).

3 The genes coding for the two elongation factors in eubacteria and their homologues
in the other two major cellular lineages are the result of an ancient gene duplication
thought to predate the separation of prokaryotes into eubacteria and archaebacteria
(Iwabe ef al. 1989). This suggests that a simpler process of protein biosynthesis,
proceeding with only one elongation factor, may have taken place (Lazcano, this
volume, p. Iil).

As argued persuasively by Carl R. Woese (1967), primitive translation must have been
an ambiguous error-ridden process, with triplets coding probably not for individual
amino acids but for classes of amino acids with similar physicochemical properties. It
is unlikely that the first RNA-directed proteins emerged fully endowed with catalytic
properties. Tertiary structure plays a major role in extant enzymatic activity, but the
earliest coded proteins must have been rather small oligopeptides. Their properties
probably depended more on their primary structure than on the limited secondary and
tertiary conformations available to them. The first proteins may have been nucleic acid-
binding oligopeptides involved in RNA unwinding or in ribozyme stabilization. A
good contemporary example of such interactions is the functional interplay between -
the components of the RNA-protein complex of ribonuclease P (Lazcano 1986; West-
heimer 1986), in which the stabilizing effect of the basic protein over the RNA moiety
enhances its catalytic effects (Altman 1984). Such hybrid intermediate stages in which
RNA and proteins acted together may have existed, but it is unlikely that they lasted for
long: with the appearance of protein synthesis the RNA world ran full stride towards

evolutionary oblivion.
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Into the DNA world

Protein synthesis can take place without DNA but not in the absence of RNA. It is thus
reasonable to assume that DNA cellular genomes are the result of an early molecular
takeover that took place well after the origin of life, when protein synthesis was already
established and different enzymes were available. In the words of Bruce Alberts (1986),
‘all DNA functions must have evolved in an intracellular environment rich in protein
catalysts, where RNA catalysis had become largely obsolete.” This conclusion is
supported by the fact of deoxyribonucleotide biosynthesis, which removes the highly
reactive 2'-OH group from a pool of preexisting ribonucleotides (Lammers & Follmann
1983). It is possible that this enzyme-mediated process may have been acquired in cells
with RNA genomes as a final step in nucleotide biosynthesis (Lazcano et al. 1988), a
mechanism that is consistent with the pathway in which the DNA-specific deoxy-
thymidilate is formed by adding a methyl group to a deoxy-derivative of the RNA-
specific base uracil (Kornberg & Baker 1992).

That DNA had displaced RNA genomes long before 3.5 Ga ago is suggested by the
morphological complexity of the Warrawoona microfossils (Schop, this volume). No
archaebacterial ribonucleotide reductase gene has been cloned and sequenced, but it is
likely that DNA cellular genomes are a monophyletic trait that evolved prior to the
divergence of the three main cellular lineages. Sequence similarities shared by ancient
proteins found in all three lines of descent suggest that considerable fidelity already
existed in the then-operative genetic system (Lazcano ef al. 1992). Given the chronic
high mutation rates of RNA genomes, it is unlikely that such fidelity could have been
achieved if the last common ancestor of eubacteria, archaebacteria and eukaryotes
lacked DNA and repair mechanisms insuring its genetic integrity.

As shown by its amazing recovery from a magnolia leaf between 17 and 20 millions
years old (Golenberg et al. 1990), double-stranded DNA is an extremely resistant
macromolecule. It is generally agreed that DNA genomes were selected over RNA for
a very simple reason: the latter are fragile reactive polymers that undergo many
chemical changes, including their almost complete hydrolysis. Genetic information
stored in RNA degrades because of the cytosine’s strong tendency to deaminate to
uracil and the lack of a correcting enzyme. Furthermore, the lack of substantial amounts
of free atmospheric oxygen and the consequent lack of an ozone shield would have led
to a high ultraviolet flux in the early Archean, leading to deleterious rates of UV-
induced mutations in cells with RNA genomes. Since DN A-repair systems depend on
the duplication of the genetic information contained in the complementary strands of
the duplex DNA molecules (Friedberg 1985), the emergence of double-stranded DNA
would have stabilized the earlier irreparable system leading to the selection of mecha-
nisms to correct damage caused by UV-light (Lazcano ef al. 1988).

The appearance of DNA led to more stable ways of storing genetic information in
hitherto highly-mutating RNAs with limited coding abilities. Since DNA genomes are
error-correcting because of their double-stranded structure, their presence opened the
possibility of increasing genome size by gene duplication. Of course, multiple copies of
the same gene may have existed in cells with RNA genomes. However, no RNA
polymerase is endowed with the proof-reading activity that DNA polymerases pos-
sess. RNA replication is an intrinsically noisy process, one that limits template size,
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since the number of accumulated point mutations is proportional to their template
length. As shown by some contemporary viruses, this limitation may be overcome in
part by segmented genomes (Reanney 1982). It is reasonable to assume that in some
intermediate stage of early cellular evolution, genomes were disaggregated and rap-
idly mutating RNAs, in which several copies of the same gene existed. Because of the
difficulties in insuring genetic identity of their offsprings, such cells would be rapidly
selected against. E

The evolutionary emergence of double-stranded DNA genomes and of DNA
polymerases with editing properties allowed the drastic development of large cellular
genomes with increased coding potential. The appearance of DNA unleashed the
enormous catalytic potential of proteins. Tinkering of exons and of the products of gene
duplications made proteins truly malleable commodities, developing their catalytic
prowess and enhancing the fitness of primitive cells. The use of new substrates and the
regulation of metabolic pathways became possible, leading to intricate webs of reac-
tions involved in basic metabolic networks and well-attuned biochemical processes.
The world of modern cells with DNA, RNA and proteins was well on its way.

Conclusions

Catalytic RNA may be a molecular pentimento of a bygone early stage of biological
evolution, but were the first forms of life actually based on ribozymes? As summarized
by Joyce (1991), there is an unbridgeable gulf between our current descriptions of the
primitive environment and the biochemical properties of RNA molecules. In spite of
this limitation and of its inherent panselectionist explanations, the RNA-world hypoth-
esis has the advantage of readdressing the problem of the origin of proteins and DNA
from an articulate novel perspective amenable to empirical analysis.

From this standpoint, future major insights on the emergence of nucleic acid-
directed protein synthesis can be expected to result not from chemical simulation
experiments, but from detailed characterizations of ribozymes and the development of
in vitro evolving RNA systems. Further understanding of the origin of extant DNA
genomes will be provided by phylogenetic comparisons of genes from the major
cellular lineages coding for ribonucleotide reductases, thymidilate synthesases, DNA
polymerases, primases, and other proteins involved in DNA replication. Results from
such research can be expected to influence other fields of biological enquiry. For
instance, are RNA viruses, retroviruses, and DNA viruses related to the evolutionary
transition from RNA to DNA cellular genomes, as argued by Weiner (1987b), or should
we seek an explanation to their origin in more recent biological processes?

The study of the origins of life has focused mainly on the appearance of proteins and
nucleic acid replication. A wealth of data has accumulated, but a broader approach is
needed. More emphasis should be given to the long neglected question of the emer-
gence of basic metabolic pathways. The notion of a retrograde evolution, suggested
many years ago by the Caltech biologist Norman H. Horowitz (1945) to explain the
appearance of metabolic pathways, is not supported by current evidence. In fact, the
alternative idea that metabolic pathways evolved through the ‘patchwork’ assembly of
primitive proteins with broad substrate specificity (Jensen 1976) is consistent with the
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properties of early nucleic-acid-coded peptides discussed in this chapter, and it is also
supported by the homologous character of different enzymes involved in widely
separated biosynthetic processes (Parsot 1987; Lazcano et al. 1992).

In the past decade considerable progress has been achieved in our understanding
the emergence and early evolution of living systems, but we are still haunted by major
uncertainties, the magnitude of which is matched only by our ignorance. Even though
the sequence of evolutionary events discussed in this chapter may be correct, continu-
ing enquiries into prebiotic chemistry, paleobiological analysis, and molecular phylo-
genetic comparisons are required to fully validate it. Empirical evidence is the ultimate
bonfire of our theoretical vanities.
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The transifion from non-living to living
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Where, when and how did life appear? Although we have no detailed answers for these
three equally alluring questions, if current interpretations on the significance of the
properties of RNA molecules for the origin and early evolution of life are correct, then
amajor step towards the appearance of cells was the emergence of a liposome-bounded
system in which energy conversion became associated with template-directed ribo-
nucleotide polymerization, producing both catalytic and replicative RNA molecules
within its lipidic membranes. The attributes of the first forms of life are unknown, but
preliminary insights gained from molecular phylogenetic analysis are providing un-
equivocal evidence that the organisms that preceded eubacteria, archaebacteria and the
eukaryoticnucleocytoplasm component were ancestral prokaryotes with simpler ATP-
synthetases and protein-synthesis machinery. This suggests that a large number of (not
necessarily slow) uncharacterized evolutionary changes took place between the origin
of life itself and the last common ancestor of all extant life.

/A 1l the organic beings which have ever lived on this Earth’, wrote Charles Darwin in

the Origin of Species, ‘may be descended from some one primordial form’. Buthow
did this common ancestor come into being? What was its nature? Although Darwin
never overcame his reluctance to discuss in public the appearance of life, it was within
the framework of his ideas that seventy years later A.I. Oparin and ].B.S. Haldane
suggested a possible explanation for the emergence of the first living systems, based on
the hypothesis that the earliest organisms were fermentative, obligate anaerobic
bacteria that had been preceded by a long period of chemical abiotic synthesis of
organic compounds.

Alternative routes to biopoiesis have been suggested (Wachtershéuser, this vol-
ume), including the possibility that the origin of life was concomitant with the fortu-
itous formation of a single replicating ribozyme, i.e,, a catalytic RNA molecule self-
assembled from unorganized prebiotic raw material in which lifelike properties were
completely absent. However, the possibilities of scientific enquiry are much broader if
the study of life’s emergence is approached by assuming a procession of changes,
through stages of gradually increasing complexity, until a system which can be
recognized as living is attained (Or6, this volume). If this scheme is valid, then there
must have been a turning point in this evolutionary process during which the transition
from non-living to living took place. The study of this crucial but largely undefined
stage is the subject of this short essay.

Yy
Bengtson, S. (ed.) 199/3‘. Early Life on Earth. Nobel Symposium 84. Columbia UP., New York
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What is life?

Music’, once said Isaac Stern, ‘can be described, but not defined’. Perhaps the same is
true of life itself. An all-embracing, generally agreed-upon definition of life has proven
to be an elusive intellectual endeavour, but any explanation of the origin of living
systems should attempt the definition of a set of minimal criteria for what constitutes a
living organism, including the extremely elementary basic characteristics with which
the first living beings were endowed. What are these essential attributes? As argued
forcefully by Gail R, Fleischaker (1990), there is a categorical distinction between non-
living and living, and the latter can be characterized by operational criteria that account
not only for the internal structure, organization and operation of organisms, but also
their interactions with their environment. Despite the spectacular molecular acrobatics
performed by viruses, viroids, catalytic RNAs, and many other subcellular systems,
extant life is generally identified at the very minimum with cells, i.e., with dynamic
membrane-bounded systems incessantly exchanging matter and energy with their
environment, with the common imperative operations involved in basic metabolism,
self-maintenance, heredity and reproduction with variation. The history of change and
continuity between the earliest forms of life and extant organisms implies, says the
Cambridge University philosopher Harmke Kamminga (1992), that ‘the first living
organisms took part in the evolutionary process - in other words, that they had
descendants unlike themselves’,

Unfortunately, the inability to discriminate between traits that may have resulted
from truly abiotic processes, and those that are outcomes of biological evolution, has led
to the frequent misconception that modern cells are perfect models for the first forms of
life. Evolutionary criteria have frequently been absent in the chemical approach to the
origins of life. For instance, the non-enzymatic synthesis of deoxyribose, thymine and
many different oligodeoxyribonucleotides has been achieved in several laboratories.
Do these results imply that wriggling DN A molecules were floating in the waters of the
primitive ocean, ready to be used as primordial genes? Of course, this is unlikely. From
a biological perspective the presence of DNA in contemporary cells can be explained
not in terms of prebiotic chemistry, but rather as the end product of an ancient metabolic
pathway that evolved in early Archean cells possessing RNA genomes in which
translation had already appeared (Lazcano et al. 1992).

Given the adequate expertise and experimental conditions, it is possible to synthe-
size almost any organic molecule. The fact that a number of molecular components of
contemporary cells can be formed non-enzymatically in the laboratory does not
necessarily mean that they were also essential for the origin of life, or that they were
available in the prebiotic environment. The primitive broth must have been a bewilder-
ing organic chemical wonderland, but it could not include all the compounds or the
molecular structures found today in even the most primitive prokaryotes —nor did the
first bacteria spring completely assembled, like Frankenstein’s Monster, from simple
precursors present in the prebiotic soup.
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The RNA world revisited

'‘RINA and DNA are the dumb blondes of the biomolecular world’, wrote Francis Crick
in Life Itself (1981), ‘fit mainly for reproduction (with a little help from proteins) but of
little use for much of the really demanding work’. This may still be true for DNA, but
neither for blondes nor RNA. The independent discovery of ribozymes by Thomas
Cech of the University of Colorado and Sidney Altman of Yale University barely one
year after Crick’s book was published quickly raised RNA from a humble biochemical
position as a molecular handyman and mere go-between, to a central character in the
early evolutionary drama (Fig. 1).

Eubacteria Archaebacteria ; | Eukaryotes

T last common anceslor

cells with primitive, unregulated ATP-synthelases
and protein synthesis requiring only one
elongation factor

DNA genomes
1

origin of protein synthasis

Ficure 1 The origin and early evolution
of cells beginning from an RNA world.
RNA worid The branching order depicted in the upper
: part of the tree is from Woese et al. (1990).
‘? The distances separating the evolutionary
: events in the tree trunk are not drawn to
Prebiotic broth scale (modified from Lazcano ef al. 1992).

It is unlikely that the intron self-splicing reaction discovered by Cech and the
catalytic abilities of the RNA moeity of ribonuclease P described by Altman are truly
vestigial activities (Cech & Bass 1986). However, the disclosure of RNA-mediated
catalysis led Harvard’s molecular biologist Walter Gilbert (1986) to suggest that the
starting point for life’s history on Earth had been the so-called ‘RNA world’, an early
stage during which altemative life forms based on ribozymes existed prior to the
development of protein biosynthesis and DNA genomes. Somewhat similar proposals
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have been made independently by a number of authors, but together with Wally
Gilbert, Bruce Alberts (1986) and I (Lazcano 1986) specifically argued that the develop-
ment of the translation machinery had begun in the snug, organic-rich microenviron-
ment defined by the lipidic boundaries of cells whose metabolism and reproduction
had been mediated until then by ribozymes. Thus, although the abiotic formation of
peptide bonds under possible primitive conditions is well documented (Oré et al. 1990),
it may have no direct relevance to the origin of protein biosynthesis. According to this
rather liberal definition of primordial life, the basic selection pressure for the origin and
stabilization of the primitive translational apparatus was the enhancement of the
catalytic activities of these RN A-based cells in order to increase their dynamic stability
and reproductive fitness. More is said on the RNA world in my other chapter (Lazcano,
this volume, pp. HIHIE).

The RNA world is not a radical, totally unheard of hypothesis without historical
precedent. The existence of a primitive replicating and catalytic apparatus devoid of
both DNA and proteins, and based solely on RNA molecules was suggested in the late
1960’s by Carl Woese (1967), Francis Crick (1968) and Leslie Orgel (1968). As pointed
out by the British biologist Norman W. Pirie in 1953, ‘if we found a system doing things
that satisfied our requirements for life but lacking proteins, would we deny it the title?”,
However, in part due to deeply rooted biochemical prejudices, theidea of a RNA world
has met with some healthy resistance, especially from those who argue that protein
synthesis is such an essential characteristic of cells that its origin should be considered
synonymous with the emergence of life itself. This pervasive view has been strongly
challenged by the increasing evidence that RNA molecules are efficient and versatile
catalysts. Ribozyme-mediated peptide bond formation has not been demostrated, but
there are strong indications that the RN A substrate repertoire may include amino acids,
as hinted by several observations, including (a) the discovery of an arginine binding
site in a ribozyme from the ciliate Tetraliymena (Yarus 1988a); and (b) the ability of a
slightly modified form of this same ribozyme to catalyze the hydrolysis of the amino-
acyl bond between formylmethionine and an oligonucleotide (Piccirilli ef al. 1992); and
(c) the nearly conclusive evidence that the formation of peptide bonds can be catalyzed
solely by ribosomal RNA in the absence of proteins (Noller ef al. 1992).

God may not play dice —~but Nature can be tricky. Are the proponents and adherents
of the RNA world an evolutionary sect seduced by false coincidences? The answer is
probably negative. In addition to its dual ability as a catalyst and as an informational

‘macromolecule, RNA is a resilient, chemically reactive, abundant structural compo-
nent of all cells, as of the ribosome where it appears to be more than a simple molecular
scaffold (Noller 1991; Noller et al. 1992). Ribonucleotides are essential metabolic
precursors in the biosynthesis of deoxyribonucleotides, and they also play a central role
in contemporary cellular metabolism (as ATP, for instance, or as ribonucleotide
derivatives like NADH, acetyl CoA, and FADH, among others), which may be a
reflection of their ancient origin. Moreover, approximately 50% of all catalogued
enzymes cannot function without coenzymes, many of which are small ribonucleotide-
like molecules whose biosynthesis is intimately linked to the metabolism of RNA and
its monomers (White 1982). As argued long time ago by Orgel & Sulston (1971), these
coenzymes may be vestiges of pre-genetic code catalysts present in early RNA-cells
before the appearance of true proteins and the development of enzymes.
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Although as of December 1992 a template-dependent ribozymic RNA polymerase
has notbeen discovered, the application of powerful molecular-biology techniques has
led to the synthesis of an artificial ribozyme able to catalyze repeatedly the ligation of
short oligonucleotides complementary to a RNA template (Doudna & Szostak 1989).
The possibility of simple prebiotic ribozymes is supported at least in part by the
discovery of the rapid, highly specific cleavage reaction catalyzed by a small, synthetic
19-nucleotide RNA molecule under physiological conditions described by Uhlenbeck
(1987). Nonetheless, the RNA-world model confronts several serious challenges, in-
cluding the lack of plausible primitive abiotic mechanisms to account for the formation
and accumulation of ribose, which is a minor, relatively unstable component of a
complex array of products formed simultaneously from the putative prebiotic self-
condensation of formaldehyde (Shapiro 1986). Indeed, the problems involved with
prebiotic synthesis of ribose and other nucleic acid components (Ferris 1987) have led
to the suggestion that RNA itself may have been preceded by genetic polymers with a
simpler backbone in which ribose presumably was replaced by acyclic, flexible com-
pounds like glycerol, a stable, three-carbon chain compound (Joyce et al. 1987).

Attempts to bury the RNA world together with the spoils of other ephemeral
scientific speculations may be premature and should be met with caution. In spite of the
appeal of a pre-RNA era based on nucleic-acid-like molecules, (a) ribose analogs may
not be suitable at all, as suggested by recent experiments showing that nucleic-acid
double helixes are easily destabilized by the presence of even a few flexible glycerol-
nucleosides (Schneider & Benner 1990); (b) ribozymic activity is strongly dependent on
the ribose 2'-OH group, which plays a direct role in different hydrolytic, phosphoryla-
tion and condensation reactions, as well as in intron self-splicing. The absence of an
equivalent hydroxyl group in glycerol and other acyclic ribose analogues seriously
hinders their possible catalytic activity (Lazcano et al. 1992); and (c) recent experiments
by A. Eschenmoser and his associates at the ETH in Zurich have shown that high yields
of aribose derivative are easily obtained by the formaldehyde-mediated phosphoryla-
tion of glycoaldehyde (Miiller et al. 1990), suggesting that a ready prebiotic synthesis of
RNA components may exist. This possibility is supported by the work of Gustaf
Arrhenius and his associates (Gedulin & Arrhenius, this volume), who has shown that
hydrotalcite, an abundant hydroxide mineral, concentrates the glycoaldehyde phos-
phate and catalyzes the formation of sugar phosphates at mild conditions. What may
be actually required is an experimental redefinition of the chemical conditions for a
truly prebiotic synthesis of polyribonucleotides.

Natura non facit §olh_|s?.

In spite of its inherent limitations and reductionist overtones, the RNA-world hypoth-
esis has an intrinsic heuristic value that cannot be overstressed. At the very least, itisa
causal narrative, i.e., a logical, evolutionary-oriented plausible sequence of events that
attempts to explain the transition from a simple replicating system based on RNA to
oneinvolving DNA and proteins. The idea that life begun with the appearance of RN A-
based cells may help to overcome the historical dispute between those that argue that
the first living system was a self-replicating nucleic acid molecule, and those who
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identify the origin of life with the emergence of a membrane-bounded, polymolecular,
heterogeneous system endowed with basic metabolic properties. But how did the
hypothetical RNA-cells suggested by Alberts, Gilbert and myself come into being?

Although we are still far from a complete understanding of the processes that may
have led to the formation of the so-called prebiotic broth, the presence of a large array
of organic compounds in carbonaceous meteorites, and the astonishing easiness by
which amino acids, adenine, lipids and many other molecules can be synthesized
under primitive conditionsimply that a large set of biochemicals was readily formed on
the early Earth (Oré et al. 1990). In particular, the chemical synthesis of amphiphilic
molecules (Deamer 1986a), the non-enzymatic template-directed polymerization of
nucleotides and nucleoside analogs (Orgel 1987), and the abiotic synthesis of histidyl-
histidine and other small catalytic peptides (Shen et al. 1990c), suggest that replication-
like processes, chemically active peptides, and the self-assembly of membranes from
lipidic components were possible before the emergence of life.

Primitive liposomes were probably relatively simple structures, formed by small,
single-chain, ionic linear fatty acids, which could easily sequester catalytic and replica-
tive molecules (Deamer, this volume). Under laboratory conditions this process can
take place in the presence of histidine, cyanamide, and several other prebiotic condens-
ing agents and is enhanced by basic polypeptides and metallic cations (Oré & Lazcano
1990). Mixtures of different lipids are known to produce liposomes with non-selective
pores, and complexes between nucleotides and metal ions could have facilitated
diffusion, leading to rudimentary transport mechanisms across primitive membranes.

Precellular evolution was not a continuous, unbroken chain of progressive transfor-
mations steadily proceeding to the first living beings. Many prebiotic culs-de-sac and
false starts probably took place. Emergence of the first living beings must have required
the simultaneous coordination of many different components in a confluence of
processes. Thus, the mere encapsulation of ribozymes, amino acids, oligopeptides and
many other potential cofactors and substrates involved in RNA catalysis within
liposomes was a necessary but not sufficient condition for the origin of RNA-cells.
Perhaps the first forms of life did not require membranes (Lamont & Gibson 1990), but
ifourinterpretation of the evolutionary significance of the properties of RNA molecules
is correct, then 2 major decisive step towards the appearance of life was the emergence
of a system in which energy coupling associated with membrane and proton gradients
was used in template-directed ribonucleotide polymerization to produce both catalytic
and replicative RNA molecules within the lipidic boundaries of primitive liposomes.

The work of Peter Gogarten and his colleagues (1989) has shown that proton pumps
producing H* gradients appeared very early in cellular evolution, prior to the evolu-
tionary divergence of eubacteria and archaebacteria. These complex oligomeric en-
zymes may have been preceded by a simpler proton-pumping pyrophosphatase with
H*-PPase and PP, synthetase activities (Baltscheffsky & Baltscheffsky, this volume), but
how proton gradients actually originated and became coupled with ions and direction-
ality is still an unsolved problem. Very little is known of the origin of biological energy
conversion mechanisms, although it is likely that ion channels and proton-selective
pores appeared prior to the origin of life. Small, simple synthetic amphiphilic oligo-
peptides long enough to span the hydrocarbon phase of lipid bilayers have permea-
bilities and lifetimes resembling those of proton-selective channels and the acetylcho-
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line receptor (Lear et al. 1988). Although these experiments have not been performed
within an evolutionary context or under primitive conditions, they illustrate how small
oligopeptides of prebiotic origin, or those synthesized by primitive cells with limited
coding capabilities, could have been involved in ion-transport across membranes
(Lazcano ef al. 1992).

According to the scheme discussed in this chapter, survival and reproduction of
primordial RNA-cells depended on ribonucleotides, lipids, and other compounds of
prebiotic origin, and must have been hindered by the exhaustion of this supply. It is this
direct uptake of organic molecules from the primitive environment, and not the
universal distribution of glycolysis, that should be interpreted as the defining feature of
the heterotrophic nature of the first cells. In spite of its simplicity, central metabolic
position, and ability to function under anaerobic conditions, glycolysis as such requires
aset of enzymes too complex to be expected in the first organisms. Extant bacteria have
various relatively inefficient mechanisms that allow them to use organic molecules
from external sources, including nitrogen bases and nucleosides (Komberg & Baker
1992). Some of these salvage pathways may be analogous (or perhaps, even homolo-
gous) to the uptake by primitive heterotrophes of nucleic acid components from the
external milieu.

Early biological evolution: the molecular chronicles

As shown by the Warrawoona fossil assemblage, an abundant, complex and highly
diversified microbiota which may have included cyanobacteria, existed only 10° years
after the Earth had formed (chapters by Schopf and Walter, this volume). Life is
probably much older than these early fossils, but how long did it take for it to appear
and become established? Almost nothing is known about the timescales required for
the origin and evolutian of bacterial metabolic pathways. The primitive environment
was no microbial Eden, but the Archean paleontological record shows that once life
emerged it was rapidly able to endure, diversify, and adapt itself to the stinky, harsh
environmental conditions of the early Earth.

Itis unlikely that the paleontological record will ever provide direct evidence of the
transition from prebiotic organic molecules to the earliest cells, nor will it tell us much
about the nature of the first biological systems. However, as shown more than twenty-
five years ago by Emile Zuckerkandl and Linus Pauling (1965), nucleic acids and
protein sequences are an extraordinarily rich source of evolutionary information.
Although a cladistic approach to the origin of life is not feasible, the comparison of
ribosomal RNA sequences has become an important tool in understanding the early
stages of cellular evolution and has had a significant impact in our interpretation of
bacterial relationships. A major achievement of this approach was the construction of
a trifurcated, unrooted universal evolutionary tree in which all known organisms can
be grouped in one of three major lineages: the eubacteria, the archaebacteria, and the
eukaryotic nucleocytoplasm (Woese 1987b; Sogin, this volume).
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Theimmediate predecessor of these three cellular lines was already a rather complex
organism, much alike to extant bacteria in many ways. Few genes found in the three
major cellular lineages have been sequenced and compared, but the sketchy picture
that is already emerging of the last common ancestor of eubacteria, archaebacteria and
eukaryotes, shows that it was a rather sophisticated cell with complex ribosome-
mediated translation, membrane-associated H*-ATPases engaged in active transport,
histidine and purine synthetic abilities, and a set of enzymes involved in glycolysis,
pyruvate oxidation, and other mainstream heterotrophic anaerobic metabolic path-
ways.

It is likely that genetic recombination appeared early in evolution, suggesting that
Archean microbes led a life that was not totally chaste. However, gene duplications
followed by further sequence divergence were probably the most important mecha-
nism by which early cells increased their hereditary endowment. These evolutionary
innovations arose in individual organisms, and then spread rapidly through ancestral
bacterial populations, becoming fixed prior to their divergence into the three cellular
lineages. In contrast with orthologous genes, which are duplicate sets that diverge
through speciation, paralogous genes are those that diverge after a duplication event.
Paralogous genes are extremely useful in rooting evolutionary trees, since one set of
sequences can be used as an outgroup for the other one. As discussed by Gogarten et al.
(1989) and by Iwabe ef al. (1989), the sets of paralogous genes unequivocally identified
inall three cellular lineages are those coding for (a) the two elongation factors that assist
in protein biosynthesis; and (b) the two components of the hydrophilic ATP-synthesiz-
ing unit of ATP synthetase, an ubiquitous membrane-associated protein complex that
harvests the energy associated with proton gradients, forming ATP from ADP and
phosphate.

Inspite of the intense dispute on the taxonomic significance of rooted universal trees
derived from paralogous genes, the upper part of Fig. 1 clearly shows that the earliest
detectable branching event led to the eubacterial line on the one hand, and to the
archaebacterial-eukaryotic lineage on the other (Woese et al. 1990). Millions of years
later, during the Proterozoic, some of their descendants would meet once more,
becoming forever associated in intimate symbioses — but that, of course, is another
chapter in the saga of cellular evolution (Margulis & Cohen, this volume).

What is important for the present discussion is to recognize that if the last common
ancestor of eubacteria and archaebacteria had two sets of duplicate homologous genes
coding for elongation factors and for the ATP-synthetase units, then it must have been
preceded by a simpler cell with a smaller genome in which only one copy of each of
these genes existed (Fig. 1). In other words, the ancestor of the eubacterial and
archaebacterial lines was a prokaryote in which ATP-synthesis and protein biosynthe-
sis were both less complex than those of the even simpler extant life forms (Lazcano et
al. 1992). Evolutionary biologists have long argued that organisms simpler than extant
bacteria existed, but such claims were based on highly evolved entities such as viruses,
mitochondria, mycoplasma and others, none of which are free-living. These analogies
are useful, but now an even more important task is the identification and characteriza-
tion of additional (if any) sets of such pre-common ancestor genes that can lead to a
more complete understanding of the biological attributes of these bygone Archean

prokaryotes. ;
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Conclusions

‘What we do not know today we shall know tomorrow’ concluded A.l. Oparin in his
1924 book The Origin of Life. ‘A whole army of biologists is studying the structure and
organization of living matter, while a no less number of physicists and chemists are
daily revealing to us new properties of inanimate things. Like two parties of workers
boring from the two opposite ends of a tunnel, they are working towards the same goal.
The work has already gone a long way and very, very soon the last barriers separating
the living from the non-living will crumble under the attack of patient work and
powerful scientific thought.’

In spite of the spectacular results achieved by this two-way approach, there is still a
huge insurmountable gulf between the results achieved by laboratory simulations, and
our present-day understanding of the essential features of a truly minimal living being,.
Elegant experiments that combine selection and mutation of catalytic RNA molecules
have been performed (Beaudry & Joyce 1992), but given the present state of both
prebiotic chemistry and molecular biology, it is probably preposterous to attempt the
laboratory synthesis of RNA-based life. However, the RNA-world hypothesis is
amenable to experimental analysis, including the in vitro development of ribozymes
with new substrates, the study of simple membrane-associated energy-harvesting
molecules, and the characterization of RNA replicating systems within liposomes.
Using the techniques of molecular phylogenetic analysis we are peeking into the
molecular intimacies of the primitive organisms that preceded the bifurcation of
archaebacteria and eubacteria. The preliminary results discussed here already suggest
that a long series of evolutionary changes took place, after the origin of life itself but
prior to the first speciation event separating the ancestors of eubacteria from those of
archaebacteria.

We may be able to see even further back in time. Our molecular remembrance of
things past may soon allow us to gaze into the evolution of proteins older than DNA
itself. As pointed out twenty years ago by the late Margaret Dayhoff (1972), most amino
acid sequences can be classified into relatively few families. Recent development of
sequence databases of genes and gene products has confirmed her early insight (Gilbert
1986; Doolittle 1990). It is possible that these few families resulted from amplification
processes of ancestral genes coding for proteins whose basic functional properties and
structural constraints were established prior to the emergence of DNA genomes, a
hypothesis that could be tested by a detailed statistical analysis of the available
databases (Lazcanoet al. 1992). This approach can be complemented by the cloning and
sequencing of ancient genes, such as those coding for thymidilate synthetase and
ribonucleotide reductases, the enzymes directly involved in deoxyribonucleotide
biosynthesis. The world of cells with RNA genomes in which protein biosynthesis had
already appeared is not totally lost.

We have gained some insights into the biological processes that took place in the
early Archean world. Nevertheless, we are still very far from understanding the origin
and nature of the first living beings. These are still unsolved problems —but they are not
completely shrouded in mystery, and this is no minor scientific achievement. Why
should we feel disappointed by our inability to even foresee the possible answers to
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these luring questions? As the Greek poet Konstantinos Kavafis once wrote, Odysseus
should be grateful not because he was able to return home, but because of what he
learned on his way back to Ithaca. It is the journey that matters.
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Summary

Although how life originated in our planet is unknown, there is considerable
evidence suggesting the existence of an early stage of bmloglcnl evolution during
which RNA molecules and ribonucleotides played a major role in cellular pro-
cesses. It is argued that the use of ancient sets of paralogous genes (such as those
coding for the two elongation factors involved in protein biosynthesis, and for the
a and B subunits of F-type ATPases), may provide information about simpler,
less-regulated biological processes that apparently took place in ancestral cells
predating the last common ancestor of the eubacterial and the archaebacterial lin-
eages. Some examples of putative ancestral sets of paralogous genes are pro-

vided.
1. Introduction

Considerable progress has been achieved in the past fifty years in the under-
standing of the origin and early evolution of life, but this field of scientific
enquiry is haunted by several major problems (10). These include (a) our inability
to achieve accurate reconstructions, even at a broad scale, of the environmental
conditions of the primitive Earth; (b) the difficulties involved in explaining the
prebiotic synthesis of RNA molecules; (c) the lack of a working model of a primi-
tive cell based solely on the catalytic and replicative properties of RNA; and (d)
the existence of a huge gap in the reconstruction of the evolutionary events that
took place after the putative primordial RNA-based forms of life, and the last
comumon ancestor of extant cellular lines. In this paper I will argue that the detec-
tion and evolutionary analysis of ancient sets of paralogous genes whose
sequences are found today in eubacteria, archaebacteria and eukaryotes, are a
powerful tool in the characterization of simpler biological systems that preceded
the divergence of early cells into the two major prokaryotic lineages.

2. Life in the RNA World

The detailed chemical nature of the first genetic polymers and the catalytic
agents involved in primordial metabolic processes are still unknown. The prob-
lems involved with the prebiotic synthesis and accumulation of D-ribose, pyrim-
idines, nucleotides and oligonucleorides has led to the 5ugg¢s[i0n that RNA was
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preceded by simpler genetic polymers of prochiral open-ring nucleoside
analogues based on glycerol or other equivalent compounds (6). Nonetheless, it
is generally agreed that RNA molecules played a major role during the early
stages of biological evolution. This possibility is supported by the dual abilities of
RNA molecules to store genetic information and to act as catalysts. There is
increasing experimental evidence of the catalytic flexibility of ribozymes, which
have been shown to act not only over nucleic acid substrates, but also appear to
play a major role in-peptide bond formation (9). These results support the
hypothesis that ribosome-mediated peptide bond formation emerged within the
lipidic boundaries of RNA-based cells (7). The RNA world was probably a short-
lived stage of biological evolution (5), but it left major marks in contemporary
cells: RNA molecules play a central role in protein synthesis and other biological
processes, and ribonucleotides (a) are universal precursors in the biosynthesis of
deoxyribonucleoudes; (b) are an essential moiety of a large number of coenzymes;
and (c) form part of a cellular system of distress signals or alarmones, which are
modified ribonucleotides such as cAMP, ppGpp, pppGpp, and AppppA (7).

3. Early Cellular Evolution

Phylogenetic analysis of small subunit ribosomal RNA has firmly established
the existence of three cellular lineages represented today by eubacteria, archaebac-
teria, and the eukaryotic nucleocytoplasm (13). The comparison of the traits
found among these different lineages suggest that their last common ancestor, or
“progenote” (13), was already a complex cell comparable in many ways to mod-
em prokaryotes (7). Accordingly, this “progenote” could not be an immediate
descendant of the RNA worid. It is not possible to root phylogenetic trees based
solely on the comparison of small subunit rRNA sequences, since no known
organism can be used as an outgroup. However, rooting can be achieved using
paralogous genes, i.e., homologous sequences that diverged after gene duplica-
tion, by using one set of them as an outgroup for the other one. Using two such
sets, i.e., those coding for the a and the B subunits of the hydrophilic portions of
the FQF |-type ATPases (2), and for the two elongadon factors involved in protein
biosynthesis (3), phylogenetic tees have been constructed that shown that all the
major archaebactenial lines are more closely related to eukaryotes than to eubacte-
ria (2, 3, 14). This conclusion is in agreement with phylogenetic reconstructions
based on the comparison of DNA dependent RNA polymerases and ribosomal
proteins, as well as on the disaibution of other traits common to archaebacteria
and eukaryotes (7, 11).

The rooting technique described above (2, 3) is possible because the last com-
mon ancestor of eubacteria and archaebacteria was already endowed with two
homologous genes coding for two elongation factors, as well as with F-type
ATPases having homologous a and B subunits. Accordingly, it can be concluded
that the population of ancestral cells were in tumn preceded by simpler ones, in
which protein synthesis took place with only one type of an elongation factor, and
with ATPases lucking the o regulatory subunit. This implies that cells predating
the last common ancestor of the two prokaryotic lineages lacked the sophisticated
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regulatory abilities found in contemporary bactéria. Such conclusion supports
previous suggestions on the existence of primordial metabolic pathways based on
enzymes of broad substrate specificity and limited regulatory mechanisms (4, 15).

Based on the available databanks, it has been argued (3) that other sets of par-
alagous genes may include those coding for (a) the lactate- and malate dehydroge-
nases; (b) the valyl-tRNA and isoleucyl-tRNA synthetases; and (c) the LepA pro-
tein and the initiadon factor 2. Additional evidence of ancestral paralogous dupli-
cations may be found in genes coding for enzymes involved in nucleic acid
metabolism. The monophyletic origin of two different carbomoyltranferases
involved in the biosynthesis of arginine and of pyrimidines (12) suggest that the
genes that code for them are part of a wider paralogous assemblage whose dupli-
cation and divergence predated the evolutiongry separation of eubacteria and
archaebacteria. [n addition, recent evidence of the presence of members of the B
family of DINA polymerases in the three cellular lineages, as well as of their
homology with the A family of DNA polymerases (1), implies that these enzymes
are also coded by ancient paralogous genes that can be used to infer the existence
of simpler ancestral cells with only one DNA polymerase, that predated the last
common ancestor of the three cellular lineages.

4. Conclusions

Since paralogous sequences do not provide evidence of speciation but on the
order of gene duplications, they have been avoided in phylogenetic comparisons.
As argued in this paper, however, they are a powertul tool that may allow us to
look further back in time, and glimpse into the characteristics of ancestral cells
predatng the last common ancestor of the two prokaryotic lineages. [n additon to
the examples discussed in the previous section, the sequence alignment of the
valyl-tRNA and isoleucyl-tRNA svnthetases (3), as well as the evolutionary
grouping of the aminoacyl-tRINA synthetases for glutamic acid/glutamine, and for
aspartic acid/asparagine (8), soongly suggest that these enzymes are coded by
paralogous genes that in principle could be used to trace the evolution of the
extant genetic code from a simpler version that must have existed long before the
divergence of eubacteria and archaebacteria. Since the study of very early stages
cellular evolution could benefit from this type of evolutionary inferences, more
effort should be devoted to the development of criteria for identification,
sequencing and evoiutionary analysis of additional ancestral paralogous genes.
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ABSTRACT

The most frequently invoked explanation for the origin of metabolic pathways is the retrograde
evolution hypothesis. In contrast, according to the so-called "patchwork" theory, metabolism
evolved by the recruitment of relatively inefficient small enzymes of broad specificity that could
react with a wide range of chemically related substrates. In this paper it is argucd that both
sequence comparisons and experimental results on enzyme substrate specificity support the
patchwork assembly theory. The available evidence supports previous suggestions that genc
duplication cvents followed by a gradual neoDarwinian accumulation of mutations and other
minute genetic changes lcad to the narrowing and modification of enzyme function in at least
some primordial metabolic pathways.

INTRODUCTION

Prompted by the discovery of the catalytic abilities of some RNA molecules, the idea that
primordial metabolism was based on ribozymes has gained considerable acceptance /1/. There
is considerable evidence suggesting that RNA played a major role during the carly stages of
biological evolution, including the fact that ribonucleotides (a) are universal biosynthetic
precursors of dcoxyribonucleotides; (b) form part of a cellular system of distress signals or
alarmones /2/; and (c) are an essential moiety of a significant percentage of cocnzymes /3/.
There is considerable intellectual appeal in the RNA world hypothesis, but a number of as yet
unsolved issues remain, including that of the prebiotic availability of ribozymes /4, 5/.
Furthermore, although there is increasing experimental evidence of the catalytic versatility of
ribozymes /6-9/, we still lack a working model of primitive life forms entircly based on
ribozymcs. -

How did the first catalytic proteins emerge? As noted more than 25 years ago by M. Eden /10/,
it is extremely unlikely that catalytically useful proteins could have originated from the
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spontaneous random assembly of their amino acid monomers. The synthesis of chemically
active peptides /11, 12/ and other highly reactive organic molecules under possible primitive
conditions has been reported /13/, but there is a growing number of findings supporting the
possibility that protein synthesis evolved in RNA-based cells /14-16/. This evidence includes
(a) the discovery of an highly specific arginine-binding site h] a ribozyme from the ciliate
Tetrahymena /17/; (b) the ability of a slightly modified form of this same ribozyme to hydrolyze
the aminoacyl bond between formylmethionine and a small oligonucleotide /8/; and (c) the
observations by Noller et al. 9/ suggesting that protein-depleted ribosomes can catalyze peptide
bond formation.

It is unlikely that the first proteins were already endowed with catalytic properties. Tertiary
structure plays a major role in extant enzymatic activity, and it has been argued that the earliest
RNA-coded proteins were small nucleic acid-binding oligopeptides involved in the stabilization
of ribozyme catalytic conformations /1, 16, 18/. It has also been suggested that primordial RNA
genetic material had an intron/exon structure involving autocatalytic introns, whose evolution
eventually led to proteins being assembled from exons from the very beginning /18/. This
model provides an explanation for the acquisition of new enzymatic abilities and metabolic traits
in early Archean microbial populations. As summarized elsewhere by D. L. Hartl /19/, enzymes
with truly novel catalytic activities evolve due to combinatorial processes involving exon
reassortment /18, 20-23/ and the rearrangement of smaller functional units /24/.

Support for the mechanism discussed by Hartl /19/ has been provided by many examples of
exon shuffling, including the startling discovery that the gene coding for the mammalian low-
density lipoprotein receptor is a mosaic that shares a number of homologous exons with the
genes for epidermal growth factor and the complement blood-clotting factors IX and X /25/.
However, in this paper we will argue that both sequence comparisons and experiments on
enzyme substrate specificity, suggest that the orthodox neoDarwinian gradualist step-wise
mode of evolution may be succesfully applied to explain the appearance of at least some
metabolic pathways. These may have been assembled in early Archean times from enzymes
originally endowed with broad substrate specificity and by subunit shuffling.

DID METABOLIC PATHWAYS EVOLVE BACKWARDS?

Although the attempt to understand the evolution of microbial metabolism was one of the main
intellectual drives underlying the 1920's development of A. I. Oparin's theory on the origin of
life 726/, it was not until 1945 when the first explanation of the emergence of metabolic
pathways was developed by Norman H. Horowitz /27/. According to this hypothesis,
primordial heterotrophic bacteria had acquired different biosynthetic abilities in a step-wise,
sequential development of enzymes in a reverse order as found in extant pathways. Thus, if the
contemporary biosynthesis of compound A involved the sequential transformation of
precursors D, C, and B mediated by enzymes ¢, b, and a, as shown below,

c b a
D->C->B->A

then it is unlikely that simultaneous mutations will give rise to enzymes a, b, and ¢. Based both
on the ideas of A. 1. Oparin /28/ and on the Beadle-Tatum one gene-one enzyme theory,
Horowitz /27/ assumed that once substance A became depleted in the prebiotic environment, its
synthesis from a closely related compound B was possible due to a single mutation from
enzyme a. Similarly, when B was exhausted, enzyme b would arise from enzyme a by a

single mutation. Thus, the last enzyme a in the biosynthetic pathway was the first to appear,
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and the first cnzyme ¢, the last one /27/. This idea, also known as the rctrogade hypothesis,

was further refined by Horowitz in a later publication /29/, where he assumed that clusters of
genes coding for enzymes involved in biosynthetic pathways arc the result of carly tandem gene
duplication events followed by divergence.

As discussed below, changes in substrate specificity due to relatively few mutations can be
invoked to cxplain the use of ncw amides by contemporary cubacteria /30/. Horowitz's
retrogade hypothesis is also supported by results from abiotic chemical synthesis, and from
degradation processes, during which some of the intermediates are found to be identical or
similar to those produced by metabolic pathways /31/. This appears to be case of the alkaline
degradation of glucose-6-phosphate /32/, as well as of the prebiotic synthesis of purines /33,
34/, orotic acid /35/ and uracil /36-37/.

The retrograde evolution hypothesis can uscd for a partial description of the origin of the
eubacterial biosynthesis of methionine, since it has been shown that two scquential steps are
mediated by the homologous enzymes B-cystathignase and cystathionine y-synthase /38/.
However, the Horowitz hypothesis /27, 29/ does not cxplain the origin of regulatory
mechanisms involved in catabolism, or the devclopment of metabolic pathways involving
scquential scrics of dissimilar reactions. Additional objections to retrograde evolution have been
summarized elsewhere /39/, and include the following:

(a) most mctabolic intermediates are chemically unstable molecules /4043/, and it is difficult to
explain their synthesis and accumulation in both the prebiotic and extant cnvironments;

(b) many of these mectabolic intermediates are phosphorylated compounds that could not
permeate primordial membranes in the absence of specialized transport systems that were
probably absent in primitive cclls /41, 43/;

(c) aceording to the retrogade evolution hypothesis, succesive steps in mctabolic pathways
should involve similar chemical transformations. With the exception of the Escherichia coli
methionine biosynthesis discussed above /38/, no additional examplcs are known that satisfy
this condition /44, 45/; and

(d) if gene duplications are invoked to account for the different enzymes involved in the same
metabolic pathway /27, 29/, then these enzymes must share structural similarity. However, no
evidence of relaledness has been found among the different genes forming the E. coli
tryptophan operon /46/. Analysis of additional partial opcron sequences that are currently
available also fails to support the retrograde hypothesis.

THE PATCHWORK ASSEMBLY OF METABOLIC PATHWAYS

Although the retrograde hypothesis has frequently been invoked 1o explain the development of
successively longer biosynthetic pathways /34, 4749/, the available evidence suggests that its
application to the understanding of evolution of metabolism is rather limited. In contrast to the
Horowitz hypothesis, S.G. Waley /50/ suggested the step-wise modcl of cvolutionary
devclopment of metabolic pathways, by assuming that the evolution of a duplicate copy of a
gene of an enzyme resulting in minimal changes in conformation could lcad to a new protein
catalyzing a similar type of reaction.

As an altemnative to the retrograde evolution hypothesis /27, 29/, M. Ycas /51/, R. A. Jensen
/43/, and R. A. Jensen and G.S. Byng /52/, also argued that primordial biosynthetic pathways
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were assembled by the recruitment of slow, unefficient enzymes of broad substrate specificity.
Such relatively unspecific early enzymes may have represented a mechanism by which primitive
cells with small genomes could overcome their limited coding abilities /51,-52/. Such
"patchwork assembly" of metabolic pathways by the assemblage of inefficient catalysts /45/ is
consistent with the notion of a less accurate, error-prone primordial primitive translation
apparatus synthesizing small "statistical” enzymes that could react with a relatively wide range
of chemically related substrates /53/.

The Waley-Ycas-Jensen ideas are not mutually exclusive, since they are all based on the same
basic idea: that the origin of extant metabolic pathways is to be found in a relatively limited
variety of primordial genes that underwent amplification events followed by divergence. As
reviewed by W.H. Li /54/, several hypothesis haven been proposed to account for the
emergence of novel genes from redundant duplicates. According to the patchwork theory, new
enzymes arise by gene duplication followed by divergence, which allows for the narrowing and
modification of their substrate specificity. The traditional gradualist neoDarwinian evolutionary
explanation is advocated by this hypothesis to describe the diversification of ancestral enzymes
of broad specificity into families of related catalysts on the basis of point mutations, small
deletions, and other minute genetic changes. It is not known how many changes are required to
lead to the appearance of a new enzymes from a previous one, but directed mutagenesis studies
suggest that in several cases very few genelic changes are actually required /58, 59/.

The recruitment of enzymes belonging to different metabolic pathways to serve novel
biosynthetic routes is well documented under laboratory conditions. These are the so-called
"directed evolution experiments", in which microbial populations are subjected to a strong
selective pressure leading to heteretrophic phenotypes capable of using new substrates /55/.
Extensive studies by R.P. Mortlock and his associates /56, 91/ have shown that under
laboratory conditions prokaryotic catabolic evolution can lead to the use of new pentoses. The
recruitment of previous enzymes to function in the new pathways typically followed the loss of
existing repressive control by single mutations in regulator genes /44, 45, 55-57/.

The Waley-Ycas-Jensen model of metabolic evolution also implies that enzymes catalyzing
similar biochemical reactions in different pathways must be homologous. It has been argued
that this explanation underlies the observed homology between the amino acid sequences of the
Bacillus subtilis threonine synthase and the tryptophan synthase 8 chain from various

organisms /60/. The phylogenetic analysis of different homologous tryptophan synthase B
chains from eubacteria, archaebacteria and eukaryotes /61, 62/ has shown that this protein is
coded by a highly conserved gene that was probably already present in the last common
ancestor of the three extant cellular lineages /39/. Several events of horizontal transfer of the
tryptophan synthase 8 genc may have taken place, resulting in a complex gene phylogeny /62/.
However, distance matrix comparisons (not shown) between an extended databank of
tryptophan 8 chain and threonine synthase gene sequences have confirmed the suggestion /60/
that at least several small domains are shared between these two pyridoxal phosphate-dependent
enzymes.

As noted by R. A. Jensen /63/, the patchwork theory is also supported by sequence
comparisons that have demostrated that two different carbamoyl transferases involved in the
biosynthesis of arginine and of pyrimidines have evolved from a common ancestor /64/.
Biosynthesis of pyrimidines must be a very ancient pathway /39/, and although no sequences of
archaebacterial carbamoyl transferases are currently available, it has been suggested that they
may have resulted from paralogous duplications that took place prior to the evolutionary
divergence of the three cellular lines /2/. Both the E. coli argF-argl gene pair coding for two

homologous omithine carbamoy! transferases (OTCases) involved in arginine biosynthesis, as
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well as the pyrB gene encoding the catalytic monomer of aspartate carbamoyl transferase
(ATCase), may be the result of a near-tandem duplication of the gene coding for an ancestral
carbamoyl transferase endowed with substrate ambiguity /52, 64/.

Additional evidence supporting the Waley-Ycas-Jensen theory of enzymc evolution and
a;sembly of metabolic pathways includes the following:

(a) sequence comparison analysis and functional homology studies that have shown that the E.

“coli acetohydroxy acid synthase (that participates in the first steps of the biosynthesis of
branched-chain amino acids), and pyruvate oxidase (a flavoprotein dehydrogenase involved in
the decarboxylation of pyruvate to acetate), are both derived from an ancestral flavin-dependent
enzyme /65/,

(b) site-specific amino acid substitution experiments that have shown that the substrate
specificity of an cubacterial NAD-dependent lactate dehydrogenase can be modified leading to a
specific, highly active malate dehydrogenase simply by changing only one amino acid /58/;

(c) seven point mutations can alter the preference for NADPH as a cofactor of glutathione
reductase, a dimeric flavin-dependent disulphide oxidoreductase /66/. Recent structure
determinations of the human gluthatione reductase and E. coli thioredoxin reductase 3, as well
as of other different enzymes belonging to this same family /67, 68/, have shown that these
oligomeric enzymes are very similar, although they are involved in a wide spectrum of catalytic
functions and biological roles /59/. Tertiary structurc comparisons of these different enzymes
strongly suggest that during their divergence from a common ancestor, small, simple alterations
of the relative spatial orientation of their different domains resulted in major specificity changes
and reconfigurations of their catalytic sites /59/; and

(d) in B. subrilis the sequences coding for the tryptophan biosynthetic pathway are organized in
the gene cluster rpEDCFBA, a highly conserved operon organization that has been conserved
in other prokaryotes /61/. The first enzyme in this pathway is anthranilatc synthase, which is
involved in the catalytic conversion of chorismatic acid and glutaminc to anthranilic acid and
pyruvate /93/. Anthranilate synthase in an oligomeric enzyme formed by two dissimilar
subunits, a and p. The « subunit catalyzes the NH3-dependent synthesis of anthranilate, and is
coded by the #rpE gene. The amide transfer capability is provided to the enzyme complex by its
B subunit, and it is coded by the irpG gene, which is absent in the B. subtilis trp operon /62,
93/. Quite surprisingly, the amide transfer domain involved in tryptophan biosynthesis is coded
by a gene from a scparate metabolic pathway, that of folate biosynthesis. The first step in the
conversion of chorismic acid to folic acid is the conversion of chorismale 10 p-aminobenzoic
acid at the cxpense of glutamine. This reaction is quite similar to the first rcaction of the
tryptophan biosynthesis, the only difference being the orientation of the functional groups on
the product, para in the folate pathway (p-aminobenzoic acid), and ortho in the tryptophan case
(anthranilate aka o-aminobenzoic acid). Thus, the tryptophan and folate biosynthetic pathways
provide an example of subunit shuffling, i.c., of a gene coding for at least onc subunit of two
different oligomeric enzymes participating in distinct but similar rcactions in diffcrent
pathways. .

ON POLYMERASE SUBSTRATE SPECIFICITY

Altough specificity is onc of the long-cherished concepts of biochemistry, within certain limits
different enzymes may usc a broader range of related substrates than it is generally
acknowledged. This is particularly true of both template and non-template depcndent
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polymerases. Polynucleotide phosphorylase (PNPase) is one such case. It is an enzyme
apparently involved in RNA tumnover, that can also catalyze the non template-dependent
polymerization of ribonucleoside diphosphates /69/. However, in the presence of Mn*+ PNPase
substrate specificity is altered, leading to the formation of chains of more than ten
oligodeoxyribonucleotides /70, 71/. Considerable evidence of the lack of strict substrate and
template specificity of other different polymerases is also available, and has been summarized
elsewhere /72, 73/. Metallic cations such as Mn** are known to alter the substrate specificity of
all major types of nucleic acid polymerase. However, the production of mixed-oligomers or of
the wrong polymer has also been observed in the absence of cations that are known to alter the
behaviour of viral and cellular RNA polymerases, DNA polymerases and DNA primases /72,
73/. Conclusive evidence of this phenomenon has been obtained by Konarska and Sharp /74/,
who have described the replicase behaviour (i.e., RNA-directed RNA polymerization) of a viral
DNA-dependent RNA polymerase.

Reverse transcriptases (RTs), i.e., the RNA-dependent DNA polymerases involved in the
replication of different retroelements /75/ have also been shown to exhibit considerable
substrate ambiguity, both in vitro and and in vivo [72/. 1t is generally assumed that RTs can
only use deoxyribonucleotide substrates /92/. However, ribonucleotides have been found in the
unintegrated linear spleen necrosis (SN) retroviral DNA, indicating that the SN retroviral-RT
can incorporate them into a growing DNA chain /76/. This result is consistent with reports of
minus-strand RNA molecules of different length in cells infected by tumor-producing
retroviruses /77, 78/.

The lack of strict substrate discrimination is also true of different DNA-dependent DNA
polymerases. Although the accuracy of cellular and viral DNA replication is a result of the high
levels of DNA polymerases fidelity /79/, these enzymes are endowed with less specificity than
it is usually acknowledged. This is true both in virro and in vivo /12, 73/. As summarized by

Mathews et al. /80/, in permeabilized phage T4-infected cells both deoxyribonucleoside

monophosphates and ribonucleoside diphosphates are much more efficiently used by DNA
polymerase than its normal, proper substrates, i.e., deoxyribonucleoside triphosphates
(dNTPs). This observation, as well as additional evidence on (a) the temporal coincidence of
dCTP and dTTP synthesis with viral replication /81/; (b) the intracellular interactions between
DNA replication proteins and enzymes involved in dNTP biosynthesis /82/; and (c) the high
concentration gradients of dNTPs in the vicinity of DNA replication forks /80/, support the idea
that DNA precursor biosynthesis is closely coordinated with DNA replication itself /80, 83/.

The results summarized above suggests that although DNA polymerases exhibit considerable
replication fidelity, they also have high levels of substrate promiscuity. Thus, the
deoxyribonucleotide synthesizing apparatus (i.e., thymidylate synthase, ribonucleotide
reductase, etc.) should be considered part of the bacterial enzymatic complex involved in DNA
replication, i.e., the prokaryotic replisome /80/. Since the eukaryotic ribonucleotide reductase is
located outside the nuclear membrane, dNTP channeling has been invoked to account for the
coupling of deoxyribonucleotide biosynthesis with DNA replication, which takes place inside
the nucleus /84/. However, it is likely that the replication of some eukaryotic viruses requires a
direct physical association between the cellular ribonucleotide reductase and the viral replisome.
This may be the case of retroviruses (including, of course, the infamous AIDS virus), whose
biological cycle involves a RNA -> DNA transition in the cytoplasm of infected eukaryotic
cells.

It has been argued that all template-dependent polymerases may share a common ancestor /85,
86/. However, the low specificity of polymerases suggests that the evolutionary transition from
a primitive replicase into the extant DNA-dependent DNA polymerases did not require the early
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appcarance of a whole scrics of different enzymes. The cvidence revicwed in this paper
suggests that this conversion to different but chemically related genctic macromolecules, could
have been mediated by a low-specificity nucleic acid polymerase, in which novel catalytic
properties were acquired by few conformational changes. Since cellular DNA polymcrases
apparently have not developed strict substrate specificity, the obscrvations summarized by C.K.
Mathews and his colleagues /80/ also suggest that the coupling and close functional
coordination of the ancestral ribonucleotide reductase with the cnzymalic apparatus involved in
nucleic acid replication was a major, decisive step in the cvolutionary transition from RNA to
DNA cellular genomes /87/.

CONCLUSIONS

As noted by S. Granick /88/, the Horowitz hypothesis establishes an evolutionary link between
prebiotic chemistry and the development of biochemical phenomena. However, in this paper we
have critically reviewed and summarized a number of observations and experiments that
suggest that it fails to cxplain the observed characteristics of widely distributed metabolic
pathways. In contrast, the available evidence suggest that the simple traditional ncoDarwinian
accumulation of random, minute genctic changes following early gene duplications advocated
by the Waley-Ycas-Jenscn hypothesis can be succesfully applicd to describe the evolution of
some ancicnt metabolic pathways like pyrimidine biosynthesis ina world in which catalytic
protcins had alrcady cmerged. Since prokaryotes arc haploid organisms with only a single sct
of genes, it is likely that most of these small genetic changes were expresscd as soon as they
arose, resulting in a rapid mode of metabolic evolution, '

The existence of amphibolic enzymes in the tryptophan and folate anabolic pathways clearly
excmplifics the existence of proteins catalyzing simlar reactions in completcly scparated
- pathways /93/. Detailed scrutiny has revealed that the amide transfer in the B. subtilis
tryptophan biosynthesis is not the result of subunit specificity modifications duc to the
accumulation of small changes, but may have resulted from the loss of onc member of a sct of
- paralogous genes /62/. Nonctheless, it demostrates that enzymatic and metabolic ambiguity is
present in extant bacteria, and may have occured in primitive prokaryotes.

Because of the lack of highly defined substrate and template specificity, carly enzymes may
have been multifunctional catalysts acting upon similar substrates. Retrogade cvolution may
have taken place in some cases (including parts of the methionine biosynthetic pathway), but it
is likely that major mctabolic innovations resulted from other evolutionary mechanisms. These
include (a) the horizontal transfer of genes; (b) exon shuffling; (c) the rcconfiguration of
catalytic sites and substrate-binding domains by small spatial oricntation changes in oligomeric
enzymes; and (d) the patchwork assembly of cnzymes, including subunit shuffling. As argued
elsewhere /2/, the gene amplification events underlying the emergence of cnzyme specificity
/43, 50-52/ may havc been paralogous duplications that took place prior to the cvolutionary
separation of the eubacterial, archacbacterial and cukaryotic lincages. Evidence of horizontal
transfer of gencs coding for mainstream metabolic enzymes such as glyceraldchyde-3-
phosphate dehydrogenasc /89/, glutamine synthase /90/ and the tryptophan synthase B chain
/62/, implies that strict critcria for the proper identification of Archean paralogous genes should
be developed in order to avoid mistakes in the reconstruction of gene phylogenics. Since scts of
paralogous genes provide important insights into the nature of metabolic pathways of ccllular
systems predating the last common ancestor of the two prokaryotic lincages /2/, more attention
~should be given to their study.
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Summary

Although cladistic techniques cannot be applied to the understanding of the origin of life itself, at
the time being the comparison of macromolecules is not only the most powerful tool for inferring the
branching order of the three cell lineages, but also for providing some insights into the nature of the
biological systems that preceded their last common ancestor. It is argued that this information cannot be
extrapolated to support the hypothesis that the first living systems were hyperthermophiles that emerged
in deep sea vents or in other extreme environments. The significance of detecting and characterizing
paralogous genes that duplicated before the divergence of the last common ancestor of all extant life to
understand some of the mechanisms that led to the establishment of biochemical pathways is also
discussed.
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Resumen

A pesar de que las técnicas cladisticas no son por si mismas aplicables al conocimiento del origen
de lavida, en laactualidad la comparacién de macromoléculas no es sélo la herramienta mis potente para
determinar el orden de divergencia de los tres linajes celulares, sino también para proporcicnar algunas
indicaciones sobre la naturaleza de los sistemas biol6gicos que precedieron a su antepasado comdn. Esta
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informacién no puede exirapolarse para fomentar la hipétesis de que los primeros sistemas vivos fueron
hiperterméfilos que surgieron en los “deep sea vents”™ o en otros ambientes extremos. En este articulo
se discute también la importancia que tiene la deteccién y caracterizacién de genes pardlogos, que se

duplicaron antes de la divergencia del tltimo antepasado comun, para el conocimiento de algunos
' mecanismos que condujeron al establecimiento de rutas bioquimicas basicas.

Introduction

Although molecular techniques have been used in phylogenetic studies since the turn of the century
(44), it was not until much latter that it was fully realized that protein and nucleic acid sequences are
historical documents (73) that contain an extraordinarily rich amount of evolutionary information of
unsurpassed value whose retrieval has led 1o several major conceptual revolutions in contemporary
biology. However, it is also true that this approach has remarkable limitations. Several attempts have
been made to extrapolate the results of macromolecular comparisons back into the stages in which the
basic characteristics of living systems were first established (12, 60). Nevertheless, these endeavours
have been hindered by our almost complete ignorance of the nature of the first living systems and thus
they lack, as argued below, evolutionary significance. Indeed, it is becoming increasingly clear that,
although the development of molecular phylogeny has greatly deepened our understanding of the early
stages of cellular evolution, the complex—and perhaps unfathomable—issue of the origin of life is not
amenable in itself to cladistic analysis.

Of course, the significance of molecular cladistics in the discovery of the three major cell lineages,
i.e.,the eubacteria, the archacobacteria, and the cukaryotic nucleocytoplasm (69) cannot be underscored.
As argued throughout this paper, the evolutionary analysis of the available databases can provide
important insights not only on the nature of their last common ancestor, but also on the biological events
that preceded it, during which some of the essential traits of basic metabolic pathways were shaped (71).
Therefore, the purpose of this paper is to summarize our current knowledge of an early stage of cellular
evolution that took place before the diversification events of the last common ancestor of all extant life
forms, but after the appearance of biological systems, very likely of cellular nature, already endowed
with a genetic code and a ribosome-mediated protein synthesis.

Progenotes, cenancestors and molecular cladistics

Although attempts to find the proper place of microbes in phylogenetic trees date back to the work
of Ernst Haeckel and other 19th century scientists, it was not until much latter that the first detailed
theories on prokaryotic evolution and classification where first suggested. On the basis of morphological
features, Kluyver and van Niel (32) suggested that three different lines of descent formed by the spirilla,
the sporulating Gram-positive bacilli, and the high actinobacteria, respectively, were descendants of
primitive coccoidal bacteria. That same year A. 1. Oparin, on the basis of a detailed comparison of the
basic biochemical processes and energy-generating metabolic pathways, published the Russian edition
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of his book on the origin of life, in which he Sug;gesled an evolutionary scheme that begun with anaerobic
heterotrophy and proceeded, in a gradual, stepwise evolutionary process that eventually led to
oxygen-producing photosynthetic cyanobacteria (45).

Although the points of view suggested by Oparin have an enormous heuristic value, which
eventually led to the establishment of an entire field of scientific research devoted to the scientific study
of the origin of life, it is no longer possible to assume that the first living system was a Clostridium-like,
anaerobic fermenter (55) or a Mycoplasma-type of prokaryote (47, 67). The nature of the first living
forms is still an open question, but as summarized by Woese (69), molecular cladistic studies have shown
that simplicity is not equal to primitiveness: the wall-less aphragmobacteria phenotype is polyphyletic
and has evolved independently both among the eubacteria and the archaeobacteria, while the anaerobic
relatively simply clostridial lifestyle is part of the Gram-positive, low GC branch that is very far away
from the oldest eubacterial phenotypes.

[tis now generally accepted that the development of molecular cladistics has led to major changes
in our current understanding of microbial evolution. A major achievement of this approach has been the
use of small subunit ribosomal RNA (rRNA) sequences as phylogenetic markers. The advantages of
using these phvlogenetic markers are: (i) the universal distribution of their genes in all known organisms
and organelles of cellular origin; (ii) the fact that they always serve the same function: (iii) their
improbable lateral gene transfer: and (iv) the relatively slowly change in primary sequence compared to
other molecular clocks and may be thus used for the construction of deep phylogenies (69).

It is frequently forgotten that the evolutionary comparison of 16S rRNA-like genes allows the
construction of cladograms depicting the phylogeny of genes, but not of organisms. However, the
properties of rRNA genes as phylogenetic markers make them valuable instruments, which have allowed
the construction of a trifurcated, unrooted tree in which all known organisms can be grouped in one of
the three major cell lineages: the eubacteria. the archaeobacteria, and the nucleocytoplasmic component
of eukaryotes (69). Since in unrooted rRNA-based cladograms no single major branch predates the other
two, and all three derive from a common ancestor, it was concluded that the latter corresponded to an
ancestral form of life much simpler than contemporary prokaryotes, i.e., the progenote (70). This
hypothetical entity was defined as a primitive system with a rudimentary translation machinery. in which
phenotype and genotype still had an imprecise, rudimentary linkage relationship (70). A model for the
progenote described it as endowed with a fragmented, disaggregated genome formed of double-stranded
RNA genes, many of which could have existed in multiple copies (68). Independent evolutionary
refinements along the three lines of descent not only led into its aggregation into DNA genomes, but led
also to the differences found among the transcription and translation machineries of eubacteria,
archaeobacteria and eukaryotes after their divergence from their last common ancestor (69).

No outgroups are known for rRNA based phylogenies. which specify branching relationships but
not the position of the universal ancestor. Therefore, it is not possible to identify in them the oldest
cellular phenotype. Nevertheless, speculations on the antiquity of a trait may be justified on empirical

generalizations based both on the trait’s essential role and on its wide distribution. Thus, a partial
- description of the last common ancestor of the three main branches may be infered from the distribution
of homologous characters among its descendants, i.e., by comparing eubacteria, archaeobacteria and
eukaryotes and see which monophyletic traits are common to the three of them. It can be argued that any
feature found in all three lines was probably present in the ancestral organism from which they are
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derived, i.e., that genes present in the main branches of the universal rRNA tree which are not the result
of horizontal transfer must have been also present in their evolutionary progenitor.

As shown in Table 1, the set of such traits that have been identified as of 1994 is still small, but the
picture of the last common ancestor that can be constructed is that of a rather sophisticated cell. As
suggested by the presence of genes involved in major anabolic processes that include the biosynthesis
of purines, pyrimidines, coenzymes, arginine, tryptophan, histidine and the branched-chained amino
acids, i.e., valine, isoleucine. and leucine (Table 1), its biosynthetic abilities were comparable to those
of modern cells. The occurrence of insulin-like peptides and cAMP in the three cell lines suggests that
signalling molecules involved in intracellular and cell-to-cell communication had already appeared in
their last common ancestor, as well as heat-shock proteins and other molecules that may have been
involved in responses to environmental insults and stress conditions.

TABLE 1. Homologous traits common to the three cellular domains®

(i) Traits involved in replication and protein biosynthesis

DNA polymerase B* elongation factor 10y/Tu*

Gyrase B elongation factor G/2*

DNA topoisomerase 11 isoleucyl-tRNA synthetase*

RNA polymerases* ribonuclease P

polynucleotide phosphorylase ribosomal proteins S9, $10, S17, S15,

L2,13,L6,L10,L11,L22, and L23
(if) Traits involved in energy generation processes and in biosynthetic pathways

F-type ATPase o subunit* arginosuccinate synthetase
F-type ATPase B subunit* aspartate aminotransferase*
carbamoyl-phosphate synthetase® cytrate synthetase

glucose 6-phosphate dehydrogenase enolase

glutamate dehydrogenase II* glutamine synthetase
malate dehydrogenase* phosphoglycerate kinase
pyruvate: ferrodoxin oxidoreductase porphobilinogen synthase
histidinol phosphate aminotransferase purine biosynthetic genes
tryptophan biosynthetic genes branched-chain amino acid

biosynthetic genes
(iii) Traits involved in environmental response and chemical signalling
cAMP
insulin-like polypeptides
heat shock protein 70
Mn/Fe superoxide dismutases*
photolyases

° Based on Lazcano et al. (38), Benner et al. (7), and Doolittle and Brown (13).
* Paralogous duplicate.
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The structural similarities shared by the proteins found in all three lines of descent suggest that
considerable fidelity already existed on the then operative genetic system of their last common ancestor,
which might have been already based on double-stranded DNA molecules (38). This conclusion is
supported by the analysis of the available sequence databases, as well as by information derived from
antibiotic sensitivity and antibody response, which suggests that the ancestor of the three lines already
encoded oligomeric RNA polymerases, DNA topoisomerases, DNA polymerases with proof-reading
activity (17), and photolyases involved in the monomerization of UV-pyrimidine dimers (62). Thus, it
was already endowed with mechanisms assuring both high-fidelity replication and repair of UV-induced
DNA damage, which would be extremely valuable in the anoxic primitive environment.

Although the presence of superoxide dismutase in Methanobacterium thermoautotrophicum (63),
and of cytochrome oxidase in Sulfolobus acidocaldarius (8) raises the troublesome possibility that
ancient organisms found at the base of the archacobacterial branch had aerobic traits, these two enzymes
are in fact part of defense mechanisms that may have evolved once oxygen had accumulated in the
primitive atmosphere. In fact, evidence that anaerobiosis is an ancient trait is supported not only by the
universal distribution of at least some of the glycolytic enzymes found in mainstream heterotrophic
.anaerobic metabolic pathways (18), but also by the identification of anaerobic eubacterial ribonucleotide
reductase I1I as the oldest of these enzymes involved in the synthesis of deoxyribonucleotides (49). This
finding suggests that the RNA to DNA evolutionary transition (39) took place in an oxygen-poor
primitive environment.

The traits shared by the three main cell lines (Table 1) are far to numerous and complex to assume
that they have evolved independently, i.c., they are of polyphyletic origin, or that they are the result of
massive horizontal transfer. Thus, although inferences on early life may be hindered by cell fusion events
or lateral flow of genetic sequences (20, 24, 59), the data summarized in Table 1 not only suggests that
bothin basic organization of the genetic apparatus and in its metabolic abilities eubacteria, archaeobacteria
and the eukaryotic nucleocytoplasm are ultimately related and the three lines descend from a common
ancestor, but also that the latter was not a protocell or any other pre-life progenitor system. It is likely
that the last common ancestor of all known forms of life was in fact comparable to modern bacteria in
its biological complexity. ecological adaptability, and evolutionary potential. Accordingly, the original
definition of progenote cannot be used for the genetic entity from which the eubacterial. archaeobacterial,
and eukaryotic branches diverged. Progenotes, if they ever existed, must have become extinct long

before the separation of the three lineages, whose last common ancestor may be more appropiately
described by using the term cenancestor, a neologism coined by Fitch and Upper (16) using a Greek
prefix that can be translated both as /asr and as common. As discussed below, partial understanding of
the processes that took place before the appearance of cenancestor may be achieved by analysing the
sequences of genes that duplicated before the separation of the three major branches.

A hot origin of life?

The results summarized in the previous section indicate that the most basic questions pertaining to
the origin of life relate to much simpler entities predating by a long series of evolutionary changes the
cenancestor, i.e., the earliest ancestor that we can detect using rRNA-based phylogenetic trees. As noted
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above, the identification of ancestral conditions is not possible for unrooted rRNA cladograms because
there is no known organism that can be used as an outgroup. However, such problem can be overcomed
by making outgroup comparisons using paralogous genes, i.c., genes that diverged after a duplication
event and not through speciation (15), by using one set of paralogous genes as an outgroup for the other
set (55).

This technique was employed a few years ago by Iwabe et al. (27) and by Gogarten et al. (21), who
identified the sets that code for (i) the elongation factors (EF-G, EF-Tu) that assist in protein
biosynthesis; and for (ii) the acand B hydrophilic components of F-type ATP synthethases as paralogous
duplicates. Using different computing techniques, both groups independently placed the root of the
universal tree between the eubacteria, on the one side, and the archaeobacteria and eukaryotes on the
other. This result not only implies that the eubacteria are the oldest recognizable cellular phenotype. but
also that a significant portion of the eukaryotic nucleocytoplasm is derived from archaeobacteria.

Although the eubacterial rooting of universal phylogenetic trees has been disputed and the problem
remains open as one of the most challenging issues in evolutionary biology (6, 13, 17), the hypothesis
that eukaryotes and archaeobacteria are sister groups is in fact supported by a number of molecular traits
that are shared by their transcription machineries (30). Placing the root of universal trees at the
eubacterial lineage has also groups all the known hyperthermophiles at the base of the two prokaryotic
branches of rRNA trees (1, 60). This confirms previous suggestions that mesophilic eubacteria and
archaeobacteria are the descendants of ancient hyperthermophiles, i.¢., of organisms that grow optimally
at temperatures in the range 75-100°C.

Perhaps not surprisingly, the phylogenetic distribution of heat-loving bacteria has been interpreted
to support those advocating a hot origin of life. Such ideas are not new: they were discussed with
considerable detail in the late 19th century by the German chemist E. Pfliiger as part of his HCN-based
theory on the origin of life (46). More recently, the recognition that some cyanobacteria have
heat-tolerant modes of life led to Harvey (23), Copeland (10) and Scher (52) to defend the possibility of
a heterotrophic emergence of life in high-temperature environments. Modern equivalents of these ideas
suggest that life appeared in geothermically heated, high-temperature environments such as those found
today in deep sea vents (26), or in other sites in which mineral surfaces have been hypothesized to
have played a major role in the appearance of primordial chemolithoautotrophic biological systems
(11, 29, 66).

However, several objections can be raised against this possibility. First of all, a high temperature
regime for the origin of life would rapidly lead to an irreversible destruction of organic compounds, and
thusto a very short lifetime for amino acids, purines, pyrimidines, and other biochemical compounds that
are generally assumed to have been essential for the first organisms (42). It is also difficult to reconcile
the possibility of an RNA world with the hot-origin-of life hypothesis (7, 35). Although the significance
of ribozymes in the emergence of the biosphere is still an open question, the presence of the 2'-OH group
in ribose makes RNA an extremely thermolabile polymer that is much more sensitive to cleavage than
DNA at the temperatures typical for hyperthermophiles (40).

The claim that the phylogenetic distribution of hyperthermophiles supports the hypothesis that life
emerged in a hot, sizzling environment (29) is in fact based on the unwarranted assumption that the root
of universal evolutionary trees based on macromolecules can be extended back in time down to prebiotic
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epochs. However, this may be a premature conclusion; although it is true that from a cladistic viewpoint
a characteristic state found only in the deepest branches can be interpreted as primitive (61), no species
exists today with all traits in the ancestral state. Indeed, heat-loving bacteria share with all other known
organisms the same basic features of genome replication, gene expression, ATP-based energy producing
mechanisms, and basic biosynthetic pathways. Thus, hyperthermophiles are cladistically ancient
organisms, not primitive ones. This conclusion implies, of course, that a heat-loving lifestyle may be a
relic of early Archean times, i.e., a secondary adaptation that evolved in population of even older
mesophilic bacteria (9, 34), perhaps as a result of high temperature regimes that may have resulted from
major asteroidal impacts during the late bombardment period that characterized the final stages of
accretion of our planet (57) or by other, still uncharacterized selection pressure.

The confirmation of the hypothesis that hyperthermophily is indeed an ancient secondary adaptation
requires an understanding of the nature of the biochemical adaptations involved in the adaptation to
extreme temperatures. Although this is still a largely open question, it appears to depend on a wide
spectrum of different mechanisms, which may include histone-like proteins, numerous post-transcriptional
RNA modifications, high intracellular salt concentrations, multienzyme complexes protecting small
intermediary metabolites, DNA-binding proteins, polyamines, and reverse gyrase, atype I topoisomerase
that twists DNA into a positive supercoiled double-stranded chain (2, 9, 48, 56). Molecular cladistic
analysis and a detailed understanding of the role that these and other traits play in a heat-tolerant lifestyle
are required before the significance of the basal position of hyperthermophiles in phylogenetic trees is
fully assessed. Until such analysis are accomplished, it is premature to take the possibility of a hot origin
of life for granted..

Biological evolution before the cenancestor

Despite minor differences, the universal distribution of molecular biology processes not only
provide direct evidence of the monophyletic origin of all known forms of life; they also imply that the
sets of genes encoding the different components of these complex traits became frozen long time ago.
i.e.. major changes in them are lethal and very strongly selected against. However, it is clear that these
complex. multigenic traits must have evolved through a series of simpler states. Unfortunately, no
evolutionary intermediate stages or ancient simplified versions of ATP production, DNA replication and
ribosome-mediated protein synthesis have been discovered in extant organisms. The absence of any
known cladistically primitive taxa that originated before the freezing of these biological processes is
indeed a major obstacle in the reconstruction of the sequence of the evolutionary development of
Archean cells.

However, there is a way of inferring some of the characteristics of the primitive entities from which
the cenancestor evolved (36). As noted above, the presence of paralogous genes implies that the last
common ancestor of the three cell lineages was already endowed with two homologous genes coding for
two elongation factors, as well as with F-type ATPases having homologous o and B subunits (21, 27).
Accordingly, if the cenancestor had two sets of duplicate homologous genes coding for elongation
factors and for the ATP-synthethase units, then it must have been preceded by a simpler cell with a
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smaller genome in which only one copy of each of these genes existed, i.e., by cells in which protein
synthesis required the presence of only one elongation factor, and with ATPases that lacked the o
regulatory subunit (36).

. Although the list of such precenancestral paralogous genes is still small (Table 1), it includes, in
addition to the elongation factors and the ATPase subunits, hexameric glutamate dehydrogenases (6),
glutamine synthethases (31, 64), the heat-shock protein family (22), and DNA topoisomerases I and II
and DNA polymerase families A and B (17), as well as the large subunit of carbamoyl-phosphate
synthase (CPSase), a protein formed by two homologous halves that resulted from an internal (i.e.,
partial) duplication followed by a gene fusion event (53; Lazcano, Puente, and Gogarten, in prep.).
Additional products of gene pairs that may have duplicated during early Archean times have been
summarized elsewhere, and include those coding for superoxide dismutases, carbamoyl transferases,
dehydrogenases, pyruvate oxidase and acetohydroxyacid synthase, and several aminoacyl-tRNA
synthethases (19).

In other words, detection and analysis of paralogous sequences common to the three lines are a
potential source of evolutionary information which may provide direct insights to the organization and
encoding capacities of genetic systems predating the cenancestor. Such paralogous sequences whose
duplication preceded the cenancestor imply that before these gene amplification events, simpler living
systems existed that lacked at least some of the complex regulated biochemical processes found in extant
cells. That is, the cenancestor was the descendant of earlier life forms in a genetic code, and
ribosome-mediated protein biosynthesis already existed, but in which (i) the large subunit of CPSase had
half the molecular weight of its modern equivalent; (ii) protein biosynthesis could take place with only
one elongation factor; (iii) F-type ATPases lacked the a regulatory subunit, and (iv) the DNA replication
and repair machineries involved one only DNA polymerase ancestral to DNA polymerase I and II.

Precenancestral cells must have been less complex than even the simplest extant life forms, lacking
the large set of enzymes and some of the sophisticated regulatory abilities of contemporary prokaryotes.
Contemporary equivalents are not known, perhaps because they have been completely obliterated by
their more successful descendants. However, the available databases provide direct evidence of Archean
cells in which biological functions were apparently dependant on primitive, less-complex enzymes. This
conclusion may be interpreted as supporting the hypothesis that early biosynthetic pathways were
mediated by small, inefficient enzymes of broad substrate specificity (14, 21, 28).

Gene duplication and early cellular evolution

How was the extant set of genetic sequences built from an earlier, simpler genome? Evolution of
early Archean microbes must have required important increases of their genome sizes, i.e., a major
expansion of their coding abilities. The different mechanisms that may modify cellular DNA content in
contemporary organisms are shown in Fig. 1. Their relative significance in prokaryotic genome size
evolution should be analysed. For instance, although endosymbiosis has been a major driving force in
the emergence and evolution of eukaryotic cells (41), it is unlikely that it ever pléycd a major role in
shaping prokaryotic evolution.
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FIG. 1. Mechanisms that increase cellular DNA content and their possible evolutionary fate (43).

Moreover, cell fusion events are well-documented in Oxytrichia and other single-cell protists, but
have not been described in bacteria. Nevertheless, it has been suggested that they may have taken place
during early Archean times, thus providing with an explanation of the discrepancies between the
165 rRNA phylogeny and the protein-based trees (20, 59, 72). Besides the observation that
multichromosomal mutant Escherichia coli cells can be obtained by blocking different stages during cell
division (5), could be interpreted to support the possibility of dramatic increases in DNA content
resulting from a series of bacterial genome doublings (50).

The role of horizontal transfer of genes in the expansion of the coding abilities of Archean cells
should not be overlooked. The nitrogen-fixing eubacteria Azotobacter vinelandii is endowed with
multiple copies of rather large plasmids that have increased its DNA content by a factor of 40 as
compared to Escherichia coli (25). Evidence of lateral acquisition of genes can be recognized among
different prokaryotes (58). and some of these events may have taken place shortly after the diversification
of the three cell lineages (24).

However, there are several independent indications that gene duplications played a decisive role in
the evolutionary development of the encoding capabilities of ancient genomes. This possibility is
supported not only by the products of duplications detectable in the three cell lineages (Table 1), but also
by the statistical analysis of the Escherichia coli sequence databases, that has shown that about 40% of
the proteins whose sequence is now available are the result of duplication events (33).

If duplication was one of the major forces that shaped shaping ancient genomes, then it may be
possible to understand the rapid development of levels of biochemical complexity and ecological
diversity suggested by morphological and isotopic evidence showing that stromatolite-building phototactic
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bacteria already existed 3.5 X 10° years ago (54). The age and complexity of these early remnants of Archean
life not only suggests that the basic features of DN A-based cellular genomes had been established long before
the deposition of these early fossils, but also that the major features separating the archaeobacterial
and eubacterial branches were already established during the early Archean times.

' Although there are many uncertainties surrounding the origin of life and the early evolution of the
biosphere, the possibility that duplication events were the most important mechanism for increasing the
size and complexity of prokaryotic genomes allows an estimate of the time required for the emergence
of an oscillatorian-like cyanobacteria similar to the morphotypes discovered in the Warrawoona
assemblage (37). Duplication events appear to occur spontaneously at relatively high, constant rates
of 10-* 10 10-* gene duplications per gene per cell generation both among eubacteria and eukaryotes
(3, 51, 65). By using the lowest value of 10-%, and by assuming that only 10% of the duplications are
neutral, a rate of duplicon accretion of one nucleotide pair per year has been estimated, which implies
that only seven million would be required to go from a 100 gene DNA/protein organism to a 7000 genes
filamentous cyanobacteria (37). Of course, many of these figures are ridden by a large number of
uncertainties, but they suggest that there is no compelling reason to assume that the entire process
required more than 10 million years or so (37. 43). It is likely that the assumption that the emergence of
life was an extremely slow process is nothing more than a deeply-rooted intellectual prejudice whose
origin may be found in some of the most conservative traditions of neoDarwinism. As a matter of fact,
the understanding of the mechanisms that may help to understand why the origin and evolution of early
life took place in a relatively short span of geological time should be combined with the analysis of the
processes underlying the lenghty periods of evolutionary stasis during which the emergence of metabolic
novelties in different prokaryotic lineages has been limited or inhibited.

Concluding remarks .

Because of its very nature, molecular cladistics separates ctusters of adaptive characters into a
nested hierarchical set which is generally expected to reflect the temporal sequence of their evolutionary
acquisition. It is not surprising that such approach, which has all the demerits of a reductionist one-trait
approach to biological evolution, has also led to incomplete description of cellular evolution. This
limitation may be particularly clear in the failure molecular trees to include branch fusion events
(i.e., anastomosis of lineages) that can describe eukaryotes as highly integrated components of
evolutionary consortia, but also in the unjustified attempts to extrapolate the root of molecular
phylogenies into the origin of life itself or even before (4).

However, the evidence reviewed in this paper suggests that although the analysis of macromolecular
sequences cannot be extended back into prebiotic times, it is a powerful tool whose full potential may
have not been fully realized. In particular, the identification of paralogous genes that duplicated before
the divergence of the cenancestor can provide major insights into the nature of biological processes
whose characteristics cannot be infered from the palaeontological record or from the other traditional
approaches. Recognition of this possibility implies that what have been calling the root of universal trees
corresponds in fact to the tip of their trunks, and in order to obtain insights into primitive cells, we must
learn to read the valuable evolutionary information still contained in them.
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The evidence that relevant information concerning biochemical characteristics of cells older than
the three domains may be derived from ancestral paralogous genes is persuasive, and major attention
should be devoted to its retrieval and interpretation. Accordingly, the design of a research strategy for
the identification, sequencing and evolutionary comparison of sets of paralogous genes that originated
before the separation of eubacteria, archaeobacteria and eukaryotes should be considered a major
priority in our efforts to understand the evolutionary history of ancient cells, and could help to reduce
in part the gap that exists in current descriptions of the evolutionary transition between the RNA world,
the progenote stages, and the last common ancestor of all extant organisms.
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Abstract. The origin of the biosynthetic pathways for the branched-chain amino acids cannot be
snderstood in terms of the backwards development of the present acetolactate pathway because it
contains unstable intermediates. We propose that the first biosynthesis of the branched-chain amino
iids was by the reductive carboxylation of short branched chain fatty acids giving keto acids which
were then transaminated. Similar reaction sequences mediated by nonspecific enzymes would produce
werine and threonine from the abundant prebiotic compounds glycolic and lactic acids. The aromatic
wmino acids may also have first been synthesized in this way, e.g. tryptophan from indole acetic
aid. The next step would have been the biosynthesis of leucine from a-ketoisovaleric acid. The
acelolactate pathway developed subsequently. The first version of the Krebs cycle, which was used
foramino acid biosynthesis, would have been assembled by making use of the reductive carboxylation
mnd leucine biosynthesis enzymes, and completed with the development of a single new cnzyme,
succinate dehydrogenase. This evolutionary scheme suggests that there may be limitations to inferring
the origins of metabolism by a simple back extrapolation of current pathways.

1. Introduction

In the first discussion of the origin of biosynthetic pathways, Horowitz (1945)
proposed that biosynthetic pathways arose by backwards development rather than
forwards. The basis of the proposed process was the utilization of a prebiotic soup
that contained all of the biosynthetic intermediates which constitute the resultant
pathway. When a required compound (eg threonine) became exhausted from the
environment, the preceding intermediate (homoserine) would have been converted
to threonine. The next step arose when homoserine became exhausted from the
. environment, and an enzyme appeared that could convert aspartic semialdehyde to
homoscrine. In this manner the pathways evolved in a stepwise fashion.

The discovery of opcrons led Horowitz (1965) to extend his hypothesis to addi-
tionally take account of gene duplications as a source of new enzymes. Hegeman
and Rosenberg (1970) suggested that regulation and the recruitment ol activitics
from existing pathways may have been more important than gene duplication. Ycas
(1974) and Jensen (1976) emphasized the importance of the broad specilicity of
early enzymes and the development of more specific enzymes by gene duplication
followed by sequence divergence.

Surprisingly there seem to have been no attempts to cxamine the Horowitz
hypothesis in terms of the prebiotic soup. The biosyntheses of (hreonine and
methionine are rationally explained by this backwards stepwise development. The
prebiotic synthesis of threonine is by a straightforward clectric discharge reaction

Origins of Life and Evolution of the Biosphere 25: 99-110, 1995,
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(Ring et al., 1972). The prebiotic synthesis of methionine is from acrolein which
also gives homoserine and homocysteine as well as glutamic acid and diamino
butyric acid (Van Trump and Miller, 1972). Consistent with this picture is (he
homology of threonine synthase, threonine dehydratase and serine dehydratase
(Parsot, 1986), and the homology of -cystathionase and cystathionine §-synthase
of the methionine pathway (Bellaiza et al., 1986).

The Horowitz hypothesis does not seem applicable to some biosynthetic path-
ways, c.g. the biosynthesis of purines from glycine. This pathway clearly cannot be
based on components of the prebiotic soup since all the intermediates are ribosides
which are unstable to hydrolysis. In addition, ribose is generally considered not
lo have been a significant component of the prebiotic soup (Shapiro, 1988). If the
biosynthesis of purines was by the same pathway as at the present but without the
ribose, the sequence would still contain mostly unstable compounds, for example
HCONHCH;CONH,;.

Branched-chain Amino Acid Biosynthesis

The contemporary biosyntheses of the branched-chain amino acids valine, isoleucine,
and leucine by Escherichia coli, are shown in Figure 1. Four steps are common to
all three synthetic pathways (Umbarger, 1987) and so the scquence of reactions are
considered together. The pathways are the same in cubacteria, archacbacteria, and
eukaryotes, and the enzymes are homologous (Xing and Whitman, 1991).

The Horowitz hypothesis cannot apply to the branched-chain amino acids valine,
isoleucine and leucine, because their biosynthetic precursors are unstable, e.g.a-
acctolactatc decarboxylates readily because it is a J-keto acid, and so would not
have been in the prebiotic soup. The half-life for decarboxylation is several days
at room temperature (Hil! et al., 1979), and the anion decarboxylates readily on
acidification:

(i'l) (0]
’ Il
CH3-C-(i:H—COO — CHa-C-(I:Hg + COy
OH OH
a-Acelolactate Acetoin

In addition, acetolactate mutase catalyses an alkyl migration by an acyloin rear-
rangement which is almost unique in biochemistry, and so it may not be a very
primitive enzyme.

A variation on the Horowitz proposal assumes that if a compound was present
in the prebiotic cnvironment, then so were its decomposition products. Consequen-
tially, a biosynthetic pathway to this compound could have arisen in a stepwise
fashion, utilizing the scquence of compounds available in the decomposition path-
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wydratase coo dehydrogenase o NHg

Fig. 1. Contemporary biosyntheses of the branched-chain amino acids. Valine, R = CHj; Isoleucine
R =CH,CHa.

way, rather than the compound’s precursors in the contemporary sequence. A
modificd reverse of the mammalian degradative pathway is, in the case of valine:
?H:n

ATP CHa
CH; ~CH-COO"

»> CH, -CH -ﬁ-SCoA
o}

CoA



102 ANTHONY D. KEEFE ET AL,

?Ha Ferradoxin ?Ha
CHy ~CH-G-5CoA > CHy ~CH-G-COO'
o CO; o
g g
CHy ~CH-C-COO" 3 CH; ~CH-CH-COO"
| Transamination |
(0] NH;,

A similar degradative pathway is used in some anaerobic bacteria (Allison,
1978). It should be kept in mind that the acyl CoA could not have been in the
prebiotic soup because it is unstable. The utilization of ATP and CoA in this
pathway assumes that analogous enzymes were present, and that the enzymes
using isobutyric acid arose by gene duplication.

The rcactions giving isolcucine and Icucine are shown below:

?HS (1) Reductive Carboxylalion (I:H3
CH3-CHp-CH-COO" —— CH3~CHy-CH-CH-COO"
(2) Transamination ':'H:f'
‘I:HG (1) Reductive Carboxylation ([3H3
CH3-CH-CH-COO"  ——=  CHg-CH-CHp-CH-COO’
(2) Transaminaltion l!JH3+

The reductive carboxylation is carried out by low potential ferredoxins, since
NADH is not sufficiently reducing for this. Another possible reducing agent is
pyrite (i.e., FeS + H,S — FeS; + H;) as proposed by Wiichtershiiuser (1988).
This might work prebiotically or possibly as an early bacterial process.

The pathway discussed above is used by Methanobacterium ruminantium, Bac-
teroides rumminicole and other primitive prokaryotes in ruminants* for valine and
isoleucine biosyntheses from isobutyric acid and a-methyl butyric acid, respective-
ly (Robinson and Allison, 1969; Allison and Peel, 1971). The short chain aliphatic
acids are likely to have been more abundant than the corresponding amino acids
on the primitive Earth, as they are in the Murchison meteorite (Table I). A sin-
gle enzyme could have produced valine, isoleucine and leucine from isobutyric,
a-methylbutyric and isovaleric acids, respectively. When the fatty acid precursors
were exhausted it would then have become necessary to develop the acetolactate
pathway.

* The cow is modern, but the bacteria arc ancient.
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TABLEI

Carboxylic acids and corresponding amino acids occurring in the Murchison
meteorite [data from Lawless and Yuen (1979) and Cronin and Pizzarello

(1983)1
Carboxylic Abundance  Corresponding Abundance
Acid nmolg™" amino acid nmolg™"
Ethanoic 1030 Alanine 44
Propanoic 1830 2-Aminobutyric 18
2-Mcthylpropanoic 500 Valine 10
Bulanoic 380 Norvaline 3
2-Mcthylbutanoic 120 Isolcucine 4
3-Mecthylbutanoic 90 Leucine 4
Pcntanoic 120 Norleucine 2
4-Methylpentanoic 70
Hexanoic 60
Heptanoic 30
Octanoic 10

The activation of the short chain fatty acids is a straightforward CoA synthe-
sis which would have been mediated by an enzyme that could easily have been
acquired by a gene duplication. The third step would involve a transamination
enzyme that could also have arisen by gene duplication. The reductive carboxy-
lation step is the only one requiring a ncw enzyme not easily obtained from a
gene duplication, unless the Krebs cycle biosynthetic pathway is more ancient (see
below). An alternative to the reductive carboxylation is to react acyl phosphate
with formate (Tanaka and Johnson, 1971). This still requires the activation of the
fatty acids, but the reaction may be simpler than the reductive carboxylation:

o
Il

RCHp-C-COO" + HPOZ

[ )
RCHp-C-0POg%" 4  HCO,”

This sequence could be prebiotic. Transaminations arc catalyzed non-enzymatically
by pyridoxal (Metzler ¢t al., 1954), histidine (Doctor and Oré, 1969) and glyoxalate
(Warren, 1971). The activation of the latty acid would have been the result of the
prebiotic activation reactions. A prebiotic version of the carboxylation could be as
is shown below (Eggerer et al., 1962):

o
Il :
CH3-C-SCoA + HCN === CHg-C-CN + CoASH
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Acyl cyanides usually hydrolyze to the carboxylic acid and IICN cxcept in strong
acid, but soft nucleophiles such as 1S can react under some conditions (o give
CH;COCSNH; (Hiinig and Schaller, 1982), which would hydrolyze to the keto
acid. The prebiotic reaction conditions remain to be worked out.

Fatty Acid Metabolism and the Absence of Norvaline and Norleucine from
Protcins

If the fatty acid synthesis and degradative pathways developed carly, then n-valeric,
n-butyric and propionic acids would have been depleted early from the environ-
ment. This would have prevented the synthesis of norleucine, norvaline and a-
amino-n-butyric acid by reductive carboxylation. This may explain the absence
of these straight chain aminc acids from protcins, which is otherwise difficult to
account for (Weber and Miller, 1981):

(1) Reductive Carboxylation
CHg-CHp~CHy-COO" i CHa—CHz-CHz-(iTH-COD'

(2) Transamination NH3+
Norvaline
(1) Reductive Carboxylation
CHg~CHy-CHp~CHy~COO" e CHgz-CHy-CHy-CHp-CH-CO0"
(2) Transamination | +
NH3
Norleucine

Early Biosyntheses of Serine, Threonine and Glutamic Acid

Similar considerations may be applied to other amino acids with abundant prebiotic
precursors. Thus serine could have been made from glycolic acid and threonine
from lactic acid. These hydroxy acids are major products ol prebiotic syntheses
and also occur in the Murchison meteorite (Miller, 1957; Pclizer and Bada, 1978;
Peltzer et al., 1984). This scheme would have greatly increased the availability of
serinc and thrconine, as glycolic and lactic acids are more stable than serine and
threonine. A slight evolution of the reductive carboxylating enzyme would have
allowed the synthesis of glutamic acid from succinic acid and alanine from acetic
acid. This would have constituted the beginning of the reverse Krebs cycle used
for amino acid synthesis in some anacrobic organisms (sce below):
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. {1). Reductive Carboxylation

HO-CH,-C00 i HO-CHy~CH-COO’
(2) Transamination L .4

: NH3

" i (1) Reductive Carboxylation
o — CH3-CH=CH-COO
OH (2) Transamination

OH NH3*

(1) Reductive Carboxylation
“00C-CHp-CHy-CO0" i "00C-CHa~CHa=CH-COO"
2-VH2 @) Trisasination 00C-CH~CHp=CH-COO

NH 3+

The first biosynthetic Pathway for the Aromatic Amino Acids

Prebiotic syntheses have been demonstrated for phenylalanine and tyrosine (Fried-
mann and Miller, 1969), trytophan (Friedmann et al., 1971) and histidine (Shen et
al., 1987, 1990). These are not particularly efficient syntheses, and the supply of
these aromatic amino acids would have been quickly exhausted if they were com-
ponents of early organisms. The reductive carboxylation/transamination scheme
suggested here would have been a prebiotic source of these amino acids. Some
primitive archaebacteria synthesize phenylalanine and tyrosine by this pathway
(Sauer et al., 1975). By a similar process tryptophan and histidine could be pro-
duced from indole acetic acid and imidazole acetic acid. The precursor acids are:

@,CH: -COOH @,CH: -COOH
HO
N N NH

-
H

The eflficient synthesis of these aromatic acetic acids may be prebiotic. In the
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case of indole acetic acid the synthesis is shown below:

HCHO
CHy-OH HCN Ho~CN
QU Q= o™
N N N

H H H

This is then followed by hydrolysis. A similar reaction should readily occur with
phenol, but imidazole and especially benzene are relatively unreactive. Once these
precursors were exhausted from the environment, the development of the complex
shikimic acid aromatic biosynthetic pathway would have become necessary.

Origin of the Acetolactate Pathway

Although the branched chain fatty acids were more abundant than amino acids in
the prebiotic soup, the short branched chain fatty acids quickly would have become
exhausted. A reasonable order of development would be to assume that the leucine
pathway from a-keto isovaleric acid developed first. The reaction of acetyl CoA
with a-keto isovalceric acid is an aldol condensation for which the development of
an anzyme, isopropyl malate synthasc, may be casily envisioned.

Isopropyl malate isomerase (or dehydratase) catalyses a very similar reaction to
that catalyzed by fumarase which proceeds non-enzymatically in acidic (Rozelle
and Alberty, 1957), basic (Erikson and Alberty, 1959) and ncutral (Bada and Miller,
1969) solutions at elevated temperature, and so development of the enzyme is easily
cnvisaged. If fumarase or crotonase were present in the prokaryotic metabolic
apparatus, the development of isopropyl malate dehydrogenasc would have rapidly
occurred by a gene duplication and subscquent sequence divergence. Isopropyl
malate dehydrogenase is a standard NAD " alcohol dehydrogenase with a rapid
non-cnzymatic decarboxylation step.

Acclolactate synthase uscs thiamine pyrophosphate. This reaction also occurs
non-enzymatically with thiamine. The product is usually acetoin because the ace-
tolactate rapidly decarboxylates (Breslow and McNelis, 1959).

Chang and Cronan (1988) demonstrated the functional and structural homology
between pyruvate oxidase and acetohydroxy acid synthase in the branched chain
amino acid biosynthetic pathway, and suggested that the synthase was derived from
the pyruvate oxidase. The evolutionary conservation of the homology is easy to
understind from the standpoint of the chemical reactions involved. Acclolactate
synthase catalyzes the reactions
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o} o}
I : Il
CH; -CCO0"~ + TPPE = CH,C-TPPE + COp

o] (I)I?H
Il I . i
CHy-C-TPP-E  + CHy-C-cOO~ —> CHs-C*i:HCOO + TPPE
C'H:!

where TPP refers to thiamine pyrophosphate, E is the enzyme, and CH3-CO-
TPP-E is active acctaldehyde [CH3-CO(™)] attached to the thiamine. Pyruvate
oxidase catalyzes the rcactions

o)
Il . Il
CH,CCO0" + TPP-E =~—>» CH,-C-TPP-E + CO2

(o]
Il I
CHy C-TPP-E + Fdgy —> CH,~C-0" + Fdgg + TPP-E

where Fd,, and Fd, .4 are the oxidized and reduced forms of ferredoxin, but other
electron acceptors such as NAD* and flavins are used with some enzymes. Other
pyruvate oxidoreductases carry out the reaction with coenzyme A:

o 0
Il Il
CHy-C-TPPE  + CoA + Fdoy === CH;C-SCoA + Fdreq

In this case the reaction may be reversible depending on the potential of the
electron acceptor. '

The homology of acetolactate synthase with pyruvate oxidase presumably
extends mostly to the domains involved in the decarboxylation step, and not to
other sections of the enzyme. We agree with the proposal of Chang and Cronan
(1988) that acctolactate synthase was derived from pyruvate oxidase, but our mod-
ification to their scheme is that the pyruvate oxidase was a reversible enzyme
operating in the keto acid synthesis direction rather than the irreversible direc-
tion. The acetolactate pathway would be completed with the development of the
reductoisomerase and the dihydroxy acid dehydratase.
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Transaminase
Pyruvate decarboxylase Pyruvate >~ Alanine
Fatty Acid Reductive
Aspartic acid Carboxylase
o]
ol
CHy~C-SCoA ; -
ol Synth (i?Hg Aconilose
y trate Synthetase p Isopropyl malate
Fricm . Isopropyl malate HD-(;:-CDO dehydrase _
synﬂ:aso CH, (I:OO
coo | <. s
| CoOo i 2
e Citrate c-co0’
T HE
Malate I = Aconilas
dehydrogenase A COO rl.:oo niase
Isopropyl malate Oxaloacetate cis-Aconitate Isopropyl malate
dehydrogenase dehydrase
I - | i
HO-CH CHy
| | =
CI;HZ (I:H—OOO
coo’ H}'?H
Malate coo’
Isocitrate
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. e
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Fig. 2. The Krebs cycle. Also included in italics are the enzymes of the biosynthesis of lcucine

from a-ketoisovaleric acid and of the branched chain fatty acids to the keto acid (fatty acid reductive
carboxylasc).

Origin of the Krebs Cycle

The central role of the Krebs cycle in metabolism suggests that it is a very ancient
pathwuy. Its origin is generally accepted as being for the biosynthesis of amino
acids rather than ATP production, since no ATP is produced in the absence of an
electron acceptor for the NADH produced in the cycle.
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It is tempting to suggest that the Krebs cycle came before branched-chain amino
acid biosynthesis because most of the twenty protein amino acids are derived from
Krebs cycle intermediates. However, the Krebs cycle amino acids are among the
most abundant prebiotic amino acids, i.e. alanine, aspartic acid and glutamic acid,
and so they would have been depleted later than the less abundant branched-chain
amino acids. )

In contrast we propose that the Krebs cycle was developed by modification of
the leucine biosynthetic pathway from valine. It is assumed that isopropyl malate
dehydrogenase, isopropyl malate dehydratase and isopropyl malate synthetase were
available, as well as the fatty acid reductive carboxylases and transaminase from the
early branched-chain amino acid biosynthetic scheme. Thus only one new enzyme,
succinate dehydrogenase, was needed to complete the Krebs cycle. The scheme
is shown in Figure 2. The oxidative version of the Krebs cycle would have been
established when sufficiently high potential electron acceptors (c.g. Oz) became
available.

The counter argument can be made that the biosynthetic Krebs cycle came first
and that the branched-chain amino acid pathways were developed from the Krebs
cycle enzymes. This would be justificd if the branched-chain amino acids were
incorporated late into protcins, and the depletion of alanine, aspartic acid, glutamic
acid, and related amino acids occured prior to the exhaustion of the branched-chain
amino acids from the primitive ocean.

There have been a number of discussions suggesting that the origin of metabolism
can be inferred from the backwards extrapolation of the contemporary pathways.
Our proposals suggest the present pathways may have replaced even older biosyn-
theses. Some of the oldest pathways and their enzymes have survived in unusual
organisms, but some may have been lost from biology in the same way that the
precursor to RNA has disappeared.
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Abstract. The available sequences of genes encoding
the enzymes associated with histidine biosynthesis sug-
gest that this is an ancient metabolic pathway that was
assembled prior to the diversification of the Bacteria,
Archaea, and Eucarya. Paralogous duplications, gene
elongation, and fusion events involving different his
genes have played a major role in shaping this biosyn-
thetic route. Evidence that the hisA and the hisF genes
and their homologues are the result of two successive
duplication events that apparently took place before the
separation of the three cellular lineages is extended.
These two successive gene duplication events as well as
the homology between the hisH genes and the sequences
encoding the TrpG-type amidotransferases support the
idea that during the early stages of metabolic evolution at
least parts of the histidine biosynthetic pathway were
mediated by enzymes of broader substrate specificities.
Maximum likelihood trees calculated for the available
sequences of genes encoding these enzymes have been
obtained. Their topologies support the possibility of an

Abbreviations: aa = amino acid; ORF = open reading frame: bp = base
pair: kb = 10" bp: CarA = carbamoyl phosphate synthetase (EC
6.3.5.51: GAT = glutamine amidotransferase: GuaA = GMP synthetase
(EC 6.3.4.11: PubA = d-amino-4-deoxychorsmate synthase (EC 4.1.3-)
PyrG = GTP synthetase (EC 6.3.4.2): AICAR = 3-aminoimidazole-4-
carboxamide-1-B- ribofuranosyl 3°-monophosphate; HAL = L-histid-
inal: HOL = L-histidinol: HP = histidinol phusphate: IAP = imidazole
acetol-phosphate: IGP = imidazole glycerol phosphate: PR = phospho-
ribosyl: PRFAR = N-[(5"-phosphoribulosyl) formimino}-5-
aminoimidazole-4-carboxamide ribonucleotide; 5’-ProFAR = N'-[(5"-
phosphoribosyl) formimino]-5-aminoimidazole-4-carboxamide
ribonucleotide: PRPP = phosphoribosyl-pyrophosphate: RFLP = re-
striction fragment length polymorphism

Correspondence to: R. Fani

evolutionary proximity of archaebacteria with low GC
Gram-positive bacteria. This observation is consistent
with those detected by other workers using the sequences
of heat-shock proteins (HSP70), glutamine synthetases,
glutamate dehydrogenases. and carbamoylphosphate
synthetases.

Key words: Histidine biosynthesis — Evolution of
metabolic pathways — Molecular evolution

Introduction

The emergence of basic biosynthetic pathways was one
of the major events during the early evolution of life,
since their appearance allowed primitive organisms to
become increasingly less dependant on exogenous
sources of amino acids. purines, and other compounds
that may have accumulated in the primitive environment
as a result of prebiotic syntheses. How the major biosyn-
thetic pathways actually originated is still an open ques-
tion, but several ditferent theories have been suggested to
account for the establishment of anabolic routes. These
explanations include (1) the retrograde hypothesis
(Horowitz 1945, 1965): (2) the possibility that at least
some biosynthetic routes evolved forward, i.e., from sim-
ple precursors to complex end products (Granick 1965):
(3) the idea that metabolic pathways appeared as a result
of the gradual accumulation of mutant enzymes with
minimal structural changes (Waley 1969); and (4) the
patchwork theory. according to which metabolic routes
are the result of the serial recruitment of relatively small,
inefficient enzymes endowed with broad specificity that
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Hig 4 s IE ' PR-AMP cyclonydrolass (EC 1.5.4.19)

5-Pro-FAR

PR-bormirming- 5-aminc-1.PA-4-wnidarole-
caboxamide womerase (EC 5.1.1.18)

PRFAR

HIS T haH:haF IGP syrinass

HI52 s @ ' HP phosphatase (EC 3.1.3.15)
HOL
HIS 4 his O ' Higtiingl deydrogenass (EC 1.1.1.23)
HIS 4 na D ' Highdingl dahydrogenass (EC 1.1.1.23)
Histidine
Fig. 1. Gene-enzyme relationships in the histidine biosynthetic path-

way both in E. coli and S, cerevisiae. The schematic representation of
the biosynthetic steps from ATP and PRPP to histidine follows the
enzyme designations and nomenclature.

could react with a wide range of chemically related sub-
strates (Ycas 1974; Jensen 1976).

Histidine biosynthesis is one of the best-characterized
anabolic pathways. There is a large body of genetic and
biochemical information. including operon structure.
gene expression. and increasingly larger sequence data-
bases which are available. For over 30 years this pathway
has been the subject of extensive studies. mainly in the
enterobacterium Escherichia coli and its close relative
Salmonella typhimurium, in both of which details of his-
tidine biosynthesis appear to be identical (Winkler 1987).
The complete nucleotide sequence of their his operons
has been determined by Carlomagno et al. (1988). As
shown in Fig. 1. in these two enterobacteria the pathway
is unbranched and includes a number of complex and
unusual biochemical reactions. It consists of nine inter-
mediates. all of which have been described, and of eight
distinct enzymes. Three of these enzvmes. encoded by
the hisB, hisD, and hislE genes. are bifunctional (Win-
kler 1987; Carlomagno et al. 1988).

There are several independent indications of the an-
tiquity of the histidine biosynthesis pathway. It is gen-
erally accepted that histidine is present in the active sites
of enzymes because of the special properties of the im-
idazole group (Weber and Mliller 1981). The apparently
universal phylogenetic distribution of the hix genes (Ta-
ble 1) suggests that histidine synthesis was already part
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Table 1. Organisms where histidine genes have been sequenced®
Organism Genes
Bacteria

Purple bacteria

o Subdivision
Azospirillum brasilense
¥ Subdivision
Escherichia coli GDCBHAF(IE)
Salmonella ryph:munum GDCBHAFI(IE)
Klebsiella p G°

Gram positive
Low GC content
Lactococcus lactis

Bd H orfl68 A F E orfl22

Corf3GDorf6 BdorfSHAF

(E) orfl3
Bacillus subtilis C
High GC content
Streptomyces coelicolor D C Bd orfl H A orf2°
Mycobacterium smegmatis bc
Archaea
Methanococcus vannielii Al
Methanococcus voltae A
Methanococcus A
thermolithotrophicus
Halobacterium volcanii C
Eucarya
Saccharomyvcees cerevisiae Bd. C. G, (HF). (IED)
Saccharomyces kluyveri Bd
Candida maltosa (5
Pichia pastoris (IED)
Thricoderma harzianum Bd
Neurospora crassa (IED)
Phvtophthora parasitica Bd
Brassica oleracea D

* References are given in Materials and Methods. Genes in parentheses
are fused: genes coding for bi- or multifunctional enzymes are under-
lined. Eucaryotic his genes are indicated by the name of their prokary-
otic counterparts. The name hisBd (limauro et al. 1990) refers to genes
coding an IGP dehydratase corresponding to the distal moiety of the
enterobacterial HisB enzyvme

" Truncated genes or ORF

of the metabolic abilities of the last common ancestor of
the three extant cell domains (Lazcano et al. 1992). The
chemical syntheses of histidine (Shen et al. 1990b) and
prebiotic analogues of histidine (Maurel and Ninio 1987)
and of histidyl-histidine under primitive conditions have
been reported (Shen et al. 1990a). as well as the role of
the latter in the enhancement of some possible prebiotic
oligomerization reactions involving amino acids (White
and Erickson 1980) and nucleotides (Shen et al. 1990c).
Since its biosynthesis requires a carbon and a nitrogen
equivalent from the purine ring of ATP. it has also been
suggested that histidine may be the molecular vestige of
a catalytic ribonucleotide from an earlier biochemical
stage in which RNA played a major role in catalysis
(White 1976).

Histidine biosynthesis plays an important role in cel-
lular metabolism, since it is interconnected to both the de
novo synthesis of purines and to nitrogen metabolism
(Fig. 1). The connection with purine biosynthesis results
from an enzymatic step catalyzed by imidazole glycerol
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phosphate synthase, an enzyme which has recently been
shown to be a dimeric protein composed of one subunit
each of the hisH and hisF gene products (Klemm and
Davisson 1993). This heterodimeric enzyme catalyzes
the transformation of PRFAR into AICAR, which is then
recycled into the de novo purine biosynthetic pathway,
and imidazole glycerol phosphate (IGP), which in tumn is
then transformed into histidine (Fig. 1). Histidine bio-
synthesis is connected to nitrogen metabolism by a glu-
tamine molecule, which is believed to be the source of
the final nitrogen atom of the imidazole ring of IGP. The
important role played by histidine biosynthesis in cellu-
lar metabolism is in fact underscored by the considerable
energy (41 ATP molecules) required for the synthesis of
each histidine molecule (Brenner and Ames 1971).

The histidine pathway has been also investigated in a
number of organisms (Table 1). including the archaea
[Methanococcus vannielii (Beckler and Reeve 1986). M.
voltae (Cue et al. 1985) and M. thermolithotrophicus
(Weil et al. 1987), Halobacterium volcanii (Conover and
Doolittle 1990)): the bacteria [Klebsiella pneumoniae
(Rodriguez et al. 1981; Rodriguez and West 1984), Ba-
cillus subiilis (Henner et al. 1986). Strepiomyces coeli-
color (Limauro et al. 1990). Lactococcus lacris (Delorme
et al. 1992, 1993), Mycobacterium smegmatis (Hinshel-
wood and Stocker 1992) and Azospirillum brasilense
(Bazzicalupo et al. 1987; Fani et al. 1989, 1993)]; and the
eucarya, such as the fungi Saccharomyces cerevisiae
(Sthrul 1985: Kuenzler et al. 1993). Neurospora crassa
(Legerton and Yanofsky 1985), Candida maltosa (Hikiji
et al. 1989), Candida albicans (Aliboum et al. 1990),
Saccharomyces kluvveri (Weinstock and Strathern
1993), and Thricoderma harzianum (Goldman et al.
1992), as well as the plant Brassica oleracea (Nagai et al.
1991).

As discussed below, the study of histidine biosynthe-
sis in these organisms has shown that there are important
differences in the way in which their his genes are orga-
nized. Although in some eubacteria these genes are clus-
tered in a single operon (Carlomagno et al. 1988; De-
lorme et al. 1992), in other prokaryotes they are scattered
throughout the chromosome (Beckler and Reeve 1986;
Hopwood et al. 1985; Limauro et al. 1990). In some
species more than one enzymatic function is encoded by
the same cistron: hisD, hisB, and hisiE in E. coli and §.
rvphimurium (Carlomagno et al. 1988), hisD and hisIE in
L. lactis (Delorme et al. 1992), HIS4 and HIS7 in §.
cerevisiae (Donahue et al. 1982; Kuenzler et al. 1993),
and his-3 in N. crassa (Legerton and Yanofsky 1985). In
eukaryotes the his genes appear to be always distributed
in different chromosomes (Broach 1981).

It has also been demonstrated that two of the prokary-
otic histidine genes, hisA and hisF, are paralogous in that
they have originated from the duplication of an ancestral
gene, which in turn resulted from a gene elongation event
involving an ancestral module half the size of the extant
hisA gene (Fani et al. 1994). Furthermore, the homology

between the imidazole glycerol-P synthase encoded by
the E. coli hisH gene and other G-type glutamine ami-
dotransferases (GATs) involved in the formation of
GMP, CTP, tryptophan, carbamoyl-phosphate, and other
molecules (Zalkin 1985) is well established. These dis-
coveries suggest that several ancient paralogous duplica-
tions played a major role in shaping the extant structure
of the histidine biosynthetic pathway.

Materials and Methods

Amino acid and nucleotide sequences were retrieved from the Gen-
Bank. EMBL. and PIR databases. The Clusral V program was used for
sequence alignments (Higgins and Sharp 1988). Sequence similarity
values among protein sequences were calculated using the S5 coel-
ficient as defined by Fox et al. (1977). Phylogenetic analysis of the
available sequences has been performed using the algerithms described
by Weir (1990). Li and Graur (1991). and some additional ones pre-
pared by the authors. These are available upon request.

We have used DNAML by Felsenstein (1981) 1o compute maximum
likelihood trees for the gene sequences. and the program PROTML.
developed by Hasegawa and Aduki (personal communication). lo ob-
tain maximum likelihood trees for amino acid sequences.

The structure and organization of the his genes were deduced from
the data available for the following organisms: A. brasilense (Fani et al.
1989, 1993): B. subrilis (Henner et al. 1986); B. olerucea (Nagai et al.
1991); C. maliosa (Hikiji et al. 1989). E. coli and S. rxphimurium
(Carlomagno et al. 1988); K. pneumoniae (Rodriguez and West 1984).
H. volcanii (Conover and Doolittle 1990); L lactis (Delorme et al.
1992); M. vamnielii (Cue et al. 1985: Beckler and Reeve 1986): M.
voltae and M. thermolithotrophicus (Weil et al. 1987); M. smegmatis
(Hinshelwood and Stocker 1992); N. crassa (Legerion and Yanofsky
1985): Phviophthora parasitica (EMBLGenBank accession number
Z11591): Pichia pastoris (Crane and Gould 1994); §. cerevisiae HIS]
(Hinnebusch and Fink 1983), HI53 (Sthrul 1985), H154 (Donahue e1 al.
1982). HIS5 (Nishiwaki et al. 1987). and HIS7 (Kuenzler et al. 1993).
S. kiuxveri (Weinstock and Strathern 1993); §. coelicolor (Limauro et
al. 1990. 1992): and T. harzianum (Goldman et al. 1992).

Results and Discussion

The Histidine Genes and Their Organization in the
Three Cell Domains

In recent years the use of E. coli and §. cerevisiae as
hosts for the cloning and expression of heterologous
genes has opened up the possibility of identification and
study of his genes from different organisms by comple-
mentation of a given E. coli and/or S. cerevisiae his
mutation with cloned genes. It has also allowed the iden-
tification of the function coded by the heterologous
cloned his gene. In other cases, the identification of the
homologous his gene has been accomplished by compar-
ing amino acid sequences with the already-known his
gene products. As summarized in Table 1, his biosyn-
thetic genes have been cloned and sequenced from eight
bacteria, four archaea (three of which belong to the genus
Methanococcus), and eight eucarya. Other his genes
have been identified, but not yet cloned and/or se-



quenced, The length of orthologous genes from these
different sources is in most cases very similar, as are
several features of the proteins they encode for, such as
molecular weight, hydropathic profiles, and secondary
structure predictions (not shown). The only known ex-
ception is the L. lactis hisG gene, whose length (624 bp)
is about one-third shorter than its homologues (Fig. 2). In
spite of this important size difference. this gene can com-
plement the E. coli hisG mutation (Delorme et al. 1992).
It is noteworthy that the conserved features of the gene
products lead to exchangeable functional properties (i.e.,
complementation) among the different species, although
the degree of sequence homology among orthologous
genes can show considerable variation (Fani et al. 1993).
However, this conservation is not paralleled by the struc-
tural organization of histidine genes: many alternative
gene rearrangements are found, even for closely related
microorganisms (Fig. 2).

Bacteria

As shown in Fig. 2. in all the bacteria studied at least
some of the his biosynthetic genes are clustered in op-
erons of different length. In both E. coli and S. fyphimu-
rium the eight his genes are clustered in a compact op-
eron measuring 7,389 and 7,438 bp. respectively, whose
order is hisGDCBHAF(IE) (Carlomagno et al. 1988).
However, in the related nitrogen-fixing eubacterium K.
pneumoniae only the sequence of a 600-bp fragment
containing a truncated open reading frame (ORF) (300
bp) has been reported (Rodriguez and West 1984). Se-
quence comparison has shown that this truncated ORF
encodes a putative protein which is virtually identical
(i.e.. 88% identity) to the N-terminal region of the E. coli
and S. ryphimurium hisG gene product. and is preceded
by a region that could act as an attenuator (Rodriguez
and West 1984). These findings suggest that the struc-
ture. organization, and regulation of the his genes in K.
pneumoniae are very similar to E. coli and §. rvphimu-
reum.

In the low G + C Gram-positive bacterium L. lactis a
his operon was recently reported (Delorme et al. 1992,
1993). In this operon 12 different ORFs have been iden-
titied. eight of which, hisCGDBJAHAF(IE). are homolo-
gous to the corresponding E. coli genes, whereas the
other four encode putative proteins which have no ap-
parent function in histidine biosynthesis. Two of them
(ORF6 and ORF13) encode products which have no ho-
mology with the proteins present in the available data-
bases. In contrast. ORF8 is homologous to the Alpha-3"
enzymes. which inactivate aminoside antibiotics. Never-
theless, its real function is still unknown (Delorme et al.
1992). ORF3 is homologous to the E. coli hisS gene,
which encodes the histidyl-tRNA synthetase. It has been
postulated (Delorme et al. 1992) that this ORF could play
a role in the control of the L. lactis his operon.

Gene organization in the high G + C Gram-positive
bacterium S. coelicolor appears to lie between that of the
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Fig. 2. The organization of some of the histidine biosynthetic genes

sequenced to date in different organisms. Symbols: black boxes. leader
sequences: stem and loop. transcription terminators: open boxes in the
S. voelicolor cluster indicate ORFs with unknown functions; lines be-
tween two genes indicate intergenic regions: the very short intergenic
region between the E. coli hisG and hisD genes is not shown. The
striped box corresponds to a portion of a gene coding for amino acid
sequence not homologous to any other sequence of enzymes involved
in histidine pathway identified so far. Since the two activities coded by
the E. coli his/E gene are probably coded by two different genes in A.
brasilense and M. vannielii, we have adopted the symbol his/E to
identify those genes encoding a bifunctional enzyme endowed with the
PR-ATP pyrophosphohydrolase and PR-AMP cyclohydrolase activi-
ties. and hisl and hisE for genes coding a single enzymatic activity. For
primary sources from which data on the structure and organization of
the s genes were deduced. see Materials and Methods.

enterobacteria and L. lactis. on the one hand, and that of
eukaryotic cells. on the other. In §. coelicolor the his
genes map at three different loci on the chromosome: a
cluster maps at 12 o’clock position. one or two genes
map at 2 o'clock position, and a single gene, hisBpx,
maps close to the 6 o'clock position (Carere et al. 1973;
Derkos-Sojak et al. 1985: Hopwood et al. 1985; Russi et
al. 1973: Limauro et al. 1992). As shown in Fig. 2, the
cloning and sequencing of this his cluster (12 o'clock)
has shown that it includes at least five genes (hisDCB
dHA) homologous to the E. coli his genes, as well as two
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additional ORFs. The first of these ORFs lies between
the S. coelicolor hisBd and the hisH genes. and the sec-
ond one is a truncated (in that only part of it has been
sequenced) sequence located downstream from the hisA
gene (Limauro et al. 1990. 1992).

In the Gram-positive eubacterium M. smegmatis. a
DNA fragment has been cloned containing two ORFs.
the first one of which encodes for a product that shares a
high degree of sequence similarity (63% identity: 81% if
all conserved residues are included) with the §. coeli-
color hisD gene product. while the latter is a truncated
sequence homologous (60% identity: 89% including
conserved residues) to the hisC gene (Hinshelwood and
Stocker 1992). The absence of a gene homologous to the
E. coli hisG gene in the 300 bp upstream of hisD sug-
gests that the organization of histidine genes in M. smeg-
maris may be similar to §. coelicolor, but different from
those of enterobacteria and L. lacris.

In the a-purple bacterium A. brasilense the histidine
biosynthetic genes are partially clustered in an operon
consisting of five genes encoding proteins whose activity
is known (his BAHAFE). and two ORFs, ORF168 and
ORF122, with no known role in histidine biosynthesis
(Fani et al. 1989, 1993). Restriction fragment length
polymorphism (RFLP) analysis performed on 19 differ-
ent Azospirillum strains belonging to the three species A.
amaczonense, A. brasilense, and A. lipoferum has shown
that at least three of the his genes (hisBd, hisH, and
ORF168) are strongly conserved and arranged in the
same way in this genus (Fani et al. 1995). A detailed
comparison was undertaken in order to look for homo-
logues of the ORFs associated with the his genes. Our
search has revealed that the A. brasilense ORF122.
which is followed downstream by a strong transcription
terminator (Fig. 2), shares a considerable sequence sim-
ilarity with the IPCK-1 Bos raurus brain-derived protein
inhibitor of protein kinase. (38% identical amino acids.
50% including conserved amino acids) described by Mo-
zier et al. (1991) and with a 342-bp ORF located up-
stream of a gene of the cyanobacterium Synechococcus,
which encodes a thylakoid protein that is part of the
photosystem II reaction center (34% identity, 48% sim-
ilarity) (Bustos et al. 1990). The alignment of these three
proteins (Fig. 3) shows that. in spite of their differem

(accepted substitutions: K-R. D-E.
S-T. I-L-V-M. F-Y).

origin. they share two highly conserved domains of about
45 and 35 amino acids, located at the N- and the C-ter-
minus. respectively. Interestingly. the last one contains
the sequence His-X-His-X-His. which appears to be a
novel zinc binding site. since in the B. taurus IPCK-1.
where it was first detected. it seems to bind a zinc ion in
a 1:1 stechiometric ratio. The homology of these three
proteins suggests that they may have similar structure
and function in the three organisms. The involvement of
ORF122 in histidine biosynthesis or in the regulation of
the A. brasilense his operon is still to be elucidated. The
search for homologues of the deduced amino acid se-
quence encoded by ORF168 did not reveal any signifi-
cant degree of sequence similarity with the sequences
contained in the EMBLGenBank. Nevertheless. the first
20 amino acids of its putative product share 50% of
sequence identity with the E. coli and S. rvphimurium
hisG gene product.

In B. subiilis (low G + C Gram positive) the his genes
are separated in at least two chromosomal loci (Piggot
and Hoch 19835). Cloning and sequencing of one of these
genes, hisH, which maps at position 205. have shown
that it is homologous to the E. coli hisC gene (Henner et
al. 1986). All the other B. subrilis his genes appear to be
grouped in a cluster mapping at a hisA chromosomal
locus in position 299. Finally. in Staphylococcus aureus
at least six different histidine genes (hisE. A, B. C, D. and
G) appear to be grouped in a single cluster (Patee et al.
1990).

Archaea

Since the existence of transcriptional units of corre-
lated genes resembling those of bacteria is well estab-
lished in different archaeal lineages (Zillig et al. 1988;
Arndt 1990: Denda et al. 1990; Horne et al. 1991: Auer
et al. 1991; Zillig 1991) and includes a tryptophan op-
eron (cf. Doolittle and Brown 1994). there is no a priori
reason to doubt the existence of operons which would
allow the archaeal his genes to be cotranscribed and reg-
ulated in a coordinated way. However, little is known
about the organization of the histidine biosynthetic genes
among the Archaea. Only three different genes. hisA,
hisC, and hisl. have been studied in this domain. and two
of them. hisA and hisl, are in the same microorganism,



17 vannielii (Beckler and Reeve 1986). Nonetheless, it is
noteworthy that in this archaeon the hisA and his/ genes
are separated by more than 10 kb. In M. vannielii the
hisA gene is transcribed from a promoter located in the
intergenic region ORF547-hisA (Cue et al. 1985). The
hisl gene seems to be part of an operon. but neither the
upstream ORF nor the one located downstream shares
sequence homology with other his genes (Beckler and
Reeve 1986). Furthermore, the hisA genes of the three
archaea which have been studied are surrounded by
ORFs encoding products of unknown functions and no
detectable homology, whereas in eubacteria hisA is al-
ways preceded by hisH, and in most cases followed by
hisF (Fig. 2).

In spite of the high degree of conservation of the hisA
gene product in the genus Methanococcus (about 67%
and 80% of identical and similar amino acids. respec-
tively), large rearrangements have taken place in the
flanking regions containing ORFs. The comparison of
the nucleotide sequence and the deduced amino acid se-
quence of these ORFs with the databanks did not reveal
a significant degree of similarity with any of the known
sequences. Nevertheless. as noted by Weil et al. (1987),
some of these ORFs are homologous to one another. For
instance, the deduced amino acid sequence of ORF294.
ORF114, and ORF547, which is located upstream of the
hisA gene of M. voltae, M. thermolithotrophicus, and M.
vannielii, shares a high degree of sequence similarity
(44% and 54%). as do ORFI45 and ORF150 (66%).
located downstream from the hisA gene. On the contrary.
ORF91 and ORF206 had no detectable nucleotide or
amino acid sequence homology.

Finally. the H. volcanii hisC gene is surrounded by
DNA sequences that also lack similarity with any of the
known his genes (Conover and Doolittle 1990).

Thus if the existence of archacal his operons is con-
firmed. the available data suggest that they may be in-
terrupted, like the L. lactis one. by several different
ORFs. The apparent large number of archaeal ORFs that
may be unrelated to histidine biosvnthesis is reminiscent
of the existence of large numbers of inserted open read-
ing frames that have been described for the archaebac-
terial vibosomal protein gene clusters.

Eucarva

Among the eucarya that have been studied the orga-
nization of the histidine biosynthetic nuclear genes is
completely different from that found in prokaryotes.
since no clustered his genes have been found in them.
Although recently several his genes have been cloned
trom different eukaryotic sources (Table 1). the histidine
biosynthetic pathway and its regulation have been exten-
sively studied only in the yeast §. cerevisiae (Table | and
Fig. 2). The enzymatic steps leading to histidine are
thought to be identical in E. coli and in S. cerevisiae. but
in the latter the genetic information for the histidine bio-
synthetic enzymes is encoded by seven genes (Fig. 1),
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which are located on six different chromosomes. Five of
these genes have been cloned and sequenced (HIS/,
HIS3, HIS4, HISS, and HIS7). Two of them, HIS7 and
HIS4, whose structure is discussed in detail below. ap-
pear to be the result of fusions of ancestral bacterial
cistrons. Histidine biosynthetic genes have also been
cloned from N. crassa (his-3), and more recently from
other fungi, including S. kluvveri (K-HIS3), P. parasitica
(HIS3), C. maltosa (HISS), P. pastoris (HIS4), and T.
harzianum (igh). The only plant histidine gene cloned to
date is a cDNA from B. oleracea corresponding to the
hisD gene of enterobacteria, which encodes a bifunc-
tional histidinol-dehydrogenase. The fact that this gene is
not fused to a gene coding the HislE activities as it is in
fungi suggests that the organization and structure of the
nuclear genes involved in histidine biosynthesis are also
variable among eukaryotes (Nagai et al. 1991).

The Structure of his Genes

Gene Fusion Events

The ability of both prokaryotic and eukaryotic histi-
dine genes to complement the E. coli and the S. cerevi-
sige his mutations (Bazzicalupo et al. 1987; Limauro et
al. 1990; Delorme et al. 1992; Goldman et al. 1992;
Kuenzler et al. 1993; Weinstock and Strathern 1993)
clearly demonstrates that exchangeable functional prop-
erties exist among different species. i.e.. that the basic
structure of the histidine biosynthetic enzymes is highly
conserved.

Gene fusion appears to be one of the most important
mechanisms of gene evolution in the histidine biosyn-
thetic pathway. Several such events have occurred in
both the genomes of bacteria and some eukaryotes. lead-
ing to longer genes encoding for bi- or multifunctional
enzymes (Figs. | and 2 and Table 1). Although gene
fusions can be selected for substrate channeling. they
also represent an effective mechanism ensuring the co-
ordinate synthesis of two or more enzymatic activities.
This may have special significance among nucleated
cells. where the absence of operons does not allow co-
ordinate regulation by polycistronic mRNAs (Davidson
et al. 1993). In histidine biosynthesis at least five exam-
ples of gene fusion and/or bifunctional or multifunctional
enzymes can be recognized. As summarized in Figs. 1
and 2, three of the eubacterial his genes that have been
cloned and sequenced (/iisB. hisD, and hislE) code for
bifunctional enzymes.

In the enterobacteria S. nvphimurium and E coli the
fourth gene of the histidine operon, hisB. codes for a
bifunctional enzyme possessing both IGP dehydratase
(EC 4.2.1.19) and HP phosphatase (EC 3.1.3.15) activi-
ties. It catalyzes the sixth and the eighth steps of histidine
biosynthesis (Winkler 1987). The most widely accepted
model for the association of these two enzymatic activ- -
ities of the hisB gene product predicts the existence of
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Structure of the HisB protein from eubacterial and eukaryotic

two independent domains in the gene, i.e., a proximal
domain encoding the phosphatase moiety, and a distal
one encoding the dehydratase activity. This model is sup-
ported by several independent biochemical and genetic
lines of evidence (Loper 1961; Brady and Houston 1973;
Chumley and Roth 1981).

The structural organization of the two enzymatic ac-
tivities in some microorganisms supports the two-
domain model discussed above (Fig. 4). In S. cerevisiae
the two activities are encoded by two separate genes,
HIS2 (for phosphatase activity) and HIS3 (for dehy-
dratase activity) (Broach 1981). The same is true for the
his-1 and his-4 genes in N. crassa (Fink 1964). Genes
homologous to the S. cerevisiae HIS3 gene have been
isolated from other eukaryotes. Thus, in the fungus T.
harzianum an igh gene able to complement the HiS3
mutation of §. cerevisiae and encoding an IGP-
dehydratase has been cloned (Goldman et al. 1992), and
an equivalent gene from S. kluxveri (K-HIS3) has also
been recently described (Weinstock and Strathern 1993).

In P. parasitica a gene encoding a putative 1GP de-
hydratase has also been found. This gene encodes what
appears to be a bifunctional protein of 452 amino acids,
whose carboxy terminal moiety, spanning from residue
234 10 residue 452, exhibits a high degree of sequence
similarity with the eubacierial and eukaryotic IGP dehy-
dratases (about 64% and 69% for similar amino acids,
respectively). We have found no evidence of sequence

similarity between the amino terminal moiety of this pu-
tative protein with the amino terminal domain of the
enterobacterial HisB enzyme, or with any other His pro-
tein. This negative result was confirmed when hydro-
pathic profiles and predicted secondary structures where
compared. Assuming that this putative bifunctional pro-
tein possesses this form in vivo, it should be concluded
that it is encoded by a hisBd gene fused to another gene
of unknown function. How widespread this situation is
among eukaryotes is unknown.

A similar splitting into two genes apparently also took
place in some eubacterial branches. as indicated by the
gene organization of S. coelicolor. In this organism the
two activities are encoded by two different genes. hisBpx
and hisBd (Hopwood et al. 1983; Limauro et al. 1990).
The same situation may have taken place in the ancestors
of A. brasilense and L. lacris. although the counterpart of
the promoter-proximal region (hisBpx) of the E. coli hisB
gene encoding a HP phosphatase has not been identified.
In fact, in these two microorganisms only a hisBd gene,
complementing a mutation in the 3’ region of the E. coli
hisB gene, has been reported (Fani et al. 1989: Delorme
et al. 1992). It has been suggested that in L. lactis the
gene coding the HP phosphatase could be localized in
another region of the chromosome: alternatively. one of
the four ORFs with unknown function (ORF8) belonging
to the his operon could perform the HP dephosphoryla-
tion (Delorme et al. 1992).

It has been argued that the HIS2 and HIS3 yeast genes
evolved through a **split”" mechanism from the prokary-
otic domains of the E. coli bifunctional hisB (Glaser and
Houston 1974). However. the available data appear 1o
support the alternative view that a bifunctional hisB gene
is an enterobacterial peculiarity. It seems more likely that
the evolution of the hisB gene in E. coli and S. ryphimu-
rium could have involved the fusion of two independent
cistrons, hisBpx and hisBd, coding for an IGP dehy-
dratase and a HP phosphatase, respectively (Fani et al.
1989), which may have taken place after the evolutionary
split between the o and the y branches of the purple
bacteria.

The second example of a bifunctional enzyme in bac-
teria is found in the his/E gene product. an enzyme pos-
sessing both phosphoribosyl-AMP-cyclohydrolase
(PRPC) (HisI) activity, and phosphoribosyl-ATP-
pyrophosphohydrolase (PRPI) (HisE) activity, and which
catalyzes the second and third steps of histidine biosyn-
thesis. A bifunctional his/E gene has also been identified
in L. lactis (Delorme et al. 1992). and in the eukaryotes
S. cerevisiae, P. pastoris, and N. crassa, where it appears
10 be part of larger multifunctional genes. (See below and
Figs. 2 and 5). In all of these microorganisms the two
moieties maintain the same relative order, with his/ al-
ways preceding hisE. However, in M. vanuielii a
monofunctional his/ gene has been isolated that codes for
PRPC activity: likewise. in A. brasilense the PRPI ac-
tivity is also encoded by a monofunctional gene (hisE). It
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is thus possible that in these two widely separated mi-
croorganisms the two enzymatic activities are encoded
by different genes, although the counterparts of the hisE
and hisl genes have not been yet identified, On the basis
of the available data. at least two different hypotheses
can be proposed. [n one of them the existence of an
ancestral his/E bifunctional gene which gave rise in
some prokaryotes to monofunctional genes by a splitting
mechanism should be advocated. An alternative expla-
nation requires the existence of two ancestral genes, each
of which encoded a monofunctional enzyme catalyzing
sequential steps in histidine biosynthesis. These ancestral
cistrons, either adjacent or scattered on the chromosome.
could have then undergone independent fusion events in
different cell lineages.

The third example of a gene encoding a bifunctional
enzyme,. that maintains the same structure in all organ-
isms where it has been identified and cloned. is hisD.
This gene codes for a histidinol dehydrogenase (EC
1.1.1.23). which catalyzes the two final. consecutive
steps in histidine biosynthesis. As suggested elsewhere,
the N-terminal part of the protein could catalyze the first
oxidation step, whereas the second enzymatic function,
i.e.. the aldehyde dehydrogenase (which catalyzes the
oxidation of the aldehyde histidinal to the corresponding
amino acid. histidine). may reside in its C-terminal seg-
ment (Bruni et al. 1986). The presence of this gene in
prokaryotes. fungi, and plants (Table | and Fig. 2) also
implies that the final steps of the histidine biosynthesis
proceed in plants as they do in prokaryotes and fungi,
and may indeed be universal among all organisms. Since
all known prokaryotic and eukaryotic hisD genes share
the same unsplit structure, it is reasonable to assume that
if this gene arose from the fusion of two independent
ancestral cistrons. this event probably took place well
before the divergence of the last common ancestor into
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the three domains. Analysis of the E. coli hisD gene
product did not reveal any evidence of internal sequence
homology.

With the exceptions of the rRNA gene cluster, no
operons or transcriptional units of correlated sequences
have been found in eukaryotes. However, in nucleated
cells coordinate regulation of two or more enzymatic
activities can be achieved by gene fusion. In the yeast §.
cerevisiae at least two different his genes, HIS4 and
HIS7, could be the result of one (or more) gene fusion
event(s). The HIS4 gene codes for a relatively long poly-
peptide of 799 amino acids and is able to complement the
mutation of E. coli or S. typhimurium strains altered in
the hisIE and hisD genes. Thus. this enzyme possesses at
least four different enzymatic activities. As shown in
Figs. 2 and 5, the his-4 gene from N. crassa and the HIS4
genes from S. cerevisiae and P. pastoris all share the
same internal organization. In fact, in the Hi/S4-encoded
protein three functional domains can be recognized, each
of which is encoded by a subregion of the H/S4 gene.

The most significant difference between these three
genes is the presence of a 59-bp intron in the N. crassa
his-3 gene in the region encoding the HisD activities.
This intron prevents the complementation to the E. coli
hisD mutation, but not to the E. coli hisl mutation
(Legerton and Yanofsky 1985). As noted above. this eu-
karyotic multifunctional enzyme is encoded by a gene
that apparently originated from the fusion of bacterial
separated cistrons (Bruni et al. 1986). but just how many
gene fusion and/or gene elongation events have led to the
extant HIS4 and his-3 genes is still an open question.
Since HIS4 and his-3 genes share the same internal or-
ganization, it is possible that the putative fusion event(s)
leading to the extant genes took place before the sepa-
ration of these fungi. Nevertheless. the fact that the hisD
gene from B. oleracea is not fused to the hislE gene
demonstrates that the structure and organization of the
his genes could be very different among eukaryotes.

The S. cerevisiae HIS7 gene also appears to be the
result of a fusion event (Kuenzler et al. 1993). This gene
codes for a polypeptide able to complement both the
hisH and hisF mutations of E. coli. Analysis of the pu-
tative encoded enzyme has demonstrated that it shares
sequence similarity with the eubacterial hisH and hisF
gene products in both their amino- and carboxy-terminal
regions. respectively (Fig. 7). It has also been shown
(Klemm and Davisson 1993) that the E. coli hisF and
hisH genes code for proteins that associate to form a
heterodimeric enzyme (IGP synthase) catalyzing the
transformation of PRFAR into IGP and AICAR via a
glutamine molecule. This represent the central step in the
pathway that interconnects histidine biosynthesis with
nitrogen metabolism and the de novo synthesis of pu-
rines (Fig. 1). Perhaps not surprisingly. fusion of differ-
ent cistrons encoding proteins involved in the same en-
zymatic step appears to be a frequent strategy among
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Fig. 6. Upper Alignment of the amino acid sequences deduced from
the L lactis, E. coli, and A. brasilense hisA and hisF genes. The amino
acids are indicated by the single-letter code. Gaps were inroduced
for optimal alignment. Symbols above the sequences indicale the po-
sition of identical or similar amino acids (accepied substitutions:

eukaryotes. It is noteworthy that despite the fact that the
two bacterial proteins interact to form an active IGP
synthase, the genes encoding them are not adjacent in
any of the studied microorganisms. It is possible that the
yeast gene resulted from domain shuffling. Alternatively,
the HIS7 gene could have originated by the fusion of two
genes via the deletion of the intervening region.

Some his Genes are the Result of Ancient
Paralogous Duplications

Sequence similarity between the E. coli HisF protein
and the 5°-ProFAR isomerase had been recognized by
Sheridan and Venkataraghavan (1992). Further and de-
tailed analysis of the hisA and hisF genes that code for
these two enzymes in E. coli, §. typhimurium. A.
brasilense. S. coelicolor. M. voliae, M. vannielii, and M.
thermolithotrophicus showed that they share a high de-
gree of sequence similarity and may be thus the result of
an ancient duplication event that may have taken place
prior to the divergence of the last common ancestor of
archaebacteria and eubacteria (Fani et al. 1994).

K-R. D-E. §-T. I-L-V-M. F-Y) in four (dors) or at least in five se-
quences (stars). Lower Alignment of the amino acid sequences de-
duced from the 5'-terminal domain (HisA 1) and the 3"-terminal domain
{HisA2) of the L. lacris hisA gene. Stars above sequences indicate the
position of identical or similar amino acids.

It has also been shown that these two genes share a
similar internal organization into two homologous mod-
ules half the size of the entire genes (Fani et al. 1994).
The comparison of these modules led to the suggestion
that both genes are the result of two ancient successive
duplication events. the first one involving the hisA] mod-
ule and leading to the extant hisA gene, which in turn
duplicated and gave rise to the hisF gene. This suggests
that the two genes must encode proteins with similar
activities and/or catalyzing comparable chemical reac-
tions.

We have extended the above analysis to the hisA and
the hisF genes from L. lactis and to the HIS7 gene from
S. cerevisiae. This comparison has revealed that the two
L. lactis gene products are also homologous among
themselves (29% identity, 47% similarity) and exhibit
the same internal two-module organization (36% and
32% similarity for Al vs A2, and F1 vs F2, respectively)
(Fig. 6). The identification of the hisF gene from L. lactis
also suggests that the second duplication giving the hisF
gene took place before the divergence of the Gram-
positive from Gram-negative bacteria.



The molecular structure of the S. cerevisiae HIS7
gene is rather interesting. The two moieties of the gene
that correspond to the E. coli hisH and hisF genes, re-
spectively, are linked by a short DNA stretch of 66 bp.
Moreover, the hisH moiety of the HIS7 gene has almost
the same length as eubacterial homologues sequenced
so far (about 600 bp). whereas the hisF moiety is much
longer (951 bp) than its eubacterial counterparts, which
have on the average 770 bps. This difference in size is
due to the insertion of six DNA stretches of different
length in the yeast gene (Fig. 7). All of these insertions
are located in the first half of the S. cerevisiae HIS7 gene
hisF-like moiety, which corresponds to the eubacterial
hisF1 module. Analysis of the deduced amino acid se-
quence of this moiety revealed a high degree of sequence
similarity with the M. voltae HisA protein (25% identity
and 39% similarity if the insertions mentioned above are
not considered) (Fig. 8, upper part). Sequence compari-
sons have also shown that the HisF moiety of the S.
cerevisiue HIST protein is formed by two homologous
modules (38% similar amino acids) (Fig. 8 lower). which
are half the size of the entire moiety. As previously re-
ported (Klemm and Davidsson 1993). the E. coli HisF
protein must interact with HisH to catalyze the transfor-
mation of PRFAR into IGP (Fig. 1). Thus. it is possible
that one of the two HisF modules interacts with HisH.
whereas the other one is directly involved in the catalytic
site. In 8. cerevisiae, where the hisH and hisF bacterial
counterparts are fused into the HIS7 gene. the second
half of the HisF (i.e.. HisF2) moiety of the product of this
gene is strongly conserved. whereas Fl showed a strong
rearrangement with six different insertions (Fig. 7). This
appears to favor the possibility that the F2 moiety is
directly involved in catalysis. Unfortunately. although it
has already been identified as H/IS6. the §. cerevisiae
gene homologous to hisA has not been cloned yet. How-
ever. the available data suggest that two successive par-
alogous gene duplications took place long before the
diversification of the three domains,

Sequence similarity between the imidazole glycerol
phosphate synthases (IGP synthases) with the so-called
G-type amidotransterases (GAT) shows that the genes
encoding these different enzymes are the result of an-
cient paralogous duplications. Figure 9 shows an un-
rooted tree depicting the phylogenetic relationship be-
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Eubacteria Fig. 7. Comparison of the eubacterial

hisH and hisF gene products with the HIS7
protein from S. cerevisiae. FI and F2
represent the two modules of eubacterial
HisF protein according to Fani et al.
(1994). Homologous regions are
represented by the same hatching. Lines in
the HIST protein represent regions not
homologous to the eubacterial counterparts

tween the IGP synthases encoded by the enterobacterial
hisH genes, and the anthranilate synthase (Nichols et al.
1980), 4-amino-4-deoxychorismate synthase (Kaplan
and Nichols 1983), carbamoyl-P synthase (Piette et al.
1984), GMP synthase (Tiedeman et al. 1985), CTP syn-
thase (Weng et al. 1986). and formylglycinamide syn-
thase (Schendel et al. 1989: Sampei and Mizobuchi
1989).

Structural Organization of the his Operons

As shown in Fig. 2, differences in the relative gene
order may be observed in those prokaryotes in which at
least some of the histidine biosynthetic genes are clus-
tered, such as E. coli. S. typhimurium, A. brasilense, §.
coelicolor, and L. lactis. Nevertheless, three of the clus-
tered genes (hisBd. hisH, and hisA and also hisF. except
for S. coelicolor) are always present and appear in the
same relative order. Although the gene order is not colin-
ear to the enzymatic reactions in the histidine pathway,
these three genes encode enzymes involved in the cen-
tral. sequential enzymatic steps of the pathway. Indeed.
the hisH and hisF genes encode two polypeptides which
interact forming a heterodimer that catalyzes the reaction
connecting histidine biosynthesis with nitrogen metabo-
lism and with the de novo synthesis of purines. As shown
in Fig. 1. the substrate of IGP synthase is PRFAR. the
product of the enzymatic step catalyzed by the HisA
protein. whereas IGP. which is one ol the products of the
reaction catalized by IGP synthase, is the substrate of the
IGP dehydratase encoded by the hisBd gene. Thus it is
possible that the four genes hisBdHAF could represent
the core of the histidine biosynthesis.

Molecular Phylogenies of the his Genes

A molecular phylogenetic analysis of the histidine genes
was done in order to compare the possible evolutionary
relationships among the organisms from which the dif-
ferent genes involved in the pathway have been se-
quenced. We have performed a phylogenetic analysis for
each set of homologous gene and protein sequences
available, by using both parsimony and maximum like-
lihood methods, as described in the Materials and Meth-
ods section. The unrooted maximum likelihood phyloge-
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Fig. 8. Alignment of the amino acid sequences deduced from the S. HIS7 gene (lower). The amino acids are indicated by the single-lener

cerevisiae 3 moiety of HIS7 gene (Sce HisF) and the M. voltae hisA
zene (Mvo HisA) (upper) and from the 5™-terminal domain (HisF1)
and the 3'-terminal domain (HisF2) of the 3’ moiety of the 5. cerevisiae

EcCarA

EcPyrG
EcGuaA

EcPabA
LiHisH

ScHisH

EcHisH

Fig. 9. Unrooted phylogenetic tree constructed using the maximum
likelihood method based on the following protein sequences: E. coli
CarA, GuaA, HisH. PabA. and PyrG (EcCarA. EcGuaA. EcHisH. Ec-
PabA and EcPyrG). L. lactis HisH (LIHisH). §. cerevisiae HisH moiety
of HIS7 protein (ScHisH).

netic trees calculated for the his gene products are shown
in Fig. 10.
Conclusions

Histidine biosynthesis is an ancient metabolic route that
it is tightly connected with several other fundamental

code, Gaps were introduced for optimal alignment. Stars above the
sequences indicate the position of identical or similar amino acids
{accepted substitutions: K-R. D-E. 5-T. I-L-V-M. F-Y).

pathways. such as those leading to the de novo synthesis
of purines and nitrogen metabolism. Its degree of inte-
gration and connection with overall cellular metabolisin
must have involved not only a rather large number of
steps involving duplication, fusion. and elongation
events involving different his genes, but also the many
constraints imposed by its coevolution with the compo-
nents of other pathways and processes. If histidine was
required by primitive catalysts, then the eventual exhaus-
tion of the prebiotic supply of histidine and histidine-
containing peptides (Shen et al. 1990a—c) must have im-
posed a selective pressure favoring those organisms
capable of synthesizing imidazole-containing com-
pounds. How the biosynthesis of histidine actually
emerged can only be surmised, but the phylogenetic dis-
tribution of the genes involved in synthesis strongly sug-
gests that the entire pathway existed in the last common
ancestor of the three extant domains. This conclusion is
supported by the fact that at least two different his genes
(hisC and hisl) have been identified in each of the three
cell lineages. suggesting that they may have been part of
the genome of the Jast common ancestor. This possibility
is strongly supported by the robustness of the trees de-
picting the evolutionary distances between different his
genes, which display the same general topology and sim-
ilar interdomain relationships (Fig. 10). This suggests
that the evolution of the 16S-like rRNA and the his genes
was roughly parallel.

The evolutionary comparison of the his genes in the
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Fig. 10. Phylogenetic trees constructed using the maximum likeli-
hood method based on histidine proteins sequence. Abbreviations: Ah
= Azospirillum brasilense. Bo = Brassica oleracea. Bs = Bacillus sub-
tilis, Cm = Cundida maltosa. E¢ = Escherichia coli. Hv = Halobacre-
rium volcunii. Kp = Klebsiella pnewmoniae. Ll = Lactococeas lactis. My
= Mycobucterium smegmatis, Mt = Methanococeus thermolithorrophi-
cus, Mva = Methanococcus vannielii. Mvo = Methanococcus voltae, N¢
= Neuwrospora crassa: Ppas = Pichia pustoris: Ppar = Phytophthora
parasitica: Sc = Saccharomyees cerevisiue: Sco = Streptomyees coeli-
color: Sk = Saccharomyces kluyveri: St = Salmonella rephimurinm: Th
= Thricoderma harzianum.

different cell lineages clearly indicates that their struc-
ture, organization, and order has undergone several ma-
jor rearrangements. In particular. many fusion events
have occurred and the organization of his genes appears
to be rather difterent in the different microorganisms.
Nevertheless, the hisBd. H. A (and often F) eubacterial
genes were always found to be part of an operon (Fig. 2).
where they are contiguous and arranged in the same or-
der in all eubacteria from which they have been se-
quenced. The proteins encoded by these genes catalyze
the sequential reaction steps and probably represent the
core of the histidine biosynthetic pathway.

The question of whether these four genes could have
acted as a unitary block in the evolution of eubacterial
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his genes will be solved when additional his operons
from other different eubacteria are described in detail.

Perhaps one of the most important aspects revealed by
the cladistic analysis of the available Ais sequences is the
role that paralogous gene duplications have played in
shaping the pathway. This is indicated by the evidence of
two successive duplications involving an ancestral mod-
ule which eventually led to the hisA and hisF genes and
their homologues (Fani et al. 1994). These events not
only point to the significance of duplication events in
shaping the encoding abilities of ancient genomes (La-
bedan and Riley 1995; Lazcano and Miller 1994), but
also have been interpreted (Fani et al. 1994) as support-
ing the hypothesis of a retrograde evolution of metabolic
pathways, according to which biosynthetic abilities are
the result of the stepwise, sequential acquisition of en-
zymes in reverse order, as found in extant pathways
(Horowitz 1945).

The only available examples of homologous enzymes
catalyzing sequential steps in the same biosynthetic route
of which we are aware include (1) eubacterial B-cys-
tathionase, which is homologous to cystathione y-syn-
thase, the enzyme that catalyzes the preceding step in
methionine biosynthesis (Belfaiza et al. 1986); (2) pro-
tochlorophyllide reductase and chlorin reductase, which
are involved in bacteriochlorophyll synthesis (Burke et
al. 1993); and (3) the products of the hisA and hisF genes
(Fani et al. 1994). It is quite possible that this list will
increase as more sequences became available. However.
the existence of contiguous duplicated genes does not
constitute by itself conclusive evidence of the retrograde
hypothesis. Alternative explanations, based on the so-
called patchwork hypothesis (Ycas 1974; Jensen 1976).
are also feasible. According to this idea, primitive met-
abolic routes were mediated by enzymes of low substrate
specificity that were eventually recruited into different
pathways (Jensen 1976). This hypothesis is also consis-
tent, however. with the possibility that an ancestral path-
way may have had a primitive enzyme catalyzing two or
more similar reactions on related substrates of the same
metabolic route and whose substrate specificity was re-
fined as a result of later duplication events.

The possibility that histidine biosynthesis was origi-
nally mediated by less specific enzymes is in fact
strongly supported by common origin of the imidazole
glycerol-P synthase, encoded by the enterobacterial hisH
gene, with other E. coli G-type glutamine amidotrans-
ferases which participate in the biosynthesis of purines.
pyrimidines, arginine, tryptophan. and other ancient
pathways. Although the present lack of sequences of
G-tvpe glutamine amidotransterases from the three do-
mains limits a complete evolutionary analysis. the phy-
logenetic distribution of these different G-type GATs
suggests that they are the result of several duplications
that took place long before the divergence of the three
domains and that they may be the descendants of an
ancient, less-specific glutamine amidotransferase that
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mediated the transfer of the amide group of glutamine 10
a wide range of substrates.

Although the phylogenetic comparison of the avail-
able his genes sequences is consistent with the existence
of three cell domains, a detailed analysis of the trees
drawn in Fig. 10 also shows that the nitrogen-fixing
a-purple Gram-negative bacterium A. brasilense appears
in most cases to be nearer to Gram-positive bacteria than
to its close relatives, the y purple enterobacteria E. coli
and S. nvphimurium. The same is true for the K. pneu-
moniae, when the first 100 amino acids that are available
for its HisG gene product are compared. Whether the
peculiar position of these two nitrogen-fixing eubacteria
reflects an ancient lateral gene transfer event is not clear
for the time being.

Finally, it should be added that the trees depicting the
phylogenies of the hisC and hisl gene products point
toward the evolutionary proximity of the low GC Gram-
positive branch including B. subtilis and L. lactis 1o the
Archaea. This observation is consistent with the phylo-
genetic distribution of multimetabolite control by feed-
back inhibition of prephenate dehydratase in aromatic
acid biosynthesis (Fischer et al. 1993). as well as with
results achieved by the comparison of glutamate dehy-
drogenase (Benachenhou-Lafha et al. 1993). heat-shock
proteins (Gupta and Golding 1993). glutamine synthetase
(Kumada et al. 1993: Tiboni et al. 1993: Brown et al.
1994). and carbamoy| synthetases (Lazcano, Puente. and
Gogarten. unpublished results). all of which have been
interpreted as indicating an early massive lateral gene
transfer event between the ancestors of both Archaea and
Gram-positive bacteria (Gogarten 1994). If this event
actually took place. there may be an evolutionary corre-
lation between the ORFs that appear to surround the
methanogenic archaeal his genes and the inserted ORFs
that have been detected in the low GC Gram-positive L.
lactis his operon (Fig. 2).
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INTRODUCTION

The study of the biosynthetic pathway leading to synthesis of the amino
acid histidine in prokaryotes and lower eukaryotes wis® begun over 40 years ago
(Haas et.al., 1 2} nd has resulted in the unraveling of many fundamental
mechanisms of biology. Together with a few other syst,emiit can be considered a
cornerstone in the foundation and evolving concepts of modern cell biology. For
some of us who have been involved with its beauties and intricacies for over
twenty years it is particularly important to remember just a few of the
accomplishments that have been obtai@d of the scientists who tackled those
problems. Ld:f(,’r

The histidine system was of the utmost importance in the definition and
refinement of the operon theory. A geneGC and biochemical analysis of thousands
of mutants in the his operon of Salmonella typhimurium was performed in the
late fifties and early sixties in the laB:)ratoﬁes of Bruce Ames and Phil Hartman
(Hartman, 1956; Hartman et al., 1960a; Hartman et al., 1960b; Ames et al., -
1960; Ames et al., 1961). These studies showed that, at variance with the yeast
systems (Haas et al., 1952; Leupold, 1958), the bacterial his genes were tightly
clustered. Demonstration ot;eordinate expression of this cluster led to the
suggestion that t‘his group of genes might function as a single unit of expression
and regulation (Ames and Garry, 1959). After the formal enunciation of the
operon concept (Jacob and Monod, 1961a), Ames, Hartman and Jacob analyzed
§'-proximal deletions of the regulatory region resulting in a completely non-
functional operon and revertants in which expression of the individual genes was
restored, to obtain additional evidences of the operon structure (Ames et al.,

1963).
Biochemical studies on the his mRNA species synthesized in bacteria were
performed by Robert Martin in 1963 (Martin, 1963a). Double labeling

experiments of constitutive and deletion mutants, RNA chromatographic



fractionation and sucrose gradient centrifugation analysis showed that Ais

mRNA is polycistroni7 aad-subst.antiatgﬁe one operon-one messenger theory of

transcription. Peved o W

Together with lac (Newton et al., 1965) and ¢trp (Imamoto et al., 1966), the
his ogo’:\ent was used as a model system (Martin et al., 1966a; Fink and Mari(in,
1967) to study the phenomenon of polarity (Ames and Hartman, 1963; Franklin
and Luria, 1961; Jacob and Monod, 1961b). The often hot debate on the
mechanisms, translational or transcriptional (Martin et al., 1966b; Morse and
Yanofsky, 1969), governing polarity and its implications in general operon
function (Zipser, 1969),“3%:53’15‘:52%%5 (Imamoto, 1970; Imamoto and
Kano, 1971; Morse and Guertin, 1971; Morse and Primakoff, 1970). Polar
mutants in the his operon are still used in the present days to study
fundamental aspects of transcription (Alifano et al;, 1988; 1991; Ciampi et al.,
1989; Ciampi and Roth, 1988).

Another area in which studies of his operon expression were of
fundamental help was the study of regulatory mutants and of the mechanisms
governing operon expression. Work performed mostly in the laboratories of Ames
and Hartman by John Roth identified the different classes of regulatory mutants
and showed that, aside from the operator ones, all caused direct or indirect
impairment of the histidyl-tRNAHis molecule (Anton, 1968; Fink et al., 1967;
Roth and Ames, 1966; Roth et al., 1966; Silbert et al., 1966). These findings, in
turn, were the basis, together with early studies on the trp operon (Jackson and
Yanofsky, 1973), for the identification and elucidation of a novel regulatory
mechanism of genc expression, namely attenuation (Blasi and Bruni, 1981;
Yanofsky, 1981). This term was proposed by Takashi Kasai, then in Phil
Hartman laboratory in 1974 (Kasai, 1974). By performing MO and i_n_vitr_o_
transcription studies with his transducing phages and by measuring his-specific
RNA in wild-type and operator constitutive muta sai identified a

transcriptional barrier (the attenuator) the deletion of which in the mutants was

responsii:le for efficient synthesis of downstream mRNA molecules. Although a
positive factor Zas ge&jred to be required in the process it was also clearly
stated by Kasax that the DNA sequence of the attenuator could by itself be
responsible for the constitutive expression.

In addition to attenuation the synthesis of histidine in the cells is also
regulated by feedback inhibition (Umbarger, 1956). Studies of the mechar'xisms
by which the first enzyme in the pathway was inhibited by the end product
histidine and by some analogs provided important insights in this field of
enzymology and regulation of biochemical reactions (Ames et al., 1961; Martin,
1963b; Sheppard, 1964).

XL A

These arejustsome examples of the w of the histidine system in
the evolution of the modern concepts of biology. Many more can be found in the
classic m@ok "Gene action” written by Hartman and Suskind and
published in 1965 in the Prentice-Hall "Foundations of Modern Genetics” series
(Hartman and Suskind, 1965).

Many excellent reviews dealing with several aspects of the histidine
pathway have appeared jn the cou &l}: years and the readers are referred to
them for earl;h (Am¥s andﬁgarunan 1963; Ames et al., 1967; Artz and
Holzschu, 1983; Brenner and Ames, 1971; Magtin et al., 1971). .h-pa;-ﬁculas@'ne
last comprehensive review on histidine l?ios thegis was published in 1987 b;
Malcom Winkler (Winkler, 1987) and a rev‘&’ version of that review will appear
in the second edition of the "Escherichia coli and Salmonella typhimurium.
Cellular .and molecular biology " book by the American Society for Microbiology
currently in press (M. Winkler, personal communication). In the last ten years ‘
many studies on the histidine biosynthetic pathway have’l appeared dealing with
several aspects such as gene structure and regulation, transcription initiation
and termination, RNA processing, enzymology. In addition, the system has been
extensively investigated not only in enterobacteria but also in many other

species (Gram-positive and Gram-negative bacteria, archaebacteria and
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eukaryotic organisms ding a unique opportunity $6 study the evolution of
this fundamental pathway. We.mlusy'_g/) this review o summarize and describe
all these findings in a broader context, as well as to indicate future perspectives

and still unanswered questions.
THE HISTIDINE BIOSYNTHETIC PATHWAY

The biosynthesis of histidine hawn tudied extensively in S.
typhimurium and E. coli. The pathway is Xescribed in great detail irrthe {9;
—aexgellent review by Brenner and Ames (197 1} with particular emphasis on-tire
physiological implications. The pathway is also accurately presented in the
review by wwmkler é 1987). Ve%recentl} important studies have
appeared which y modily previous beliefs. In the original
studies the pathway was believed to be composed of eleven enzymatic reacti

since two of the nine genes (hisD and hisB) encoded bifunctional proteins (Ames

and Hartman, 1963; Hartman and Suskind, 1965[;;ln later reviewstor
unexplained reason}the dehydrogenase encodeg by the é:.is %ene was no longer
considered bifunctiond the steps-beoemc4ten (Brenner and Ames, 1971). The

demonstration that hisl and hisE are in fact a single gene (now hisl) (Chiariotti
et al., 1986) brought the genes to ei @ nd the steps to ten (Winkler, 1987).
Since then the bifunctional nature of the hisD gene product has been reaffirmed
(Bruni et al., 19 ut at the same time it has bw;covered that the hisH
and hisF gene products form an hete_‘z‘r} di{!‘lﬁ‘ a"r;‘dkboth catalyze the same step.
The postwlated unknown intermediate (Brenner 'and Ames, 1971) in fact does not
exist (Klem and Davisson, 1993; Rieder and Kleiner, 1993; Rieder et al., 1994).
In conclusion, three (isD, hisB and hisl) of the eight genes of the operon encode
bifunctional enzmmo (hisH and hisF) encode polypeptide chains which
form an enzyme K8Aodle catalyzing a single step for a total of ten enzymatic

reactions (Fig. 1).
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The Reactions and Enzymes in Histidine Biosynthesis

The first reaction in histidine biosynthesis (Fig. 1) is the condensation of
ATP and 5-phosphoribosyl 1-pyrophosphate (PRPP) to form N-1-(5'-
phosphoribosyl)}-ATP (PR-ATP). This enzymatic reaction has been studied in
detail by Martin (19 d is the one involved in feedback inhibition. It is
catalyze;l by the N-1-(5"-phosphoribosyl)-ATP transferase, the product of the
hisG gene. Most information/ about structure and regulation of the activity of
the transferase come from the S. typhimurium and E. coli homologous enzymes.
In both microorganisms the purified enzyme is a hexamer composed of identical
subunits of 3¢ kDa (Klungsgyr and Kryvi, 1971; Parsons and Koshland, 1974a;
Voll et al., 1967; Whitfield, 1971). Multiple aggregation states have been
evidenced under different assay conditions. There is an equilibriym between
various oligomers, such as dimers, teif;mers, hexamers and high aggregates;
dimer is the bgﬁo’ligomeric unit (Klungsgyr, 1971; Parsons and Koshland,
1974bﬁim::-rs ,{he :i)st active species of the enzyme isolated from E. coli
(Dall-Larsen 1S{88a; 1988b). The equilihrium between the aggregation states is
shifted toward the hexameric form by histidine plerre, AMP aloneand by &~
combination of the%?igands wiLhAsynerg'istic e{l'ects (Klungsgyr and Kryvi, 1971;
Parsons and Koshland, 1974b; Dall-Larsen and Klungsgyr, 1976). However, the
most powerful ligand for stabilizing the hexameric form is the product PR-ATP.
Using the purified transferase from E. coli, Tebar et al. (1973; 1975)
demonstrated that one of the two substrates of the transferase, the PRPP, brings
about a dissociation of hexamers and higher aggregates with a resulting increase
in the concentration of dimers. On the other hand, ATP counteracts PRPP in this
respect. This finding is in apparent conflict with data indicating that the
hexameric form of the homologous enzyme of S. typhimurium is stabilized by the

substrates (ATP and PRPP) (Bell et al., 1974). The different behaviors observed



‘ for the two transferases may simply reflect differences in the experimental
l conditions.
The aggregation state of the transferase of E. coli has been, at least in Wf&',

~past; selated-to regulation of its activity: ligands that stabilize thle\hexameric

" form of the transferase also play an inhibitory role on its activity (Klungsgyr and
Kryvi, 1971; Dall-Larsen, 1988a; 1988b). The feedback control of the transferase
by histidine was documented since 1961 (Ames et al., 1961). Klungsgyr et al.
(1968) found that the transferase from E. coli is per se insensitive to histidine
inhibition; the histidine effect becomes apparent in the presence of the product of
the reaction PR-ATP and it is further increased by the AMP. The synergistic
inhibition by the preduct of the reaction and the end product of the pathway
represents a sophistication of the general principle of feedback control and it has
been documented by other few examples (Hubbard and Stadtman, 1967). The

inhibitory effect of the AMP supports the energy charge theory proposed by

Atkinson (Klungsgyr et al., 19 ad seems logical if we consider the high

metabolic cost required for the Titstidine biosynthesis.

The product of the reaction of the transferase, PR-ATP, is hydrolyzed tg N-
1-(5'-phosphoribosyl}>AMP (PR-AMP). This irreversible hydroly'wsm% catalyzed
by one of the two activities, corresponding to the carboxyl-terminal domain of the
enzyme coded for by the his/ gene (Smith and Ames, 1965), formerly known as
hisIE (Fig. 1). The other activity which is localized in the amino-terminal domain
of the bifunctional enzyme (Chiariotti et al., 1986; Carlomagno et al., 1988)is a
cyclohydrolase which opens the purine ring of PR- @ ading to the production
of an imidazole intermediate, the N'-[(5-phosphoribosyl)-formimino]-5
aminoimidazole-4 carboxamide-ribonucleotide (abbreviated 5-ProFAR or BBMII)
(Smith and Ames, 1965).

M‘The fourth step of the pathway is an internal redox reaction, also known
as "Amadori rearrangementkinvolv&% the isomerization of the aminoaldose 5'-

Px%FAR (or BBMII) to the aminoketose N'-[(5'-phosphoribulosyl)-formimino]-§

aminoimidazole-4 carboxamide-ribonucleotide (5'-PRFAR or BBMIII). The
reaction is catalyzed by the AisA gene product (Smith and Ames, 1964; Margolies
and Golc!berger, 1966; 1967).

Although the pathway of histidine biosynthesis was almost completely
characterized since @ ambiguity remained for a long time concerning the
biochemical event lehding to the synthesis of imidazole-glycerol-phosphate (IGP)
and 5-phosphoribosyl- 4 carboxamide-5 aminoimidazole (PRAIC, AICAR, or
ZMP) from the 5'-PRFAR (or BBMIII). The functions of the hisH and hisF genes
were known to be involved in the overall process in eubacteria (Smith and Ames,
1964), but the catalytic properties of each protein had not been completely
characterized. Smith and Ames (1964) demonstrated that this process required
the presence of glutamine as a source of amide nitrogen; howh
concentration of ammonia could be substituted for glutamine and the hisH -
enzyme at alkaline pH values in an in vitro system. These authors suggested
that theihisH gene product added thé/amide n‘i‘t;ogen of glutamine to that
portion of 5-PRFAR (or BBMIII) which cyclir;d/to form IGP at the intracellular
pH values. The hisF gene product (the "cyclase”) cleaved the side chain of 5’
PRFAR (or BBMIII); the cyclization of the moiety cleaved away was supposed to
occur spontaneously. It was hypothesized that the hisF and hisH gene products
controlled two separate steps whose order in the pathway was difficult to
establish. As a consequence, the structure of the intermediate could not be
predicted (Smith and Ames, 1964; Martin et al., 1971). The last blind spot of the
histidine biosynthesis has been recently clarified by analyzing the catalytic
properties of the AisH and hisF gene products from E. coli (Klem and Davisson,
1993; Rieder and Kleiner, 1993; Rieder et al., 1994). Klem and Davisson (1993)
found that the protein encoded by the hisF gene has an ammonia-dependent
activity that is responsipie

(AICAR or ZMP) and 7

or the conversion of PRFAR (or BBMIII) to PRAIC

hile the product of the his/{ gene had no detectable

catalytic properties. However, in combination, the two proteins were able to



carry out the reaction in the presence of glutamine as a nitrogen donor without
releasing any free metabolic intermediate. The hisH and hisF gene products
formed a stable 1:1 dimeric complex that constitut& the IGP synthase
holoenzyme. The existence of this functional dimeric complex has been proved
genetically by isolation and characterization of a rnutated hisF gene product in
Klebsiella pneumon.ch catalyzes the reaction utilizing free ammo @- ut
not the ammonia moiety from glutamine bound to hAisH gene product. The
mutation, which results in the replacement of aspartic acid by asparagine, has
been speculated to affect the interaction between the hisH and hisF gene
products (Rieder et al., 1994). A stnkmg feature of the prol:em coded for by the
hisH gene is that, desplte the high deg'ree of act.we site sequence homology .,‘::t}h

o e B

several amxdotransferases which also exhxblf. glutammase achvxty in the absence

-
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of their re respectxve substrates (Goto et a 1976 Trotta et al 1974) its o

glutamme-dependent catalytxc propertxes requre the presence “of the hlsF 'gene
product (Klem and Dawsson 1993). Another heterodimeric glut.amme ’
anudotransferase the enzyme ammodeoxychon:m;te synthase wh.lch is
composed of the protems encoded by the pabA and pabB genes, has sumlar
features (Green nnd Nichols; 1991; Ye et al "1990)
The PRAIC (AICAR or ZMP) yhich is produced in the reaction catalyzed
by the IGP synthase is recycled in%?\ovo purine biosynthetic pai?fway (see .
belgw), The otth t, the IGP, is deljyydrated by one of the actt W o/
u(%uges;fié to the cagﬁmalodﬁaxn of the bifunctional enzyme/ QD&Q
encoded by the hisB gene (Brenner and Ames, 197 1). The resul& enol is , /
ketonized non-enzymatically to imidazole-acetol- -phosphate (IAP).
The seventh step of the pathwa-y consists of 5 reversible transa:e]ation
involving the IAP and a nitrogen atom from glutamate. The reaction leads to the

production of a-ketoglutarate and L-histidinol-phosphate (HO

catalyzed by a pyridoxal-P-dependent aminotransferase encoded 5y the hisC

gene (Brenner and Ames, 1971). This enzyme shares certain mechanistic
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features with other pyridoxal-P-dependent aminotransferases(i} covalent
binding of pyridoxal-P to an active site lysine residug; ii}.he formation of an
aldimine bet, ee&: pyridoxal-P and the amino acid substrate as the first
mbermedxate a Ping-Pong Bx Bi mechanism of catalysis (Hsu et al., 1989; Mehta
et al, 1989). :udL

The HOL-P is converted to L-histidinol (HOL) by the phosphatase activity
localized in the amino-terminal domain of the bifunctional enzyme encoded by
the hisB gene (Brenner and Ames, 1971).

During the last two steps of the histi J_ne(gjsynthess HOL is oxidized to
the correspond.mg amino acid L-histidine (HIS) (Adams, 1954). This irreversible
four-electron oxidation proceeds via the unstable amino aldehyde L-histidinal
o)

Hélke, 1985). A single enzyme, the L-histidinol dehydrogenase encoded by the
hisD gene, catalyzes both oxidation sbably to prevent decomposition of

hich is not found as a free intermediate (Adams, 1954; Gérisch and

the unstable intermediate (Loper and Adams, 1965). This enzyme represents one
of the first established examples of bifunctional NAD+-linked dehydrogenase
(Biirger and Gérisch, 1981a; Kirschner and Bisswanger, 1976). Most information
about the L-histidinol dehydrogenase comes from the enzyme purified from S.
typhimurium. It is an homodimeric Zn2+ metalloenzyme which functions by
carrying out the first oxidation step at an active site on one sub d then
moving the intermediate to a vicinal site on an adjacent subunit (Biirger and
Giirisch,.198 1a; Biirger et al., 1979; Eccleston et al, 1979; Gérisch and Hélke,
1985; Grubmeyer et al, 1989). Steady-state kinetic patterns demonstrated that
the enzyme acts via a Bi-Uni Uni-Bi Ping-Pong mechanism: HOL binds first to
the enzyme, followed by the binding of NAD+; HIS is the last product to
dissociate (Biirger and Gérisch, 1981a; Gérisch, 1979).

A comparative analysis of the E. coli and S. typhimurium hisD gene
products and the homologous region (HIS4C) of the multifunctional product of
the Saccharomyces cerevisiae HIS4 gene (Donahue et al., 1982) showed the

Ny
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presence of two long regions characterized by highly conserved amino acid
sequences (Bruni et al, 1986). These regions were supposed to represent
functional domainggf the enzyme: the amino-terminal region responsible for the
first oxidation e d the carboxyl-terminal region responsible for the second
one. Genetic data on the existence of twoups of mutations in hisD which
exhibit intracistronic complementation-farther supported this bektef (Hartman et
al,1971). “ M&‘L

An essential lysine residue appears to participate in the reversible
oxidation/reduction converting the alcohol HOL to the aldehyde HAL during the
first step of the reaction (Biirger and Gérisch, 198i53. Based on the well ku—t%
dgadat!d mechanism of catalysis of the glyceraldehyde-3-phosphate
dehydroge:n 5i which an active site cysteine adds to form a thiochemiacetal
intermediate (Harris and Waters, 1976), it was assumed that the
thichemiacetal/thiolester pair represented the route for the aldehyde oxidation
in the second step catalyzed by the histidinol-dehydrogenase. This hypothesis
was initially supported by the evidences that the S. typhimurium enzyme

contains two conserved cysteine residues, Cys-116 and Cys-153, and is

inactivated by active site modification of Cys-116 by the reagent 4-nitro-7-

chlorobenzadioxazole (Grubmeyer and'G. y, 1986). However, the recent reswi- OLW

that mutant enzymes with either alanine or serine substitution of Cys-116 and
Cys-153 are active with kinem)erti;s resembling the wild-type enzyme has
ruled out this hypoth suggestizsg that the reaction might proceed
Lhrouéh a scheme different from those common to most aldehyde

dehydrogenases (Teng et al., 1993).

Metabolic Links between the Histidine and the Purine Biosynthetic
Pathways: the "TAICAR Cycle".

1k

hteze

Mutants bearing non-functional enzymatic activities, which are required
for histidine biosynthesis, grow normally in minimal medium when supplied
with exogenous histidine. On the basis of this evidence, the pathway was
supposed to lack any branch point leading to other metabolites required for
growth (Ames et al., 1967; Brenner an_d Ames, 1971). Nevertheless, the two M
initial substrates of histidine biosynthesis, PRPP and ATP, play a key role in.e
intermediate and energetic metabolism, and lin&mm%he A
biosynthesis of purines, pyrimidines, pyridine nucle:;des, folates and 7
tryptophan (Brown and Williamson; 1987; Neuhard and Nygaard, 1987; Pittard,
1987). These metabolic links would, at least in part, account for the pleiotropic
effects generated by the derepressed synthesis of the enzymes coded for by the
histidine operon. .

It has been calculated that 41 ATP molecules are sacrificed for each
histidine molecule made (Brenner and Ames, 1971). The considerable metabolic
cost justifies the finding that hisﬁdil:l; regulatory mutants which have
constitutive expression of the histidine operon and lack feedback control of the
biosynthetic pathway require adenine for growth at 42°C (Johnston and Roth,
1979; Shioi et al., 1982; Stougaard and Kennedy, 1988).

The purine and histidine biosynthetic pathways are connected through the
"AICAR cyde" (Fig. 1). The AICAR (PRAIC or ZMP
histidine biosynthew >

&2
conversion involves a folic acid mediated one-c;bon (C-

a by-product of the

Nygaard, 1987). Bochner and Ames (1982) reported that the unusual nucleotide
§ aminoimidazole-4 carboxamide-riboside-5"-triphosphate (ZTP) accumulated in
S. typhimurium cells following treatment thought to lower the folic acid pool and
that strains unable to make Z-ribotides were hypersensitive to antifolate drugs.
Under the same treatmgnt TP production was also detected in E. coli c@ven
though the accumulatio e’

the unusual nucleotide did not correlate strictly with

folate deficiency (Rohlman and Matthews, 1990). Bochner and Ames (1982)

£<



proposed that ZTP is an alarmone signaling C-1-folate deficiency and mediating
a physiologically beneficial response to folate stress. This beﬁeme y
several findings concerning the ZTP synthesis. At variance with other
triphosphate ribotides whose synthesis involves a two-step process controlled by
specific monophosphate kinases and a non-specific diphosphate kinase, ZTP is
made by pyrophosphate transfer onto ZTP in a single enzymatic reaction
catalyzed by PRPP synthetase (Bochner and Ames, 1982; Sabina et al., 1984;
1985). The specificity of this conversion is also supported by results fron; kinetic
studies indicating that the increase in ZTP pool does not track the increase in
ZMP pool (Bochner and Ames, 1982).

Inhibition of folate metabolism leads to alterations of intracellular
processei\vvhich may involve ZTP-mediated responses. Interesting effects on
gene expression are observed in folate-deficient cells. For example, the
availability of 10-formyl-tetrahydrofolate influences the mode of derepression -
sequential or simultaneous - of the genes clustered in the his operon of S.
typhimurium possibly by affecting the mechanism of translation coupling at the
intercistronic barriers (Berberich et al., 1966; Brenner and Ames, 1971; Petersen
et al,, 1976a; 1976b). Addition of inhibitors of folate metabolism induces polarity
in E. coli and S. typhimurium (Alifano et al., 1994; Petersen et al., 1978) and
afTects the rate of decay (Joseph et al., 1978) or processing (Alifano et al., 1994)
of several polycistronic mRNAs. Other bacteria, such as Bacillus subtilis,
respond to folate shortage by initiating sporulation (Freese et al., 1979; Heinze
et al., 1978; Milani et al., 1977). However, the involvement of ZTP in these
processesis only speculative and the evidence for a folate stress regulon
controlled by ZTP remains elusive up to date.

It has been known since a long time that the constitutive expression of the
his operon of S. typhimurium results in a number of phenotypic changes i)
growth inhibition at 42°C somehow relieved by methionine (Fink et al., 1967) xQ

wrinkled morphology of colonies grown in either 2% glucose or "green plates”

AL

(Gibert and Casadesus, 1990; Murray and Hartman, 1972; Roth and Hartman,
IQGS)ﬁgrowth inhibition in high-salt media (Casadesis and Roth, 1989). A
similar pleiotropic response is also observed in E. coli (Frandsen and D'Ari,
1993). The wrinkled morphology of the his-constitutive strains is due to filament
formation as a consequence of cell division inhibition (Gibert and Casadesus,
1990; Murray and Hartman, 1972). Murray and Hartman (1972) demonstrated
that the pleiotropic response is caused by the overproduction of the hisH and
hisF gene products acting in a concerted fashion. Now we know that these two
proteins ‘associate to form the heterodimeric IGP synthase complex whic

ao
by-

unorthodox nucleotide , a proposed alarmone, it uno-hypot.hesiz_ed that the

pleiotropic response might be caused by the eqzymatic actmty of IGP synthase
leadxng to AICAR accumulation. C/ 3

t.he base 5-amino-4- mudazole carboxamide is a mutagen in E. coli

(Murray, 1987 %gerﬁc properties gof,the corresponding riboside AICAR or its
derivatives‘wor/e\ also invoked w#&m«: wrinkled phenotype by analogy
with SOS-induced filamentation upon perturbation of DNA synthesis (Donachie
and Robinson, 1987). Isolation of an antimutator strain of E. coli carrying a
purBts mutation (Geiger and Speyer, 1977) was in agreement with this proposal,
since purB catalyzes the synthesis of AICAR in the purine biosynthetic pathway
(Neuhard and Nygaard, 1987). Doks

However, more recent evidenc .heua;{uled out this hypothesis. First, it
has been reported that AICAR is not an endogenous mutagen in E. coli (Fox et
al., 1993). Second, overexpression of the his operon in S. typhimurium cells does
not result in increased incidence of spontaneous mutations as a consequence of
AICAR accumu.lat' eby conflirming that the pleiotropic response does not
involve DNA damage (Flores et al., 1993). This conclusion agrees with the

observations that overexpression of the his operon does not induce SOS response



(Gibert and Casadesus, 1990) and that filamentation in his-constitutive strains
is independent of the two SOS-associated division inhibitors, SfiA and SfiC
(Flores et al, 1993). Moreover, the [ilaments observed in Ais-constitutive strains,
unlike the aseptate filaments formed after SOS induction, present smooth
partial constrictions in DNA-free regions (Frandsen and D'Ari, 1993) and are
reminiscent of those observed in ftslts mutants bearing a temperature sensitive
penicillin-binding-protein 3 (PBP 3) (Taschner et al., 1988). Third, elevated
levels of IGP synthase cause inhibition of cell division by themselves and not via
AICAR production. Filamentation, as well as the other pleiotropic effects
associated with his overexpression, were shown to occur even in E. coli and S.
typhimurium strains devoid of AICAR as a consequence of interrupting the
carbon flow through the histidine and purine pathways in his pur double
mutants (Flores et al., 1993; Frandsen and D'Ari, 1993).

Based on intergenic suppression analysis, it has been suggested that
elevated levels of hisH and hisF gene products induce filamentation by
interfering somehow with synthesis of cell wall (Anton, 1978; 1979). Several of
these suppressors result in spherical cells with increased autolysis and
sensitivity to penicillin or related antibiotics. One such mutant was affected at
the enuB locus, also known as mre in E. coli (Anton, 1979). Interestingly, an E.
coli mreB mutant, which also has spherical shape and is hypersensitive to
mecillinam, overproduces PBP 3 (Wachi et al., 1987). Altogether, these findings
suggest that division inhibition in Ais-constitutive strains may result from a
shortage of septal murein synthesis catalyzed by PBP 3 (Frandsen and D'Ani,
1993). The classical approach of studying intergenic suppression has recent'y
allowed to identily novel loci on the S. typhimurium chromosome. These
suppressors behave either as “general” or "partial” suppressors of the pleiotropic
response; epistatic effects among suppressors have been also documented (Flores

and Casadesus, personal communication).
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It is conceivable that further study of the pleiotropic response triggered by
the overexpression of hisH and hisF gene products will facilitate the discovery of
genes controlling the metabolic pathway(s) leading to cell division in E. coli and

S. typhimurium.
ORGANIZATION OF THE HISTIDINE GENES

Since the beginning of the microbial genetic studies histidine requiring
mutants were frequently isolated arid characterized. These wod’!led QE coli .
and S. typhimuri the identification¥of all the genes necessary for histidine
biosynthesis and to their localization on the genetic map (Winkler, 1987). Similar
work on the yeast S. cerevisiae also allowed the identification and the genetic
mapping of several genes involved in histidine biosynthesis (@gﬁmer, 1994).
After the introduction of DNA sequencing techniques and genetic engineering in
microbial genetics, the data on his g;;es accumulated rapidly in model
mictooréanisms and in several other bacterial and fungal spegies providing a
wealth of information regarding at least 14&%@3), @
and 3 plant species with more than 60 genes sequenced. Table 1 @_t’h&‘ i
puped according to theirhomalagy with the well

characterized genes of the Ais operon of E. coli. Many of these genes/operons

complete list of all these gg

were ﬁrs% identified by the ability of cloned DNA fragments to complement
histidine auxotrophic mutations either in E. coli or in homologous hosts. Final
identification was generally achieved from DNA/protein sequence comparison
with E. coli counterpart, assuming, as it is widely accepted, that the biosynthetic
pathway is fundamentally the same in all the organisms.

As indicated by the (requent occurrence of genetic complementation,
homologous genes (that are presumed to code for proteins performing the same

function in the biosynthetic pathway) in different species are generally similar to



each other. The similarity from overall length of the gene extends to the
molecular weight and secondary structure of the protein they code for.

In many of the species where Ais genes were identified and characterized
they were not found alone but clustered with other genes to constitute complete
operons or at least part of them. The same is in part true for operonless fungi)
where some of the his genes resulted from the fusion of different parts, each of
whirh is homologous to diﬂerent%The organization of genes in the
his operons or clusters is variable among the different species indicating that,

during R evolution, ggnes were separated or linkgd, apparently without severe
E&A‘ Uia wbt" uv.fb.

constrains (see below). Ip other bacterial operons, whi rzed
b{\ P M

RV 9t Q01
in ‘sjnzaLspecies, such as the tryptophan operon, gene ordeﬁas mestly found
to be invariant (Crawford and Milkman, 1991). The organization of the known

/_h_igene clusters in microorganisms is pgeseated-in Fig. 2.

A

Eubacteria

Gram negative. In the Enterobacteriaceae E. coli and S. typhimurium a
single operon composed of eight genes very tightly linked to each other encodes
all the enzymes required for the biosynthesis of histidine. The complete genetic
structure of the E. coli and S. typhimurium operons was reported by Carlomagno
et al. (1988), with minor differences found in genes &isG and hisD byg_g:ranovic
et al. (1994). The operons measure 7389 and 7438 bp in E. coli and S.
typhimurium, respectively with an overall homology of 81%. The order of the
genes inrthe operon does not match the sequence by which the enzymes they code
for take part in the synthesis of histidine; it is possible that the particular gene
order resulted from both regulatory and metabolic constrains (see below). In the

e

other Enterobacteriacca K. pneumoniae (Rieder et al., 1994; Rodriguez et al.,
1981), the DNA scquence available, consisting of part of the hisG, the complete
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hisF and a very little part of hisl, suggests a general organization similar to that
of E. coli and S. typhimurium.

In the Gram negative proteobacterium Azospirillum brasilense, belonging
to the a-purple subdivision, an operon structure was found with a transcription
initiation, seven ORF's and a transcription terminator (Fani et al., 1989, 1993).. .
Only ﬁ;le of these ORFs, however, are homologous to E. coli genes, the remaining
two code for proteins without any homology to other his genes. Assuming that
the histidine biosynthetic pathway of A. brasilense is identical to that of E. coli,
there are at least three genes missing in the operon: hisGDC. A fourth missing
gene could be the sequence coding for the PR-ATP pyrophosphohydrolase/ PR-
AMP cyclohydrolase, hisI of E. coli, whose corresponding ORF in A. brasilense
(hisE) is.just a part of it. The same deduction can be applied to hisBpx moiety of
the E. coli hisB (see below) that is also missing in the A. brasilense operon. The
presence of other his genes in A. brasilense genome, unlinked to the main operon,
is further suggested by the inability o!: the genes of the identified cluster to
complement some uncharacterized histidine requiring mutants of A brastlense
(Fani et al., ;,x?pszkeheﬂ'a‘) The order of genes in the A. brasilense his operon,
h—i,sBdWE, is the same as in E. coli . The same gene order does not mean
however the same gene organization: in fact one of the two unidentified ORFs
lays between hisH and hisA, another unidentified ORF at the end of the operon
separates hisE from the terminator, é’nd finally AhisBd and hisE, as already
mentioned, correspond to just a portion of the E. coli genes (see below).

.Gi'am positive. A single operon organization was also found in the Gram
positive bacterium Lactococcus lactis where 12 ORFs have been identified
(Delorme et al., 1992). Eight ORFs are homologous to the E. coli his genes,
indicating that all the enzymes of the pathway are coded for by this operon. The
exception is the product of hisB gene that, like in other organisms (see below), is
only present with the dehydratase activity coded by the hisBd portion of the
gene, while hisBpx, the phosphatase domain, is apparently absent. Four ORFs



code for unidentified proteins with unknown function. The homology with E. coli
genes, however, is not followed by similar gene order that is in fact maintained
only in the 3' portion of the operon for the hisHAFI genes. The 5’ portion of the
operon apparently underwent a translocation with respect to the E. coli
arrangement, moving AisC from immediately downstream AisD to upstream
hisG, at the very beginning of the operon. The general organization of the his

operon of L. lactis reflects the features of other genes for amino acid biosynthesis

in lactic acid bacteria, such as the single chromosomal location and the presence

of unrelated ORFs (g,wpin, 1993).

Clustered genes for the histidine bidsynthesis were also found in the Gram
positive Streptomyces coelicolor in which the his genes were mapped in three
unlinked loci (Hopwood et al., 1993). Two minor loci, each containing one gene,
are located at 2 o’ clock and 6 o' clock on the strain A3(2) chromosome (the latter
identified as hisBpx). The third locus, mapping at 12 o' clock, contains the main
his cluster with seven ORFs five of which are homologous to the E. coli
hisDCBAHA (Limauro et al., 1990, 1992). Also in S. coelicolor the general gene
order is the same as in E. coli, with the insertion of unknown ORFs changing the
organization of the operon. In this case however the sequence of the last ORF at
the 3' end of the cluster was not completely determined and it is possible that
other ORFs will be included in the same operon. [t is interesting to note that
three out of the seven ORFs sequenced start with unusual codons, hisC and hisD
with GUG, and hisH with UUG. However, at last GUG was found to be rather
frequent as start codon in Streptomyces (Iiopwood, 1986).

In4wo other Gram positive bacteria, Mycobacterium smegmatis and B.
subtilis, only limited sequences of Ais genes are available, however it is possible
to infer that M. smegmatis his genes share the same organization of the more
closely related S. coelicolor (Hinshelwood and Stoker, 1992) with an operon
structure starting with hisD followed by hisC. B. subtilis hisH gene, that is

homologous to E. coli hisC, seems, on the contrary, to be an isolated gene

(Henner et al., 1986). Another Ais locus, containing all other his genes, was
mapped in the B. subtilis chromosome but none of these genes was sequenced up
to now (Anagnostopulos et al., 1993). A genetic organization similar to that of B.
subtilis was postulated for the Ais genes of the related Gram positive

Staphylococcus aureus (Pattee, 1993).
Archaebacteria

his genes in archaebacteria are less known than in eubacteria; only three.
his genes have been recognized in just four species, three of them belonging to
the genus Methanococcus and one to Halobacterium (Fig. 2). In M. vannielii
(Beckler and Reeve, 1986), M. voltae (Cye et al., 1985) and M.
thermolithotrophicus (Weil et al., 1987) a gene highly homologous to E. coli hisA
has been sequenced together with its Elanking regions; the analysis of these
sequences failed to demonstrate the c;ccurrence of an operon-like structure. The
ORFs surrounding hisA are in fact apparently unrelated to the histidine
biosynthesis, on the other hand no promoter-like sequence was recognizable
upstream hisA but only a putative ribosome binding site (Weil et al., 1987). A
second his gene, hisl sequenced in M. vannielii (B/ekler and Reeve, 1986) was
found unlinked to AisA. If further studies will eventually demonstrate an operon
structure for archaebacterial his genes, it will result interrupted by apparently
unrelated ORFs, like the operons found in L. lactis and A. brasilense. A
conserved genetic organization, if not an operon, among archaebacterial his
genes, is suggested by the high level of homology found between the peptides
coded for by ORF547, ORF294 and ORF114 preceding hisA and between ORF150
and ORF125 following the same gene in the three Methanococci (Fig. 2). The
remaining ORF's do not show any kind of homology to each other. The H. volcanii
hisC gene is probably a single gene, as the flanking sequences do not indicate the

presence of other his genes (Qonover and Doolittle, 1990).
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Eukaryotes

In eukaryotes, the general rule that no operon structures were found also
apply to Ais genes. In particular, in the well known yeast S. cerevisiae, the seven
genes responsible for the biosynthesis of histidine are located on six different

A10 .
chromosomes (}gzrﬁmer, 1994). Despite the spreading of the his genes, a
particular sort of gene organization could be seen on two of the six yeast his
genes sequenced so far. HIS4 (Donahue et al., 1982) and HIS7 (Kuenzler et al.,
1993) are in fact very large genes whose sequence is homologous to two pairs of
E. coli genes: hisl and hisD for HIS4 and hisH and hisF for HIS7 (Fig. 2 and
Table 1). The same multifunctional structure of yeast HIS4 is also found in
Neurospora crassa Ius 3 (Legerton and Yanofsky, 1985) and Pichia pastoris
vt 814 eeatf IS T'te
(unpublished) as repotted below. A gene that complements S. cerevisiae HIS¢
deletion was also found in Candida albicans but not sequenced up to now
(Altb}ou/m et al., 1990). Several other Ais genes have been cloned and sequenced
/ . . -
in eukaryotes other than yeast (Table 1), however they are single genes and it is

not possible to make inferences about their organization.
Structure of his Genes and Their Products

The high level of homology between corresponding genes for histidine
biosynthesis in different organisms indicated that this metabolic pathway was
fundantentally conserved during evolution (see below). Looking at the structure
of his genes, however, some interesting peculiarities easily become evident.

hisG. hisG genes code for the first enzyme in the biosynthesis of histidine,
a protein of about 300 amino acids in E. coli, S. typhimurium and S. cerevisiae
but shorter (about 200 amino acids) in L. lactis. Because the short L. lactis gene

is able to complement E. coli 1isG mutants (Delorme et al., 1992), it is likely that

/L

a considerable portion of the enterobacterial and yeast protein is dispensable for
the enzymatic activity.

hisB. Two enzymatic activities have been recognized to be coded by the
hisB gene of E. coli and S. typhimurium (see above). In the other microorganisms
studied, on the contrary, the two activities appear to be coded for by two
independent genes: hisBd .coding for IGP dehydratase and hisBpx, coding for
HOL-P phosphatase. hisBd genes, with different levels of homology to each other
and with protein products ranging from 195 to 270 amino acids, were found in
almost all the species, including cyanobacteria, fungi and plants (Table 1); on the
other hand khisBpx homologous gene is still to be found in any other
microorganism except S. coelicolor (Hopwood et al., 1993), where it is called AisD
and was mapped outside from the main gene cluster but not sequenced yet, and
S. cerevisiae (Malone et al., 1994) whose HIS2 was found on chromosome VI and
to be very close to a site of a ricombinational hot-spot. Surprisingly we did ﬁot
find sigﬂiﬁcant degree of similarity vgth the enterobacterial AisB §' proximal
domain. This finding suggests that different genes, possibly not clustered with
the other Ais genes, or that (Delorme et al., 1992) some of the uncharacterized
ORFs frequently found in the his operons, can perform in different organisms the
HOL-P dephosphorylation step of histidine biosynthesis.

A different structure of hisBd gene was found in the fungus Phytophtora
parasitica where the sequence coding for IGP dehydratase; recognized by the
high level of homology with the corresponding protein of E. coli, is fused with a
DNA fragment whose translation gives an amino acid sequence that is not
homologous to any of the known histidine biosynthetic enzymes (Fani et al.,
1995).

hisI and hisE. E. coli, S. typhimurium and L. lactis hisI genes
(Carlomagno et al., 1988, Delorme et al., 1992), mapping at the end of their
respective operons, also code for a bifunctional enzyme responsible, with its

amino terminal domain, for the third step and, with the carboxyl terminal one,

ly



for the second step of histidine pathway. This is one example of the lack of
correspondence between the order of genes (and coding sequences) in the Ais
operon and the order of the biosynthetic steps performed by the enzymes encoded
by these genes.

‘ The same enzymatic steps are achieved in fungi, S. cerevisiae, N. crassa
and P. parasitica (Legerton and Yanofsky, 1985, Donahue et al., 1982;
unpublished) by a large multifunctional protein whose amino-terminal domain
shares good homology with the bifunctional hisI gene product.
Pyrophosphohydrolase and cyclohydrolase activities being in the same
polyfunctional enzyme is not however.an universal phenomenon. In the Gram
negative A brasilense (Fani et al., 1993) and in the archaebacterium M. vannielii
(Beckler and Reeve, 1985) the two enzymatic activities seem to be separated in
two proteins, coded for by different genes, although in A. brasilense only hisE
(pyrophosphohydrolase) and in M. vannielii only hisI (cyclohydrolase) were found
up to now.

hisD. The product of 2isD gene is likewise a protein with bifunctional
activity, histidinol dehydrogenase, performing the last two steps of the histidine
biosynthesis. Contrary to the examples of iisB and his!, hisD is a distinct
unsplitted gene in the nine species in which it has been found and sequenced,
including the plant Brassica oleracea. In this plant the gene product, which
complements the corresponding E. coli mutation, is probably located in the
plastid as indicated by a 31 amino acid signal peptide typical of the proteins -
transferred to plastid compartment, absent in the mature enzyme (Nagai et al.,
1991). Irthe fungi S. cerevisiae, N. crassa and P. pastoris (Legerton and
Yanofsky, 1985; Donahue et al., 1982; m‘uﬁie two enzymatic activities
are carried out by the carboxyl-terminal domain of the same huge protein that
also comprehends the homologue of hisl gene product. The bifunctional

enzymatic activity of hisD gene product seems to be an universal property,

suggesting that a specific constraint, related to the mechanism of reaction,
favored the persistence of the single protein arrangement.

The four enzymatic activities, pyrophosphohydrolase and cyclohydrolase
and HOL-dehydrogenase (the 2 steps), are thus performed in fungi by a large
super-enzyme of 800-850 amino acids whose genes appear highly homologous to
each other in S. cerevisiae, P. pastoris and N. crassa with the only difference in
this latter species of a 59 bp intron in the region coding for the domain
corresponding to kisD product. This intron makes the N. crassa gene unable to
complexinent the E. coli hisD mutatidns.

hi;A-Iu’sF and hisH. hisA and hisF genes, as reported below, share high
sequence homology and have probably arisen from a gene duplication event,
their gene products participate in two successive steps of the biosynthetic
pathway. The two genes are also adjacent in almost all eubacterial operons.

As reported before, the products of E. coli hisH and hisF genes fomi. in vivo
an heterodimeric enzyme, IGP synth-e;ase, that accomplishes the fifth step of
histidine synthesis (Klem and Davisson, 1993). Their genes in prokaryotic
operons however are always kept apart by at least a third ORF (Fig. 2). In S.
cerevisiae, on the contrary, there is a single enzyme, coded for by a single gene,
HIS7, fulfilling IGP synthetase activity (Kuenzler et al., 1993). The amino acid
sequence of this protein shows high level of homology, in its amino-terminal
domain, with the product of E. coli hisH and, in the carboxyl- terminal domain,
with the product of E. coli hisF. These two domains of HIS7 are scparated by a
short sequence of 22 amino acids without homology to hisH or hisF gene
products. The portion of S. cerevisiae FIS7 sequence corresponding to eubacterial
hisF also showed a peculiar structure in its extreme amino terminal. In this part
of the protein in fact, the homology with hisF product is partially lost because of
six short non-homologous sequences scattered in the domain rendering this
portion of the yeast protein almost one third longer than the bacterial

counterpart. If the catalytic activity of HisF resides in the carboxyl-part of the
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polypeptide while the interaction with HisH is brought about by the amino-part,
that will account for the number of sequence alterations in the yeast homologue,
where this interaction is no more necessary since hisH and hisF are fused in a
single gene, HIS7 (Fani et al., 1995). This hypothesis is strongly supported by
the recent finding of Rieder et al. (1994), who suggested that a mutation falling
in the F1 module of the K. pneumoniae hisF gene probably affected the
interaction between HisH and HisF.

ORFs. Fig. 2 reports the structure of DNA regions of different organisms
where histidine biosynthetic genes were found more or less grouped together. A
remarkable feature of these (bacterial and archaebacterial) clusters is the
presence of several ORFs with unknown function: seventeen ORFs have been in
fact identified between or flanking his genes in A. brc;silense, S. coelicolor, L.
lactis, M. vannielii, M. voltae and M. thermolithotrophicus. The involvement of
these ORF's in the biosynthesis of histidine is an open question as their function
was not determined up to now and mutants for studying the phenotype are not
generally available. The only connection of these ORFs with histidine
biosynthesis is their linkage with his genes. On the other hand information
derived from sequence analysis is not of much help. In L. lactis four unknown
ORFs, scattered in the operon, were detected. One of them, ORF3, is homologous
to a known gene, the E. coli hisS, coding for histidyl-tRNA synthetase (Delorme
et al., 1992), however the L. lactis ORF lacks an essential motif implicated in
synthetase activity (Fridman et al., ), suggesting that it has a role different from
tRNA aminoacylalign—. What could be the function, if any, of this gene is not clear
although+a regulatory role in histidine biosynthesis was postulated (Delorme et
al., 1992). ORFS is partially homologous to Apha3 enzyme which inactivates
aminoglycoside antibiotics ('_l“lu‘eu-Cluot et_al/. ) but does not seem to be active for
this function. Delorme et al. (1992) hypothesize that OR[F8 could carry out
dephosphorylation of HOL, the function of missing hisBpx gene product. The

remaining two ORFs were not homologous to any gene sequenced so far.

Na
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Two unknown ORFs were found in the Ais operon of S. coelicolor (Limauro
et al.,, 1990), one very short and the other truncated at the end of the sequenced
region. None of these ORF's shows homology with known génes.

Two ORFs were likewise detected in the his operon of A. brasilense. The
protein coded for by the first ORF showed a significant homology with the
product of E. coli hisG gene, although the homology is limited to the 20 amino-
terminal amino acids out of the 168 forming the putative protein. Since the
homqlog'ue of E. coli hisG was not found yet in A. brasilense, the possibility that
the prbduct of ORF168 actually accomplishes the first step of histidine
biosynthesis cannot be excluded. The second A. brasilense unknown ORF
(ORF122) is localized at the end of the operon, just before the transcription
terminator. The gene product of this ORF was found to be homologous with two
apparently unrelated proteins: the cow IPCK-1, inhibitor of protein kinase
(Mozier et al., 1991), and a cyanobacterial protein with unknown function (?).
These homologies however do not pm;ide any convincing explanation for the
function of the putative protein coded for by ORF122.

In. the three Methanococcus species where his genes have been sequenced,
tﬁey are surrounded by nine unknown ORFs. None of thesé ORFs, or their
products, show homology with known genes. Some of them however seem to be
partially homologous to each other (Weil et al., 1987): these are the cases of
ORF547, ORF294 and ORF114 whose sequence lay upstream of hisA, and of
ORF150 and ORF145 downstream hisA. ORF206 appear to be deleted from the
genome of the two mesophilic Methanococcus species, as only few nucleotides in
the intergenic region upstream hisA of M. voltae and M. vannielii were left to
witness for the deletion event (Weil et al., 1987). Whether the abundance of
unknown ORFs among Archaeabacteria is just the consequence of a different,
and still unexplained, histidine biosynthetic pathway or it is a common feature of
archaebacterial clusters (operons) to be interrupted by unrclated genes, it is not

known. Many more data must be gathered to answer the question, in particular
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major insights on the function of unknown ORF's will probably be obtained from
the addition of new DNA sequences to the gene-bank.
Overlapping genes. The analysis of E. coli and S. typhimurium

sequences revealed that almost all the his cistrons of the operons have

overlapping termination and initiation signals for translation (Carlomagno et al.,

1988). In particular the stop codons of AisD, hisC, hisB, and hisH, overlap by one
or four bases the ATG of the following gene, while the two last cistrons *
(hisA/hisF and hisF/his) overlap by 19 and 7 bases. Therefore the ribosome
binding sites of these genes lie inside the preceding cistron. This kind of
organization, that was found in other po'l}cist.ronic operons (...2...), is supposed
be associated with the occurrence of "translational couplix;g", a mechanism by
which ribosomes start translating a new gene without moving away from mRNA
after terminating the translation of the preceding one (.....7....).

The exceptions to overlapping are represented by the regions between the
leader peptide and hisG and between hisG and hisD. This latter intercistronic
sequence is composed of five nucleotides in E. coli and of 102 nucleotides in S.
typhimurium. The unusually long S. typhimurium sequence was analyzed in
detail (Carlomagno et al., 1988) and shown to contain a kind of REP (repetitive
extragenic palindromic) sequence, whose function is possibly connected to the
regulation of gene expression at the post-transcriptional level (Belasco and
Higgins, 1988).

Overlapping cistrons were also detected in the his operons of A. brasilense
(Fani et al., 1993), S. coclicolor (Limauro et al., 1992) and L. lactis (Delorme et
al., 1992): In these organismns however the overlapping of stop and start signals
is not a general phenomenon like in the Enterobacteriaceae; in particular
muzrgemc reglona were mostly detected where ORFs with unknown function are
present (Eabl/e2LJ‘he meaning of this discrepancy, of either regulatory or

evolutionary origin, is not known at the present.

0

The compactness of his operons structure, particularly those of E. coli and
S. typhimurium, could somehow be related to the regulation of operon expression
at the translational level through translational coupling W
Yanofsky, 1980), experimental evidences however did not support this
hypm A

Gene order. As already remarked, the order of the genes in the his
clusters or operons does not coinc{de with the order of the enzymatic steps
carried out by the proteins they code for, moreover the order of the genes is not
rigorously comparable. Observing however the eubacterial clusters it is possible
to recognize that some genes tend to remain together in the same order. This is
particularly apparent for the four genes hisBHAF and partially also for the pair
hisDC. The tendency of these genes to form stable clusters can be related with
the particular role of their products in the biosynthetic pathway. The
evolutionary history of these genes and of these particular enzymes and their
significance in the evolution of Ais opéx:on will be discussed in a following
chapter.

REGULATION OF HISTIDINE BIOSYNTHESIS

The considerable metabolic cost required for histidine biosynthesis
accounts for the evolution, in different organisms, of multiple and complex
strategies to tune finely the rate of synthesis of this amino acid to the
changeable environment.

In S. typhimurium and in E. coli the biosynthetic pathway is under control
of distinct regulatory mechanisms which operate at different levels. Feed-back
inhibition by histidine of the activity of the first enzyme of the pathway (see
above) almost instantaneously adjust the flow of intermediates along the
pathway to the availability vl exogenous histidine. Transcription attenuation at

aregulatory element, located upstream of the first structural gene of the cluster,
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allows coordinate regulation of the amounts of the histidine biosynthetic
enzymes in response to the levels of charged histidyl-tRNA (Artz and Holzschu,
1983; Blasi and Bruni, 1981; Winkler, 1987).

In addition to histidine, the system is also regulated by other molecules
whose levels are indicative of the energetic and metabolic state of the cell. It has
been previously mentioned that PRPP and ATP stimulate the activity of the first
enzyme of the pathway, whereas AMP enhances the inhibitory effect of the
histidine on this enzyme. Moreover, the alarmolne guanosine §-diphosphate 3'-
diphosphate (ppGpp) which is the effector of the stringent response (Cashel and
Rudd, 1987) regulates positively his operon expfes;ion by stimulating
transcription initiation under condition of moderate amino acid starvation or in
minimal media growing cells (Artz and Holzschu, 1983; Cashel and Rudd, 1987;
Winkler, 1987).

Transcription of the his operon is also modulated by a non-specific
mechanism operating during the elongation step at the level of intracistronic
Rho-dependent terminators (Alifano et al., 1988; Alifano et al., 1994a). These
regulatory elements account for the polar phenotype exhibited by several
nonsense and frame-shift mutations (Adhya and Gottesman, 1978; Alifano et al.,
1988; 1991; Ciampi et al., 1989; Ciampi and Roth, 1988). Their physiological
significance should be to prevent further elongation of infrequently translated
transcripts (Alifano et al., 1988; Alifano et al., 1994a; Richardson, 1991).

Finally, it has been recently documented that post-transcriptional events
contribute substantially to Ais operon expression. The native polycistronic Ais
messageis degraaed with a net 5' to 3' directionality originating processing
products which decay with differential rates (Alifano et al., 1992; 1994a; 1994b).

The differential levels of regulation of his operon expression will be

" discussed in more detail in the next sections. Particular emphasis will be given
to the contribute of this experimental system as a powerful tool to the solution of

general aspects of control of gene expression in prokaryotes.

3

Regulation of Transcription Initiation

The primary hispl promoter. The his operon of S. typhimurium and E.
coli (Fig.. 3) is transcribed into a polycistronic mRNA extending from the primary
promoter, hispl, to the bidirectional Rho-independent terminator iocabed at the
end of the gene cluster (Carlomagno et al., 1983; 1985; 1988; Fregdman and
Schimmel, 1981; Frunzio et al., 1981; Verde et al..__1981).' ]

The primary hispl promoter in S. typhimur:ium and in E. coli was initially
defined by DNA sequence analysis and by location of transcription start point
(Barmes, 1978; Carlomagno et al., 1988; Di Nocera et al., 1978; Freedman and
Schimmel, 1981; Frunzio et al., 1981; Verde et al., 1981). By inspection of the
nucleotide sequence it was enclosed among the Ec70 class of promoters (Harley
and Reynolds, 1987; Mulligan et al, 1984). In the two closely related
microorganisms the structure of this é;netic element is almost identical and it is
characterized by the presence of three out of six matches to consensus base pairs
in both the - 10 and - 35 hexamers with a less conserved suboptimal 18 base pair
separation between the hexamers. More recently, detailed mutation analysis has
provided a rigorous evidence that the AispI promoter of S.. typhimurium is a
Ec70 promoter: all the base pair substitution mutations altered position in either
the - 10 or - 35 hexamer (Shand et al., 1989a); conversely, mutations that
improved the match to consensus of the - 10 hexamer increased its intrinsic
strength (Riggs et al., 1986). The hispl promoter is considerably strong both in
vivo and in vitro being about four times stronger than the gal promoter in vivo
(Verde et al., 1981; Riccio et al., 1985). In vitro its activity is about 20-fold higher
on supercoiled than on linear templates (Verde et al., 1981). However, it has
been recently shown that in vivo treatment of cells with the DNA gyrase
inhibitor novobiocin enhanced the expression of a his-lac fusion bearing the

complete Ais control region and did not modify substantially the expression of a
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his-lac fusion bearing a 35 base pairs deletion of the his attenuator (O'Bryne et ©
al., 1992) Moreover, repression of his expression by anaerobiosis or high -
osmolarity, two environmental parameters which increase the negatxve

superomlmg of bacterial DNA, required the intact Ais attenuator sequence

(O'Bryne et al., 1992) These findings are consistent with previous observauons 3

’ suggestmg tbat the well documented rnodulatxon by supercoiling of his
expression is mostly exerted at the unlinked AisR locus codifying for tha only
tRNAHis in the cell (Brenner and Ames, 1971; Davis and Williams, 1982; ‘

" Figueroa et al., 1991; Rudd and Menzel, 1987; Toone et al., 1992). '

In 1968 Venetianer was the first to propose the existence of positively
regulated genes during the stringent response noting that the Ais mRNA
accumulated in the cell following amino acid starvation (Venetianer, 1968;
Venetianer, 1969). Up to now, most ml'orxnauon about the positive control derive
from the his operon of S. typhimurium. In 1975 Stephens et al. () formally
demonstrated that the expression of the Ais operon is subjected to metabolic
regulation being the biosynthetic enzyme levels lower in amino acid-rich than in
minimal-glucose media supplemented with histidine. They concluded that the
relA gene product is required for the maximal his operon expression in vivo and
observed that a strong stimulation of transcription occurred when ppGpp was
added to cell-free S30 extracts. The stimulatory effect of ppGpp is believed to be
on transcription and not on translation, and is promoter-specific as it occurs even
when the Ais attenuator is deleted (Stephens et al., 1975; Winkler et al., 1978).

his operon transcription is maximally stimulated at lower than the
maximum intracellular ppGpp concentration (Stephen et al., 1975; Winkler et
al., 1978). The saturating concentration of ppGpp is thought to be slightly more
than the basal level of minimal-glucose grown S. typhimurium cells. This would
account for the scarce increase in his expression following amino acid downshift

in a stringent strain grown in minimal media. In contrast, the attenuator-

independent his expression in vitro has been shown to vary over a 10- to 20-fold
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range in correlatmn with ppGpp levels (Stepben et al., 1975) In the attempt to
deﬁne a precise correlatxon between his operon expressxon and ppGpp levelsin
vivo, Shand et al. (1989b) have developed a mild starvahon method by using the

serine analog senne hydroxamate wlucb increases ppGpp levels in a relA¥

é stram ancl decreases ppGpp levels ina relA mutant Tlus metbod allowed to -

show tbat the full range of regulatxon of attenuator-mdependent expressxon in
vivo 1s 20- to 40-fold and well correlates with t.he mtracellular ppGpp

' concent.ratxons

Although mechanisms operatmg at the levels of transcnptmn elongatxon,

: mRNA decay or translation cannot be ngorously excluded (Faxén and Isaksson, .

1994 Negre et al., 1989) several lmes of evxdences support the oonclusmn that
ppGpp modulates Ius ‘operon expressxon at the level of transcnptzon untxatxon.
First, the range of stunulatxon of hrspl actwlty by physmlogxcel concentrahons of
ppGpp in in vitro transcnpbon systems (Stephens et al., 1975 Rxggs et al., 1986)
is very close to the overall range of sumulat\on of his operon expressmn observed
in vivo (Shand et al., 1989b). Second, mutatxons that mcreased the bomoloy of
the - 10 hexamer of htspl to the consensus sequence of the Eo7° promoters or

that altered the sequence between the - 10 hexamer and the start pomt

* dramatically en.hanced his operon transcnptxon m vxtro m the absence of ppGpp,

and reduced the stlmulahon of thns alarmone to less than a l'actor of 2 (Riggs et
al, 1986) On the basis of these results Rnggs et al (1986) argued that promoters
presumed to be positively regulated by ppGpp are partxally defectxve in open
complex formation beanng a suboptxmal Pr bnow box whlch does not contam an
A resndue in the fourth position, as is charactenstxc of negatwely controlled :
promoters in addxtlon to dlfl'erences in the legxon between the 10 hexamer and
the start pomt. (Travers, 1984). » . ’
The internal hisp2 and lusp.? promotexs ln addxtxon to IuspI two

weak internal promoters, desxgnated Iusp2 and Iusp3 have been mapped both

genetxcally and physwally proxlma.l to the IusB and Iusl cistrons, respectively

-
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(Atkins and Loper, 1970; Ely and Ciesla, 1974; Grisolia et al 1983 Schmxd and ¢
Roth, 1983). Although quite common in la.rge bacterial operons, the physxologlcal";-
significance of these genetic elements is controversxal Even though xt is posmble

that these promoters are physiologically umrnportant and t.helr presence merely

fortuitous, their maintenance by selective pressure in homologous genormc

’ regions of related microorganisms (Bauerle and Margohn, 1967; Jackson and

Yanofsky, 1972) supports their physiological relevance. They could remforce the

expression of distal cistrons of large operons thereby allevxatxng the eﬁ'ects ot'

natural polarity. Alternatively, they could allow’ regulatmn of an operon in a non-

coordinate fashion and cause temporally dlﬂ'erent expression of certain genes

under specific growth conditions (see below).

According to several features of the nucleotide sequence Iu.sp2 promoter '.,, .

belongs to the Ea70 class of promoters. It is subjected to metabolic regulation

although to a less extent than the primary hispl promoter, being its activity only . »

two-fold lower in rich than in minimal-glucose media (Grisolia et al., 1983;
Winkler et al., 1978).

The overall contribution of this‘intemal promoter to the expression of the
distal genes of the Ais operon is negligible when transcription proceeds from
hispI in wild-type cells growing in minimal-glucose media (Ely and Ciesla,
1974). However, its activity increases about three-fold when transcription from
hispl in wild-type is abolished, whereas it is almost completely inhibited when
transcription from the upstream promoter is very efficient, as in constitutively
derepressed mutants (Ely and Ciesla, 1974; Alifano et al.,, 1992). Such an
inhibition of promoter activity by transcription read-through has been called
"promoter occlusion” and might result from direct steric hindrance of an internal
initiation site by RNA polymerase molecules initiating upstream or from
distortion of DNA structure (Adhya and Gottesman, 1982; Bateman and Paule,
1988; Cole and Honoré, 1989; Jink-Robertson and Nomura, 1987).
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more exhaustwe articles for.an hxstnncal pxcture of the fundamental steps
3 "(‘"l)-#‘ ,.f G“Jl“' 2 £ y

e dxscovery o(’ this’ eontrol mechanxsm (Artz and Holzschu, 1983

The purpose of thx sectxon is to present the curren 3 mechamstxc model of

- attenuatmn as formulated on the basts of the numerous endences accumulated

T BT

"" up so far and to report more recent msxghts concermng partrcular aspects of this

phenomenon whlch may have a re!evance m understandmg fundamental
mechamsrns govermng transcnptxon elongahon-termxnatlon ;
Two more prormnent features’ charactenze the leader regwn of the his

operon whxch may account for hzs-specnﬁc translatxonal control of transcnptxon

tenmnauon which is the essencs of the attenuatxon control; .a short coding
reg'mn that xncludes numerous tandem codons specnfymg hxstrdme (seven
h.lstldme codons in a row of sixteen); ii. overlappmg regxons of dyad symmetry
that may fold into alternative sncondary structures one of whxch mcludes ap-
independent terminator. In the ” termmatxon conﬁguratmn base pairing
involves regxons A and B, C and D, and E and F (Fig. 4) The stable stem-loop
structure E:F followed by a run of undylate resrdues constxtutes a strong
intrinsic terminator. In the " antltemunatlon conﬁguratxon base pamng

between B and C, and D and E prevents t'ormatxon of the termmater thus :

allowing readthrough transcnptlon The cqulllbnum between these alternative
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configurations is determined by the ribosome occupancy of the leader regjiqn_ '

which in turn depends on the availability of charged histidyl-tRNA.

Low levels of the specific charged tRNA will cause ribosome to stall on the

leader region in correspondence of the histidine codons, and to disrupt A:B. .
pairing by masking the region A. Under these circumstances, the _
*antitermination” configuration will be favored. Conversely, in the presence of .
high levels of charged histidyl-tRNA, ribosome will move faster away from the
histidine regulatory codons thereby occupying both A and B regions. Pairing
between C and D, and E and F will result in premature transcription
termination. b

Impairment of translation of the léader region as a consequence of severe
limitation of the intracellular pool of all charged tRNAs will result in strong
. transcription termination ("superattenuation”). Under these conditions, A:B, C:D
and E:F stem-loop structures will form sequentially without interference by
active translating ribosomes.

A characteristic features common to all known examples of attenuation is
a significant RNA polymerase pausing after synthesis of the first leader
transcript RNA hairpin. This pause event is believed to synchronize
transcription and translation in the leader region by halting the transcribing
RNA polymerase until a ribosome commences synthesis of the leader pepﬁde.
Absence .ol' synchronization would not allow complete relief of termination in the
presence of low levels of charged histidyl-tRNA (Landick, 1987; Landick et al.,
1987; Landick and Yanofsky, 1987; Winkler and Yanofsky, 1981).

In-the his leader region RNA polymerase pausing occurs after synthesis of
the first secondary structure (A:B) and immediately prior to addition of a G
residue (Chan and Landick, 1989). The position of the pause site would allow
ribosome initiating synthesis of the leader peptide to release the paused

transcription complex by disrupting the pause hairpin.

Analysis of the efl’ects of base substxtuhons upstream £rom the pause sxte A

revealed that the pausmg sxgnal xs multxpartﬂe and consxsts ol‘ at least four o

distinct components i.a 5 bp nascent transcnpt steqrn‘loopstructure (the pause
hairpin); ii. the 11 nucleotxdes 3 -proxunal segment of transcnpt or DNA
template; iii. the 3'- ten'mnal nucleoude, iv. the mmedxate downstream DNA
sequence (Chan and Landick, 1989 1993 Lee et al 1990 Lee and Landxck E
1992). The behavior of compensatory substxtutxons in the A.B halrpm reglon )
suggested that the his pause haxrpm corresponds to only t.he upper portxon of the
larger A:B secondary structure (Chan and Landxck 1993) Such a ﬁndmg xs
consistent with the deduced structure of RNA and DNA chams xn punﬁed
transcnphon complexes paused at the Ius leader regxon whxch has been

- determined by analyz\ng the reactxwty ol' specxﬁc resxdues on DNA to chemxcal

modifying agents and the sensxtmty of the nascent R.NA molecules to .'
ribonuclease A (Lee and Landlck, 1992) ’l‘l:us analysxs evxdenced that in spite of
a considerable vanauon of dxmens:on of the transcnptxon bubble during
elongatxon, the 3 -proxxmal nucleotxdes of transcnpt constantly panr - with the
DNA template and that the DNA RNA hybnd 1s not dxsrupted by haxrpm
formahon at the pause sxte Tlus ﬁndmg ruled out the pOSSlblllty that extensive
secondary structures halt elongatlon by removmg the 3'end ol' the transcnpt
from the catalytic site of RNA polymerase or by dxsruptmg pamng between the
3 -proxxmal segments of transcnpt and DNA template (Landlck and Yanofsky,
1984; Landxck 1987). Chan and Landick (1993) suggested that pausmg is
medxated in part by non-sequence specific, electrostatxc mteractxons between the
phosphate backbone of the pause RNA hau'pm and a pos'twely charged region
on RNA polymerase. NusA elongation factor enhances pausmg possnbly by
directly contacting the pause hairpin or by i mcreasmg its mteracuon with RNA
polymerase (Chan and Landick, 1989; 1993). } )

Polarxly. In polycxstromc operons eertam _mutations which cause

premature arrest of translation not only al'l‘ect the gene in which they occur, but
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orted by more recent studies on polarity in the

ranscription and translation have been identified
ng the origin of truncated his-specific transcripts
Oring polar mutations scattered in four cistrons”
:nnscription studies (Alifano et al., 1988;
:19945; Ciampi and Roth, 1988; Ciampi et al.,
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Bl upstream of the heterogeneous 3'-end
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e veral cryptic Rho-dependent terminators which '

or:reduce the extent. of these TTEs-

impaxr t.ra.nscnphon terrm ation (Chen and Rxchardson, 1987 Galloway and
Platt. 1988) and reheve polant.y (Clampl and Rot.h 1988 Cxampx et al., 1989).
Release ol‘ t.ranscnpts occurs downstream to T'I‘Es at mulhple sxt.es (TS=
Uenmnatxon 51tes) in comc:dence mth RNA polymerase pause sites (Alifano et
ll 1991 Rlvelhm eta.l 1991) RS X

80 The occurrence of more than one TTE in a given cistron accounts for the
hxgher degree ol‘ polanty generat.ed by promoter-pro:amal than distal mutations.
Moreover the vanable number and spaual dxstnbuhon ot' TTEs thhm different

s astrons explams t.he dxﬁ‘erences in shapes of polarity g'radxent.s The existence of

two closely spaced T'I‘Es in t.he proxunal part of hisG accounts for the -
dxsoonhnuxty of the polar eﬂ'ects (ka and Martin, 1967) Locahon of a single
“TTE toward he dx tal e

d of IusA results in a similar degree of polarity

exhxbxted by all mutatxons 1rrespect\ve of their relahve posmon in this cistron
(ka and Mart.xn )967) The sequenual use of more than one TTE result.s inan
addxuve el'l'ect for the more proxxmal mutatxons in hst and generat.es a real '
z‘radlent in the mstron (ka and Mart.m 1967) The blmodal shape of t.he
gradxent in IusC (Martm et al 1966) is due both to t.he presence ol' several TTEs
hghtly clustered in the proxxmal and the dxstal regxons of t.he cxst.ron and to the -
occurrence of concormtant processmg events (Ahfano etal, 1991) )

The unusual feat.ures of a class of polar and prohotropl'uc mutatlons which
map in the mterastromc hisD- lusC xeglon has contnbuted t.o understand the
physxological sxgmﬁcance of mt.racnstromc terrmnatxon (Rechler et al, 1972
Aleano et al 1988) ln the wild- Lype his opemn the Iu.sD and hisC mstrons are
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also reduce the expression of downstream genes. This phenomenon is commonly
called "polarity”. Albeit it were first described in the lactose system (Franklin
and Luria, 1961; Jacob and Monod, 1961b), the coordinate effect of polar ‘
mutations on expression of downstream cistrons and the existence of “polarity
gradients™ were better defined in the his system by using a large collection of
polar mutations widespread in different cistrons (Ames and Hartman, 1963;
Brenner and Ames, 1971; Fink and Martin, 1967; Hoppe et al., 1979; Johnston
and Roth, 1979; Martin and Talal, 1968; Martin et al., 1966a; Rechler et al.,
1972). The nature and the physiological significance of polarity has been
controversial for a long time (see Introduction). The phenomenon has been
explained by postulating the existence of intracistronic cryptic Rho-dependent
terminators (Adhya and Gottesman, 1978; de Crombrugghe et al., 1973).
According to a general model of transcriptional polarity (Adhya and Gottesman,
1978) premature arrest of translation would favor binding of Rho to the nascent
transcript, interaction of this terminator factor with elongating RNA polymerase
and subsequent release of transcript.

This model has been supported by more recent studies on polarity in the
his operon of S. typhirnurium. Several cryptic Rho-dependent terminators which
are activated by uncoupling of transcription and translation have been identified
within the Ais operon by analyzing the origin of truncated his-specific transeripts
produced in vivo in strains harboring polar mutations scattered in four cistrons
of the his operon and by in vitro transcription studies (Alifano et al., 1988;
Alifano et al., 1991; Alifano et al., 1994a; Ciampi and Roth, 1988; Ciampi et al.,
1989; Rivellini et al., 1991).

The comparative analysis of the intracistronic terminators in the Ais
operon allowed Lo identify common features of these signals and to better
understand the molecular mechanism by which Rho causes termination of
nascent .transcripts. A consensus motif consisting of a cytesine-rich and

guanosine-poor region that is located upstream of the heterogeneous 3-end

L=10]

" al., 1991; Rivellini et al., 1991).

points of the premat.urely tenmnated transcnpts has been detected inall R.ho- )

dependent t.ermmators -analyzed in the Ais operon as. well asin ot.h sy_sf.ems '

";, p 2 "\vl

(Ahfano etal 1991 vaelhm et,al. 1991) his regxo '(TTE t.ranscnpuon,

sz( "t
th ,ext_,e’g of th these TTEs

ampl et al., 1989)

Platt, 1988) and reheve polanty (Clampl and A t.h 19 ‘
Release of t:anscnpts occurs downstream to T’l‘Es at multlple sxtes (TS =.

termination sites) in comc:dence mth R.NA polymerase pause srtes (Aleano et

The occurrence of more t.han one TTE ina gwen astron accounts for the
lngher degree of polarity generated by promoter—proxxmal than dlstal mutations.
Moreover the variable number and spatxal dlstnbuuon of T'I‘Es thhm different
cistrons explains the dxﬂ'erences in shapes of polanty gradxents The existence of
two closely spaced TTEs in the proxlmal part of hsz aecounts for the
dxsconunmty of the polar effects (ka and Martm 1967) Locatxon of a single
TTE toward the dxstal end oI'IusA result.s ina smnlar degree of polanty
exhibited by all mutations 1rrespectwe of thexr relatwe posmon m this cistron
(Fink and Martin, 1967). The sequenual use of more than one 'I'I‘E results inan
additive effect for the more proxxmal mutatxons in thD and generates a real
gradient in the cistron (Fink and Martm 1967). 'I‘he blmodal shape of the
gradxent in hisC (Martin et al., 1966) is due both Lo the presence of several TTEs
tightly clustered in the proxrmal and t.he dxstal reglons of t.he cxstron and to the
occurrence of concomitant processmg events (Alifano et al 1991).

The unusual features of a class of polar and prowtroplnc mutations which
map in the intercistronic hisD-hisC regwn has contnbut,ed to understand the
physiological significance of intracistronic temunatxon (Rechler et al., 1972;

Alifano et al., 1988). In the wild-type his operon, the hisD and hisC cistrons are
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overlapped in that the temunahon UGA codon of the proximal hisD cxst.ron and .
the start AUG codon of the distal hisC cistron share the central UG dmucleohd .
(AUGA,; Riggs and Artz, 1984; Carlomagno et al., 1988). Mutation thD?352, ;
which maps in this region, is a G-C/T-A transversion, which changes the..stvo'p iy
codon UGA of hisD cistron to a sense codon thus allowing the ribosomé t.o . oL
continue translation until a new stop codon is encountered 30 nuclec.)tidé.g‘.  ‘“- L
downstream. At the same time, the transversion changes the initiation _codo; of =
the hisC cistron from AUG to the triplet AUU which can still be used asan
initiation codon, albeit with a reduced efficiency. This genetic mutation

generates a strong polar phenotype by inducing pfemature transcription
termination in AisC in spite of the persistence of residual levels of translation -
(Alifano et al., -1988). At a certain extent premature transcription termination

has been detected in AisC in wild-type strains grown in the presence of

antibiotics which are believed to lower the intracellular pool of fMet-tRNAf

thereby impairing efficient translation {nitiation (Alifano et al., 1994a). These
evidences support the proposal that transcriptional polarity does not require
complete arrest of translation (Stanssens et al., 1986) and that the degree of
premature Rho-dependent termination is inversely proportional to the efficiency -

of translation (Alifano et al., 1988; Alifano et al., 1994a; Richardson, 1991).
Post-Transcriptional Regulation: mRNA Processing and Decay

The unstable primary 7,300-nucleo‘tides long transcript of the his operon
has a haliflife of about 3 min in cells growing in minimal-glucose medium and is
degraded with a 5’ to 3' directionality. The decay process generates three major
processed species, 6,300, 5,000 and 3,900 nucleotides in length, that encompass
the last seven, six and five cistrons, respectively, and have increasing half-lives
(4, 6 and 15 min, respectively) (Alifano et al., 1992; Alifano et al., 1994a;
Carlomagno et al., 1988). The pattern of Ais mRNA decay is identical both in S.

9L

A

., 'relevance to balance t.he expressxon of t.he promoter proxxmal genes, whxch are '

", the. first to be transcnbed and the chstal 'ne

- The most dxsta.l 3,900- nucleoudes long processed specxes has a half ht‘e of

. about 15 xmn. The uncommon atabxlxty of t.h.ls molecule suggests' hat t.he

e, P

processing event that generates 1t has functxonal consequences In t;act, the
processed specxes spans the dxstal cxstrons whxch are mvolved in addmon to
histidine bxosynthesw m a punne recyclmg pathway Xeadmg t.o production of the
cellular "alarmone” ZTP (see above) (Ahfano et al 1994a). Notably, the same
distal genes are also transcnbed from the mtemal thp2 promoter whxch is
subjected to promoter occlusion (see above) .

The specific processing event leadmg to productxon of the 3, 900
nucleotides species is mechanistically complex It requu'es sequential cleavages
by two endoribonucleases. RNAase E triggers the process by inactivating
functxonally the native transcnpt at the level of a major tatget site located in
hisC cistron 620 nucleotides upstream of the 5'-end of the proce_ssed species and
at the level of minor sites (Alifano'et al., 1992; 1994b). RNAaseP éleavés the
processing products generatéd l_)y .RNAa_sg Eat a .di'scret.é‘sijt,e loéﬁb.ed 76
nucleotides upstream of_ the start godon of hlsB cistron ‘thl.xs oﬁgiﬁating the
mature 5 end (Alifano et al., 1994b). Thé RNAaéé P-dépéndént éleavage occurs
at the 5"end of a region that may fold into a short st.em loop structure followed
by a 3"-distal NCCA sequence. RNA molecules thh such features have been

proposed to be minimal substrabes for t.hxs endonbonuclease (Altman 1993
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Forster and Altman, 1990; Schuster, 1995?). The considerable stability of the

processed species may be conferred by the stem-loop structure sequestering the -

5'-end of the mature RNA generated by RNAase P (Bouvet and Belasco, 1992).
Translational events modulate the mRNA processing efficiency. The
R.NAase P-catalyzed reaction requires binding of ribosome at the ribosomal
binding site of hisB cistron (Alifano et al., 1992; 1994b). Ribosomes initiating
translatxon of hisB might favor the formation of the RNAase P-targeted
structure allowmg R.NAase P to cleave mRNA efﬁcxently Alternatively, they
might contribute to stabilize the processed species by arresting temporarily the
5'to 3 wave of decay. g T
Metabolic perturbation of the translation process ‘caused by limitation in
the intracellular pool of initiator tRNA results in an increase in the amount of -

. the processed species in vivo (Alifano et al., 1994a). This effect may be due to two
mechanisms. Low levels of initiator tRNA might uncouple transcription and
translation thereby improving the exposure of target sites to RNAase E which
triggers the process. Moreover, reduction of the intracellular levels of initiator
tRNA might aﬂ'ect processing by altering the kinetics of formation of the
initiatio'n complex at the intercistronic regions and causing stalling of ribosomes
at the hisB ribosome binding site (Petersen et al., 1976a, 1976b). Ribosome
stalling would in turn result into a stabilization of the RNAase P targeted
structure. Even though translation is likely to control mRNA processing and
deeay in this as well as in other systems (reviewed in Alifano et al., 1994c;
Belasco and Higgins, 1988; Petersen, 1992), the exact links of these distinct

cellular processes should be clarified in more details.
REGULATION OF HISTIDINE BIOSYNTHESIS IN OTHER SPECIES

As discussed above, regulation of his operon expression.in E. coli and S.

~ typhimurium has been the subject of very intensive studies and the general

dd@

z mechamsms and the molecular detarls of the process are fau-ly well estabhshed

..,\.'

On the contrary very [ew studxes in tlus area have been performed in other
prokaryotxc cells In general 1t seems that whxle the bxochem:cal reacuons
leading to hxshdxne bxosynthesxs are the same in L all the orgamsms the overall

genomic orgammtxon the structure of the th genes (see pertment sectmns) and
the regulatory mec.hamsms by whrch the pathway is regulated dxﬂ'er mdely in

tassonomic unrelated groups. - -

In the closely related orgamsm K. pneum.onwe the overall genoxmc '

orgamzahon, at least ol‘ the proxxmai ancl dxstal regmns, appears to be conserved

(Rieder etal, 1994; Rndnguez etsl, 1981 and Table 2) DNA sequence analysis
of the reg'ulatory reglon and promoter-expressxon studres under drﬁ'erent

metabohc conditions and in regulatory mutants also mdxcate that the

mechamsms oontrol.lmg the lustldxne blosynthesxs are well conserved (Rodriguez

~and West, 1984) In the other Gram negatwe mtrogen-ﬁxmg bactenum A

- ol

braszlense a Ius operon compnsmg ﬁve genes has been cloned and characterized

(see Orgamzatxon of the Hxstxdme Genes sectxon) but no ml'ormatxon on its

regulauon is avaxlable although a pamal charactenzatlon of the transcnpts has

been performed (Fam etal, 1993). ‘

~Although several hls blosynt.hetxc genes have been cloned and sequenced
l'rom orgamsms belongmg to the Gram posxtwe group of eubacbena (Hinshelwood
and Stoker, 1992; Sonenshem 1993 and see appropnate sectton) virtually
nothing is known about regulatlon ol' hlstxdme biosynthesis in these species. S.
coelu:olor his genes expressxon appears to be regulated by the mtracellula.r
hrstxdme levels (Carere etal, 1973 Lxmauro et al 1992) and the transcnptxon
mmatxon site of the cluster compnsmg ﬁve lus genes (leauro etal., 1990) has
been detcrmmed (leauro et al., 1992) ' v

" Finally, his bxosynthetu: genes from the other unrelated group ol'

prokaryotes, the archaebactena, have also been identified and “characterized (see
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Organization of the Histidine Genes section) but again studies of regulavt'.i'en of.:;

their expression have not been performed. iy

In all the above mentioned systems with the exception of K pneumanwe
the only conclusion that can be drawn is that regulation by au.enuahon can be
excluded since the 5'-proximal regions of all the genes and gene clust.ers leck 7
both the required palindromic structures and the hist.idine-rich' leade_r pe;:)t.ide;
(Delorme et al., 1992). It is felt that studies in this area, making use of t.he )
different his systems, might be very important and rewarding to unravel other
mechanisms by which simple unicellular-organisms regulate expression of
biochemical pathways. -

The sif.uation is completely different for the organisms belonging to the
* lower eukaryotes group and in particular for S. cereuisiae. In these cells the
mechanisms that regulate histidine and other amino acids biosyht,hetic
pathways are well understood and the his genes have been extensively used as a
model to.study these regulatory systems. Two different trans-acting systems are
operational. The general aming acid control, which activates transcription of
more than 30 genes in eleven biosynthetic pathways in response to amino acid
starvation, and the basal level control, which maintains transcription in the
absence of amino acid starvation. Both systems are dependent on transcriptional
activators (GCN4, and BAS1 and BAS2) and a series of accessory factors
including kinases and phosphatases. A detailed analysis of these mechanisms
goes far beyond the scope of this article and the interested readers are referred to
several excellent reviews that cover this subject (Arndt et al., 1987; Hinnnebush,

1988; Hinnebush, 1990).
EVOLUTION OF THE METABOLIC PATHWAY

Synthesis of Histidine in Possible Prebiotic Conditions

h{

s It is generally accepted t.hat hzshdme is present in the actwe sxbes of

- enzymes because of the specnal propert.xes of the xmxdazole group (Weber and

Mxller, 1981) wluc.h actsasa general amd—base catalyst in a number of
bxochemxcal reactions (Bender etal, 1984 Fersht 1977 ). It is t.herefore

reasonable to assume that Hxs-contaxmng small pephdes could have been

involved in iotie ion of other peptxdes (Whlte and Enckson 1980)
fucleic acid molecul '

fice these monome S 'cumulated m pnrmtwe tidal
{apoons or ponds. The synthesxs of hxstxdme must mvolve at some step t.he
formation of an imidazole group. Nevert.heless in the ﬁrst successful synthesm of
organic compounds under plausxble prebxohc condmons accomphshed by the

action of electric discharges for a week overa mixture of CH4, Hz, Hzo and NH3;

.(Miller, 1953), histidine and/or umdazole was not present among t.he reaction

products The formation of umdazole from glyoxal ammoma and formaldehyde
under plausxble prehxotxc condmons was demonst.rated much later on (Ordet al.,;
1984). Three years later Shen etal. (1987) showed t.hat imidazole- 4 glycol and
imidazole-4-acetaldehyde could be synthesxzed from erythrose and formaxmd.me
Later on it was demonstrated that umdazole 4- acetaldehyde, present among t.he
crude reaction products from erythrose and formamxdme, thhout isolation, can
be dxrect.ly converted to hxstldme by a Strecker cxanohydnn synthesxs (Shen et
al., 1990a); moreover the formahon in good yields of the dlpepud_e hxstxdyl-
histidine by the evaporation of an _aqueouﬁ solution of Net'rdihe in the presence of
condensing agents was»also_ demonstra.ted (Shen et al., 1990b). This dipeptide
was shown to have an enhancing e[cht in some prebiotic.reactions involving
nucleoude denvahves and ohgonucleotldes such as m the dephosphorylahon of

deoxynbonucleosnde monophosphate m the hyd.rolysxs of ohgo (A)12 ‘and in the

hr



oligomerization of 2',3'-cAMP under cyclic wet-dry laboratory reaction conditions
simulating a primitive evaporating pond (Shen et al., 1990cl. This body of data_
supports the hypothesis that simple peptides of prebiotic origin containing at
least two imidazole groups could have played a significant role in the chemical
events preceding the evolutionary development of enzyme biosynthesis (Shen et
al., 1990c).

Finally, since the biosynthesis of histidine requires a carbon and a

itrogen equivalent £-rom the purine ring of ATP, it has also been suggested that
it may be the molecular descendant of a catalytic ribonucleotide from an earlier
biochemical stage in which RNA played a major role in catalysis (White, 1976).

Origin of the Histidine Biosynfhetic Pathway

“1f hisﬁdine was required by primitive catalysts, then the eventual
.. exha\lstion of“t.he prebiotic supply of histidine and histidine-containing peptides
(Shen et al., 1990a, b, ) must have imposed an i'mportant pressure favoring
those organisms capable of synthesizing lmldazcle-containing compounds. There
are several independent indicationsfor the antiquity of the histidine
biosynthesis pathway. Even though h iologi isof histidine
actually originated can only be surmi the apparently universal phylogenetic
distribution of the Ais genes (Table 1) suggests that the histidine pathway was
already part of the metabolic abilities of the last common ancestor of the three
extant cell lineages (Lazcano et al., 1992;. Fani et al., 1995). This conclusion is
also supported by the fact that at least three different his genes (hisA, hisC and
hisI) have been identified in each of the three cell lineages and by the robusl.ness
of the his genes phylogenetic trees depicting the evolutionary distances between
different microorganisms (Fani et al., 1995). These data suggest that the
evolution of the 16S-like rRNA and that of the his genes were roughly parallel.

Hence this metabolic pathway might have been assembled long before the

RS~ Lo
2 R Gdeg

dwergence of the three oell lmeages most probably in the early stages of life -
evolution. How t.he Ius pat.hway actually ongmabed is sull an open question, but

ifferent t.heones have been suggested accountmg for the establishment
of anabolic routes These explanahons mclude x t.he retrograde hypothesns

us:.~ ;..

(Horowitz, 1945 1965) accordmg to wlnch

resent. bxosynthehc pathways
m th' \ﬁnal metahoht.es of the

_ were orgamzed stepwxse and backwards

pathways. Based on this hypot.he51s Horomtz also proposed that the group of
genes mvolved in one bmsynthehc pathway were generated by dupllcahon
followed by dwergence of a common a.ncestral gene n l.he possxbxhty that at

least some bwsynthetxc routes evolved l'prwards i. e, l‘rom s1mple precursors to

) complex end product.s (Gramck 1965) i, the xdea that metabolxc pat.hways
appeared as a result of the gradual accumulatxon ol‘ mutant enzymes thh
minimal st.ructural changes (Waley, 1969) and w the pau:hwork theory, s
according to which metabohc routes are t.he result of t.he senal recrmtment of
relahvely small me['ﬁcrent enzymes endowed th.h broad spemﬁcxty t.hat could

react with a nge of chermcally related substrates (Ycas 1974 J ensen

The comparahve studles of the known l'ust.xdme genes tham

the same metabolic pathway in dlll'erent orgamsms belongmg to the three cell

lineages ma

] d how /metabohc athway has asse

The cladistic analysis of the avallable his sequences mdxcated that
paralogous gene duplications played a ma;or role i m shapmg the pathway This is
indicated by the evidence of two successive duplxcat.xons mvolvmg an ancestral
module which eventually led to the AisA and hisF genes and thexr homologues
(Fani et al., 1994, 1995) (sce below) On the basxs of tl’us analysxs it has been
postulated that the hisA and lusl' (,enes and their homologues are the
descendants ofa gene encodmg a less specxﬁc enzyme (Fani et al 1995) an

- evidence suppcrted also by the l'mdmg that t.he HlSF protem is able to mberact
even with an apparent reduced alﬁnxty, to 5" ProFAR the substrate of HisA
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enzyme (Klem and Davidsson, 1993). Moreover Shendan and Venkataraghavan

(1992) have proposed a potential substrate recognition in HISA and HxsF on t.h

basis of a common signature in both proteins which was assumed Vto bea stxa‘n.d-:* :

belix- strand structure that could bind glycerol-phosphate moieties. It is then ¥
possible that 5-PRFAR or §"-ProFAR could have been the subst.tate of t.he 3

ancestral HisA enzyme (Fani et al., 1995). These data appear to support the so-
called patchwork hypothesis (Ycas, 1974; Jensen, 1976), and are consxstent mth
the possibility that an ancestral histidine pathway may have unphed a pnmxhve
enzyme catalynng two or more similar reactions and whose substrate speqﬁuty :
was refined as a result of later duplication events. The possibility that hisﬁdine )
biosynthesis was originelly mediated by less specific enzymes is strongly .
supported by the common origin of the imidazole glycerol-P synthase encoded by -
the enterobacterial hisH gene, with other E. coli G- type glutamine ’
amidotransferases (GAT) which participate in the biosynthesis of purines,
pyrimidines, arginine, tryptophan, and other ancient pathways (Fani et al.,

1995). Although for the time being the lack of sequences of G-type GAT from the
three cell lineages limits a complete evolutionary analysis, similarity data
available suggest that they may be the descendants of an ancient, less-specific
glutamine amidotransferase which mediated the transfer of the amide group of

glutamine to a wide range of substrates (Fani et al 1995).

&A : E Evolution of his Genes

Theevolutionary‘comparison of the /iis genes in the three cell lineages
clearly indicates that, after the divergence [rom the last common ancestor, the
structure, organization and order of these genes have undergone several major
rearrangements in the different cellular lineages (Fig. 2). Although it is not
possible from the analysis of the available data to infer the organization of the -

his genes in the last common ancestor (that is whether these genes were

0]

NI

duphcahon appears t,o.be ooe of the mo

: have speaal sxg'mﬁcance among eukaryotes where the absence of 0 opetons does

. not allow coordmabe regulatlon by polyctstron-xc m.RNAs (Davxdson et al 1993).

Evolutxon of hisB. As descnbed above m enterobactena IusB codes fora
bxfunctxonal enzyme cat,alyzxng the snxth and the eighth steps of h.lstxdme
biosynthesis (Wmlder 1987) The most wxdely accepted model for the association
of these two enzymatic achvmes of the IusB gene product prechcts the existence
of two independent domams in the gene 1 e.,a pronmal domam encodmg the
phosphatase moiety, and a dxstal one encodmg t.he dehydratase actmty (Brady
and Houston, 1973; Chum!ey and Roth 1981 Lopex' 1961). The stmctural
organization of the two enzymat:c acuvmes m other rmcroorgamsms where they
are encoded by two separate genes conﬁrms the two domam model dlscussed O
above (Flg 2). Taken altogether, the avallable data support the xdea thata
bifunctional hisB gene is an enterobactenal pecuhanty, ie., 1t seems hkely that
the evolution of the AisB gene in E.coli a.nd s. typhzmunum could have involved
the fusion of two independent cistrons, hszpx and hisBd, cod;ng for a HOL-P
phosphatase and an IGP dehydratase, respectivvely (Fani e‘t'al. 1989; 1995). The
lack of significant sequence homology bet.ween the two mmehes of the

enterobacterial hisB gene suggests that domam shuﬂ'lmg rather than gene

" duplication or gene elongation could be'responslble for its present-day structure.
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Moreover, it is likely that this fusion event took place after the evoluuonary

splitting between the & and the y branches of the purple bacbena as A. brasdense '

o STy

also showed separate genes.

Evolution of hisI and hisE. As reported above IusI and thE genes are ;
fused in E. coli, S. typhimurium, L. lactis, S. cerevisiae, P. pastons and N crasso_.‘
but separated in A. brasilense and M. vannielii. No contrasting hypotheses
could explain this difference. In one of them an ancestral kis/E bifunctional gene
gave rise in some prokaryotes to monofunctional genes by at leas£ two
independent splitting events. Alternatively two ancestral genes, each of which
encoding a monofunctional enzyme catalyzing sequential steps in histidine
biosynthesis, might have undergone many independent fusion events in different
cell lineages.(Fani et al., 1995). 2 '

In lower eukaryotes the hisl and IusE genes are fused to hisD gwmg a
larger multifunctional gene. As shown in Fig. 2, these genes share t.he same
internal organizati.on, with the "hisD domain” located at the 3-terminal region.
It has been previously suggested that this eukaryotic multifunctional gene
originated from the fusion of bacterial separated cistrons (Bruni et al., 1986), but
just how many gene fusion and/or gene elongation events led to the extant fungal
genes is an open question. Moreover, since H/S4 and his-3 genes share the same
internal organization, the putative fusion event(s) took place before the
evolutionary separation of these {ungi, but after the separation of fungi from
plants, in fact the hisD gene of B. oleracea is not fused to the hisl and hisE genes
demonstrating that the evolution of Ais genes followed different paths among
eukaryotes.

Evolution of paralogous his genes. An additional intriguing feature of
histidine biosynthetic genes concerns the two genes hisA and hisF. The accurate
observation of the sequence of hisF gene and of its product demonstrated a’

remarkable homology with hisA, the nearest preceding gene in eubacterial

operons, and with its product 5'-ProFAR isomerase (Fani et al., 1994). This
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S homolog;"‘reoogmz

.eonshtubed by two mo:ehes correspondmg to. the E colt hts_H and lusF genes
) respecuvely (Kuenzler et al 1993) Analysxs of Lhe deduced ammo acxd sequence

-of the HxsF moxety coded by the 3' regxon of HIS? revealed a lugh deg'ree of

sequence sumlanty thh the prokaryotxc Hst protems, especnally vnth the -

a.rchaebactenal ones tlus moxety, hke xt.s bact.enal counterpart is formed by two
homologous modules half the sxze of the enhre moxety (Fam et al 1995) More
recently, the HIS6 gene ol' S. cereu«.s:.ae homologous to t.he prokaryotlclusA has
been cloned and analyzed (Fam et al., unpubhshed dat.a b) lts product shows a
sxgmﬁcant. deg'ree of sequence homology thh the prokaryonc Hst proteins, thh
the known eubacterial HisF proteins and also wnth the 3 domam of yeast HIS7,

indicating that. also the S. cereuz.suze HI Sb‘ and H IS 7 genes are paralogous (Fani
et al. unpubllshed dates The H[SG gene also shows the two-modules structure
typical of all the k.nown hisA and IusF genes Thxs set ol' dat.a suggest.s that hisA
(and probably hisF, although an archaebactenal thF gene has not been
identified yet), was part of the genome ol‘ t.he last common ancestor and that the
two successive duphcatxon events leadmg to the e\tant. hzsA and thF took place
long before the dlversxﬁcatlon of the three evolutlonary domams, probably in the
early st:.ages ol' the molecular'e\;olul.ion of the histidine pathway |
The evoluhonary lustory of thH also probably involves a doplxcatlon

event. In l‘act1 the sequence smulanty of the difTerent mudazole glycerol P
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synthases encoded by the enterobacterial hisH genes with the sequeeces A
encoding the so-called G-type glutamine amidotransferases (GAT) Eeneé
encoding the anthranilate synthase (Nichols et al., 1980), 4- ammo-4-
deoxychorismate synthase (Kaplan and Nichols, 1983), carbamoyl- P sy'nthase
(Piette et al., 1984), GMP synthase (Tiedeman et al., 1985), CTP synthetase
(Weng et al., 1986), and formylglycinamide synthetase (Schendel et al., 1989;

Sampei and Mizobuchi, 1989), implies that these different enzymes are also the

products of ancient paralogous duplications (Fani et al., 1995). From an
evolutionary point of view particularly interesting is the S. cerevisiae HIS7 gene
which appears to be constituted by the two bacterial-like cistrons hisH and hisF
(Kuenzler et al., 1993), which in turn are the results of two series of independent
gene duplication events. As previously reported the E. coli hisF and hisH genes
code for proteins which associate to form a heterodimeric enzyme. The genes
encoding them are not adjacent in any of the studied bacteria, but are fused in
yeast as a result not of an elongation event, but of a doma.in shuffling
phenomenon (Fani et al., 1995). However the possibility that the HIS7 gene
could have originated from the fusion of two genes via the deletion of the
intervening region cannot be ruled out. As reported before the 3'-terminal region
of HIS7 is considerably lunger than eubacterial AisF genes, due to the presence
of six insertions in the first module (hisF1) of HIS7. Since these insertions are
not present in HISG6, it is likely that they have been incorporated in HIS7 after
the divergence of prokaryotes and eukaryotes. Nevertheless we cannot a priori
rule out the possibility that these insertions could have been incorporated in an
(Fewi ALTIR fil vacpnMolef dhip )
ancestral HIS7 gene before this divergence. The cloning and analysis of
archaebacterial and additional eukaryotic 2isF genes might solve this issue.
Evolution of his clusters. Differences in the relative his gene order may
be observed in those prokaryotes in which at least some of the histidine
biosynthetic genes are clustered as reported before. Nevertheless, four of the

clustered genes (hisBd, hisH and hisA, and also hisF, except the latter for S.
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_novo synt.hesxs of punnes (see above)

g pathway, connectmg lnshdme' bxosynthesns w1th mtrogen metabohsee end the de

. Itis possxble thaL t.h four genes hJ.sBdHAF could tepresent Lhe core of the

hxstxdme bxosynthems and that the Ius operon xs an opee plashe operon ie. an
operon in whxrh except for t,he hxghly mamt.amed core of the pat.hway, different
-mu.. 395

. ways of gene orgamzatxous are possxble (.. 2). Indeed, the known Ius operons

show dxﬂ'erent gene orgamzatxon and most of them (A. brasxlense, S. ooelzcalor,
lactis), also contain non homologous ORFs thh unknown functxon_ Moreover itis
possible that this set of enzymes (or at least HxsF and Hst prot.ems) area
“metabolon” as deﬁned by Srere (1987), promotmg the preferentxal transfer of an
intermediate metabolite from one enzyme toa physxcally ad;ecent enzyme, and
limiting its dxﬂ'usxon mto the surroundmg milieu (Mathews 1993) The question
whether these four genes could have act as a unitary block in the evolution of
eubacterial Ais genes will be _solved_when'addxtlonal his operons from other

different eubacteria will be describedii‘n detail (Feo oS ““fr()
Molecﬁlar Phylegenies of his Genes

"Because of the availability dr so many sequence da-ta_ m so :many different
organisms, the his biosynthetic genes cenEti tute a precious o._pportuni.ty to
perform. phylogenetic studies. The molecular phylogeneﬁc analysis of the his
genes. performed in order to compare the evolutionary reletionehips among the
organisms {rom which the different gehes involved in the bafhway have been
sequenced, was consistent with the existence of t‘hree ceiluler domains (Fani et
al,, 1995). Some peculiarities of Ais éenes evolution ere hO\eever worth to
mention. The detailed analysis of the phylogenehc trees showed that the

nitrogen-fixing a- purple Gram negatwe bactenumA braszlense was in most

%



cases nearer to Gram positive bacteria than to its close relatives, tl;lé 7 purple
enterobacteria E. coli and S. typhimurium. The same reSult. was fdﬁnd forK.’

pneumoniae, when the first one hundred amino acid that are available for 1ts

hisG gene product were compared; but the latter result was not conﬁrmed by the
anelysis of the HisF proteins, which placed K. pneumoniae closer to E. coli and S.

typhimurium. Whether the peculiar position of this two nitrogen-fixing
eubacteria reflects an ancient lateral gene transfer event is not clear yet;
Another interesting feature of his genes evolution concerns the trees depicting
the phylogenies of the hisC and hisI gene products that point towards the
evolutionary proximity of the low GC Gram posit.ive branch (B. subtilis and L.
lactis) to the Archaea rather than to the otfxer bacteria (Fani et al., 1995). This
observation is consistent however with results obtained by the comparison of
glutamate dehydrogenase (Benachenhou-Lafha et al., 1993), heat shock proteins
(Gupta and Golding, 1993; Gupta and Singh, 1994), glutamine synthetase
(Brown et al., 1994; Kumada et al., 1993; Tiboni et al., 1993), and carbamoyl
synthetases (Lazcano, Puente and Gogarten, unpublished results), all of which
have been interpreted as indicating an early massive lateral gene transfer event
between the ancestors of both archaea and Gram positive bacteria (Gogarten,
.1994). This hypothesis is therefore supported also by the phylogenetic trees
constructed by using the histidine gene products.

It is also noteworthy that a systematic study of the paralogous
duplications that took place prior to the diversification of the three cell domains,
such as those involving hisA and hisF may provide promising set of data for the
construction of deep phylogenies that may shed light on the proper rooting of the

universal trees.
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:CONCLUSIONS
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R:zuhuon of thc acuvuy oE Lhc ﬁrst en.zymc ot r.b~ ‘pa.lhway by thc cnd-product :

. h.xsndmc and by sc\ual othcr molcmles sxgnalmg em.cy chargc of lhz cell represents a
) soph.\suca.n: cxamplc of e.nzymanc fecd-back mhxbmon._'!'l'\c smdy of the corr:lanon between
“the aggreganon state of the cnzymeand ts actmty wx.Ll hc)p%mfy ihc mac-bamsm of -

allosteric mhxbxuon.&eéompamon offszrucmral propcruz.s of scvcr.\l his gene products,

. each cam]ymg more, :han one bmsymheuc stcpsﬁxonde.lllhc oppomumy to study the
evolution and the mochamsms of uta]ym of bxfuncuona] and mulufuncuonal enzymes.
HOL—dehyd:ogenasc of S, ryp}umunum n:va;scnts one o' lhe ﬁrst exampl:s of bifunctional
NAlﬁ—lmbd dcbydmgmases Evcn though the !nsudxm. bxosynthcuc paxhway was almost
completely known smcc a long tire, the last bh.nd spot c'mccmmg mc conversion of 5-
PRFAR (BBMII) to IGP and ‘AICAR (PRAIC or ZMP) Juas bccn elucuatcd only recently.
The recent finding that i in Enrerabacterm zhe iu.rH and hn"" genc products in analogy to
other glotamine a.rmdou'a.nsfc.rascs. usocxaxc m form Lhe dunenc active IGP synthase
holoeazyme azalyzmg this | step wzll hclp lo mvesr.xguc |J~> mcchamsms of catalysu and the
functional interactions of monomers in mulumcnc enzyru.s et

The purine and hisudme bmsymhcuc pathways e connectcd wa thz "AIC.AR cyc!c.
The AICAR is converted eub.-.r to IMP, in the pmscncc of adcquam folate levels, orto lhe .
unusual nucleotide ZTP, under mctabolxc condmous induzing a folate starvanon. ZTPisa
proposed alarmone signaling C-1- folate dcﬁcxency and mr.dmnng a physxologxcal response w0
folate stress. Although inhibition of folaxc metabohsm a‘.uﬂly lcads to alterations of a
number of intracellular processes, , by mducmg membohc lranscnpuonal polarity and by
a!'.fecun° mRNA decay and processing, or by. triggering uther phoenomena, as sporulation in
B. :ubtdu, the involvement of ZTP in these processes is cnly speculative and further studies
will be required to demonstratz the cx:s!ence of a folate stress regulon.

Overproduction of AICAR has been previously in- soked to account for the multiple
phenotypic changes resulting from the constitutive expre ssion of hisH and hisF gene
products. However, the evidence that the pleiotropic reszonse still occurs in strains devoid of
AI('T‘AR as a consequence of interruptiong the carbon flzw through the histidine and the
purine pathways has ruled out this hypothesis. Intergenic 'supprcssion analysis has allowed to
spcc.ulau: that several aspects of the pl;iouopié rc.éponse lfe.g. filamentation) might be duc o
the interference of elevated expression of hisH and hisF with the synthesis of ccll wall. This




genetic approach has revealed its importance in identifying novel loci on the S. fyphimurium ) _— ) ) )
chromosome which control synthesis of cell wall and 10 esnbh.sh a hicrarchy betweea mcm g downstream to the cleavage site. The role of ribasome in.this reaction remains elusive as well ‘l
by observing epistatic effects among SUppressors. : as thc c}gnenrs respoasible for stability of this species. Answcnng these questions will ketp~ 12ul1

; toahafy several fundameatal aspects of post-tmnscnpno".ll conrml the role of ribosomes;
£ organization of his geaes in other species. } i  the nature of stability determinants; the role of RNase P in pmccssmg molecules other than
. precursors to tRNAs.

The investigiﬁon of the mechanisms regulating the expression of the his operonin S. . .

typhinutrium and E. coli has help to clarify geaecal aspects :ofcontrol of geac expression in ———gagulatica of his in other $pect
prokaryotes. Although transcription ateauation was demonistrated to regulate his expression -evolption of gencs md_ phylm
and was formally mconzcd in its essence ofewBn-spaciliCIransiztonalcontrotnf

transcrptonr Over tweaty years ago, several mechanistic aspecs concerning thé mechanisa
regulating the coupling of transcdption and translation in nhe leader region have been
clucitated only receatly.

The availability of a large collection of polar mutztons scattered along the differeat
cistrons of the operon has provided the opportunity to smdy the mechanisms responsible for
polarity. These studies have led w eavisage the existence of a general mechanism regulating
transcription in response to the rate of protein synthesis, 6peraxing at the level of
intracistronic Rho-dependent terminators. Understanding the structure of the transcription
clongation complex, the nature of the cis signals on RNA and DNA modulating its activity
and the role of ribosomes in controlling the elongation St.,p of transcription represent relevant
subjects of this research ficld.

Post-transcriptional mechanisms have been more rzcently shown to regulate the
expression of bacterial genes. The existence of a specific zatten of decay of the his native
transcript has been evidenced. The decay process, which -, dependent on RNase E, has a net
5'to 3' directionality and originates termporarily stabilized Species whose 5' ends map
immediately upstream to the intercistronic barriers. The z:: le of ribosomes at the intercistronic
barriers in this process will probabily help to formulate 2 Leacral model of decay of
polycistronic mRNAs.

In addition to this complex patiern of mRNA deczy, whosz physiological sigaificance
might be to balance the expression of the promoter proxinial genes, which are the first to be
transcribed, and the distal ones, a processing event genzsutes a considerably stable transcript
spnnning._the distal cistrons. The relevance of the processiag event in the cellular economy is
not clear. The presence of an intemal promoter, evolutior:arily conserved betweea E. coli and
S. typhimurium, driving transcription of the same distal cistrons contined in the processed
species, suggests the existence of a selective pressure faviuring the differential expression of
these cistrons, whose products are also involved in metzholic pathways other than histidine
biosynthesis. The mechanism originating this species has been clucidated only in part. The
processing event requires the sequential action of RNass = and RNase P and is dependent on
the preseace of ribosomes initiating translation at the intc;cistxonic barriers located close



CONCLUSIONS

The availability of information about over than 60 Ais genes l'rom a wide range
of (micro)organisms belonging to the three cell domains has permitted a deep analysis
of the structure, organisation and evolution of the histidine biosynthetic genes. As
reporetd abovc there are many clues indicating the antiquity of this anabollc pathway.
The phylogcneuc distribution of the his genes and the fact that at least three of them
(hisA, hisl and hzsC) have been identified in the three cell lineages strongly suggests
that this pathway was one of the metabolic activity of the last common ancestor (LCA)

“and that the entire pathway might have been assembled well before the appearance of
this cell. This possibility is strongly supported by the robustness of the trées depicting
the evolutionary distances between different his gcnes; which have the same general
topology and show similar interdomain relationships (Fani et al 1995).

The synthesis of histidine and of the dipeptide with catalytic activity hystidil-
histidine under possible prebiotic conditions suggests that these molecules were
present in the primordial soup ( early stagt;s of molecular evolution) and that the
pathway might have assembled in consequence of the exhaustation of the prebiotic
supply of histidine and histidine-containing peptides, which must have imposed an
importance pressure favouring those organisms capable of synthesizing imidazole-
containing compounds. The analysis and the comparison of the structure of some of the
histidine genes (hisH, hisA and hisF) suggests that paralogous gene duplications have
played an important role in shaping the pathway. This is indicated by the evidence of
two successive duplications involving an ancestral module which eventually led to the
hisA and 711'51" genes and their homologues (Fani et al. 1994) and by the possible
common origin of the imidazole glyccrol-P synthase encoded by the E. coli hisH with
other G-type glutamine amidotransferases which participate in the biosynthesis of
purines, pyrimidines, arginine, tryptophan, and other ancient pathways (Fani et al
1995).

. dupllcauon cvcnts

prmuuvc mctabollc rouis

P e

! samc mctabohc routc and whosc substratc spccnﬁcxty was réﬁned as a result of later

Aﬁer t.hc buxldmg of the cnure palhway, and supposmg Lhat thc populanon of

...«,‘.v P

last common ancestor s cclls sh.a:cd thc same hzs gcncs structurc ahd organization,

thesc gencs undcrwent sevexal maJor rean‘angcments m lhc mfferent cellular lineages.

Concemmg the orgamzauon, m thosc bactena wherc thcuhxs gencs ‘have been

_xdentlﬁcd, at lcast ‘some of thcm an: clustcrcd m an opcron (ﬁgure 2). This is

particularly Lrue for hszd H A (and oﬁen F) whxch have always been found to be part
of an operon (Fi lgure 2) where they are oonuguous and arrangcd in the same order and

Wthh mlght rcpresent the m of thc hxsudmc blosymhcuc pathway This group of

; genes mlght have acted as'a umtary block m the evolutlon of the eubacterial pathway.

Itis also possxble that t.hc set of ¢ cnzymes they code for (or at least the HisF and HisH

protcms) are a metabolon promotmg the prcferentlal transfcr of an intermediate from

'one enzyme to a physically ad_)accnt cnzyme and llmumg lts diffusion into the

surroundmg melxeu )

Although limited mformalxon aboul lhe orgamzatlon of the his gene in archaea
exists, the available data clcarly suggcst that they are scattered on the chromosome,
tesembling lhe situation of Iowe; eukaryotes, where the histidine genes are not part of
operons and are locali;cd on different chromosomes (Figllre 2). In the latter organisms
the coordinate synthesis of two or more enzymalic activities is often Vachievcd by gene

fusion ( see for eample the S. cerevlslae HIS4 and HIS7 gcnes )- But genc fusions have

also been occurred in cubaclena (hstE hisB)



The phylogenetic comparison of the available his genes sequences is consis&uf
with the existence of three cellular domains, but this analysis also placed that the‘:v' :
nitrogen-fixing a-purple Gram negative bacterium Azospirillum and some Archaea’

near to the low GC Gram positive bacteria including B. subtilis and L. lactis, which

probably reflect massive lateral gene transfer events. Therefore the Ais genes and their
products can be used to establish the phylogenetic mlatioﬂshsips among
microoranisms, and may also evidentiate events of lateral gene transfer. Moreover,
since paralogous genes are often used for rooting the phylogenetic trees, a systematic
study of these paralogous duplications that took place in the early stages of molecular
evolution' may provide promising sets of data for the construction of deep phylogenies

that may shed light on the proper rooting of the universal trees.
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