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RESUMEN

Una descripcién adecuada del origen y la evolucion temprana de la vida requiere de
la comprension de la evolucion de la catalisis bioldgica. Durante las primeras etapas
de la evolucién, los sistemas biolégicos primitivos pudieron haber dependido no solo
de ribozimas sino también de varios catalizadores simples, tales como péptidos,
iones metalicos, arcillas, minerales y moléculas organicas; una de estas moléculas
organicas es el grupo imidazol. Este grupo quimico se encuentra presente en varios
tipos de biomoléculas: forma parte de la estructura quimica de las purinas, y juega
un papel central en la catélisis bioldégica contemporanea como parte de la cadena
lateral de histidina, el aminoacido que se encuentra con mayor frecuencia en el sitio
catalitico de las enzimas. Sorprendentemente, los motivos imidazélicos de la
histidina y purinas son biosintetizados por enzimas no homoélogas. Como se discute
agui, este fendmeno puede entenderse como un caso de convergencia evolutiva de
tipo funcional. En este trabajo, analizamos este proceso polifilético empleando
analisis filogenéticos, estructurales y de bioquimica evolutiva, y argumentamos que
el origen independiente de las enzimas puede ser explicado por las diferencias en
la funcion bioquimica y catalitica de la histidina en comparacién con la de los

ribonucledtidos de purina.



CAPITULO I. ORIGEN DE LA CATALISIS BIOLOGICA: UNA PREGUNTA FUNDAMENTAL PARA
ENTENDER EL ORIGEN DE LA VIDA
Introduccion: sobre el estudio del origen de la vida

La idea de que los organismos vivos son el resultado histérico de una
transformacion gradual a partir de materia inanimada se comenzé a popularizar
después de la publicacion de la primera edicion de ‘El Origen de las Especies’ de
Charles Darwin (1859). En este marco tedrico se defendia que los primeros
organismos tenian la capacidad de fijar CO2 atmosférico, el cual usaban, junto con
el agua, para sintetizar compuestos organicos; es decir, se proponia un origen
autotrofico de la vida (Tirard, 2010).

La publicacion de los trabajos de Alexander Oparin sobre el origen de la vida
(Oparin, 1924; 1938) disputan la propuesta de un origen autotrofico y, mediante un
andlisis impregnado por un pensamiento darwinista que involucraba una evolucion
lenta y gradual de lo simple a lo complejo, proponen un origen heterotréfico,
resultado de un largo proceso de evolucién quimica y pre-biolégica, donde las
primeras formas de vida debieron haber sido microorganismos dependientes de las
moléculas y substancias organicas presentes en su medio externo (Oparin, 1938;
Tirard, 2010).

Oparin basé la idea de un origen heterotrofico, en parte, en la universalidad de
las reacciones fermentativas, las cuales, segun su razonamiento, debieron haber
aparecido primero en la evolucion debido a su sencillez, y es que para Oparin era
imposible conciliar la propuesta de organismos dotados de pigmentos fotosintéticos
primigenios con las ideas de evolucion darwinista donde se parte de lo simple hacia
lo complejo (Lazcano, 2010).

A partir del andlisis detallado de los datos geoquimicos y astrondmicos
conocidos a esa fecha, Oparin propuso también una atmdésfera primitiva, altamente
reductora, desprovista de Oz y compuesta de CHa4, NH3s y H20; bajo esas
condiciones se sefialaba que el origen de la vida habia sido precedido por un
periodo de sintesis abiotica y posterior acumulacion de diversos compuestos
organicos en los mares de la Tierra primitiva (Oparin, 1938). Dicha acumulacion dio

lugar a la formacion de un caldo primigenio (0 sopa prebibtica) que contenia una



amplia variedad de moléculas. Ahi, segun el razonamiento de Oparin, debido a la
conglomeracion de moléculas organicas y otros polimeros con cargas opuestas se
formo un tipo particular de coloide: los coacervados. Oparin sugirié que la evolucion
de los coacervados dio lugar a la aparicion de los primeros organismos (Oparin,
1938).

Los coacervados probaron ser un modelo inexacto para la evolucion de las
primeras formas de vida en la Tierra, por lo que fueron abandonados. De la misma
manera, experimentos modernos han demostrado que la atmdsfera primitiva
probablemente no era altamente reductora sino neutra (Cleaves, et al., 2008),
también entendemos que los procesos graduales no son necesariamente lentos, e
incluso sabemos, gracias al registro fésil, que el origen y la evoluciéon temprana de
la vida ocurrieron en lapsos de tiempo geoldgico cortos (Lazcano & Miller, 1994;
1996).

Sin embargo, el planteamiento general de la teoria de Oparin tuvo grandes
implicaciones para la biologia, ya que su trabajo logro la transformacién del estudio
del origen de la vida, que pasé de ser un campo puramente especulativo a un
programa de investigacion estructurado y amplio (Lazcano, 2010). Dentro de este
nuevo programa de investigacion hay, incluso, reformulaciones de un origen
autotrofico de la vida que disputan las propuestas de Oparin (cf. Weiss, et al., 2018).

La teoria del origen y evolucion temprana de la vida de Oparin ha experimentado
también una reestructuracion desde la segunda mitad del siglo XX, en ésta
encuentran cabida los hallazgos experimentales de la biologia molecular, asi como
las aportaciones teéricas de la biologia evolutiva.

Un punto de convergencia entre estas dos ramas de la biologia y que ha sido
perfectamente incorporado a la teoria del origen heterotréfico es el planteamiento
del papel que pudo haber desempefiado la molécula de acido ribonucleico en las
etapas mas tempranas de la vida, una hipoétesis que se conoce como “el mundo de
RNA” (Gilbert, 1986).



Mundos de RNA

En términos generales se entiende por mundo de RNA al conjunto de modelos que
buscan explicar un periodo hipotético en la evolucion temprana de la vida en la
Tierra y donde las moléculas de &cido ribonucleico tenian un papel central. La
concepcion mas conservadora de un mundo de RNA sustenta que dichas moléculas
actuaban como catalizadores y como polimeros genéticos en formas primitivas de
vida, las cuales carecian de DNA y enzimas proteinicas (Joyce, 2002). Sin embargo,
tal y como lo discuten Robertson y Joyce (2012), el mundo de RNA implica diversas
premisas para diferentes investigadores, donde cada uno tiene su propio juicio de
lo que representa, creando asi no uno, sino varios mundos de RNA. Por ejempilo,
para Gilbert (1986) el mundo de RNA representa un sindnimo del origen de la vida
mientras que para Williams y colaboradores representa un estadio implausible en la
evolucion de la misma (Bowman et al., 2015). Para el presente trabajo se establece
gue el mundo de RNA es una etapa en la evolucién temprana de la vida, donde la
continuidad de la informacién genética estaba dada por la auto-replicacion del RNA,
y donde los sistemas bioldgicos primitivos dependian de dicha molécula y de sus
interacciones con iones metélicos, minerales, asi como con un amplio catalogo de
moléculas organicas para llevar a cabo las reacciones quimicas necesarias para
mantener su metabolismo. El catalogo de dichas moléculas pudo haber incluido
compuestos capaces de formar membranas, aminoacidos e incluso péptidos
pequefios, todos estos compuestos pudieron haber contribuido a moldear el
ambiente quimico en el cual evoluciond la vida (Jadhav & Yarus, 2002; Hsiao, et al.,
2013; Wieczorek, et al., 2013; Vazquez-Salazar & Lazcano, 2018).

Las primeras propuestas de una etapa temprana de evolucién biologica donde
el RNA tenia un papel trascendental vienen de los trabajos independientes de
Alexander Rich (1962), Carl Woese (1967), Francis Crick (1968) y Leslie Orgel
(1968). Estos autores analizaron detalladamente, bajo una 6éptica evolutiva, las
evidencias bioquimicas y de la biologia molecular que demostraban el papel del
RNA en diversos procesos celulares, principalmente en la traduccion, y concluyeron

que dicha molécula debié haber precedido la aparicion del DNA en la evolucion,



sugiriendo que los primeros organismos en habitar la Tierra empleaban al RNA
como polimero genético y, posiblemente, como catalizador.

Gracias al trabajo independiente de los grupos liderados por Sidney Altman y
Thomas Cech en la década de 1980 se descubrié que el RNA también puede llevar
a cabo reacciones quimicas (Kruger, et al., 1982; Guerrier-Takada, et al., 1983). El
hallazgo de moléculas de RNA cataliticas (ribozimas) dio, practicamente sin
buscarlo, la evidencia experimental que necesitaban las propuestas teoricas de
Woese, Rich, Crick y Orgel para profundizar y enfatizar el papel primigenio del RNA.

Ademas de las ribozimas celulares, producto de la evolucién bioldgica, diversos
laboratorios en el mundo han logrado seleccionar artificialmente un amplio catalogo
de ribozimas. Estas ribozimas artificiales, producto de experimentos de evolucion in
vitro, presentan una variedad de actividades cataliticas no encontradas en el
repertorio de los RNA biolégicos (Wilson & Szostak, 1999; Martin, et al., 2015). Con
esta aproximacion se ha logrado concluir que, en conjunto, las ribozimas, tanto
naturales como artificiales, pueden llevar a cabo las seis clases de actividades
cataliticas presentes en las enzimas proteinicas (Hernandez-Morales, et al. 2019).
Un listado variado de ribozimas robustece y hace mas atractiva la hipotesis del
mundo del RNA, pues permite construir un escenario donde se explique cémo una
proto-célula desprovista de enzimas proteinicas podria mantener un proto-
metabolismo (suponiendo también una manera de replicar la informacién genética
contenida en el mismo RNA).

Una de las evidencias mas usadas para dar peso y plausibilidad al mundo de
RNA proviene del ribosoma (cf. Noller, 2012). Este complejo ribonucleoproteinico
(RNP) representa una de las maquinarias mas importantes para la célula, pues es
ahi donde la traduccién de las proteinas se lleva a cabo.

Fue precisamente el interés en la sintesis de proteinas lo que llevo al temprano
reconocimiento de que la molécula RNA jugaba un papel importante en este
proceso, pues las mediciones experimentales demostraban una correlacion entre la
cantidad de RNA en la célula con la capacidad de sintesis de proteinas de dichas
células (Caspersson, 1941; Brachet; 1942); sin embargo, no fue sino hasta la

descripcion bioquimica de la fraccidon microsomal del citosol (Claude, 1946)
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vinculada a la sintesis de proteinas que se pudo establecer una asociacion entre
RNA y proteinas en el proceso de sintesis proteinica (Keller, et al., 1954).

Para la década de 1950, George Palade, usando microscopia electrénica, logré
caracterizar morfolégicamente granulos compuestos por RNA y proteina (Palade,
1955), que fueron mas tarde bautizados como ribomas (Roberts, 1958)

Desde entonces, la evolucién del ribosoma y de todo el aparato de traduccion
ha acaparado la atencion de diversos cientificos (Woese, 1965; Crick, 1968; Orgel,
1968). Aproximaciones bioquimicas que buscaban entender el proceso de la
formacién del enlace peptidico apuntaban hacia una posible implicacion del RNA
ribosomal (rRNA) en este proceso (Noller & Chaires, 1972); sin embargo, fue gracias
a los trabajos pioneros de Ada Yonath (Yonath, et al., 1980) que la disponibilidad de
cristales de calidad se estandariz6 y se hizo posible el escrutinio a nivel molecular
de las interacciones RNA-proteina que componen al ribosoma (Ban, et al., 1999;
2000; Cate, et al., 1999; Clemons, et al., 1999; Nissen, et al., 2000; Schluenzen, et
al., 2000; Wimberly, et al., 2000;). La conclusién mas importante a la que se llegaria
eventualmente es el reconocimiento de que el centro catalitico del ribosoma (donde
se forma el enlace peptidico y que se encuentra altamente conservado en los tres
dominios de la vida) esta constituido enteramente por RNA (cf. Moore & Steitz,
2011); es decir, el ribosoma es una ribozima (Cech, 2000).

Evolutivamente, esta evidencia sugiere que la sintesis de proteinas se origind

en un mundo de RNA como resultado de un proceso muy temprano (Fox, 2010).

Evolucién de la catalisis bioldgica: de ribozimas a enzimas

Una descripcion apropiada del origen y la evolucién temprana de la vida tiene que
englobar, necesariamente, una explicacion del origen de la catalisis biolégica. En el
presente trabajo, y en el contexto del metabolismo contemporaneo, se entiende por
catdlisis biolégica al conjunto de reacciones quimicas que ocurren en la célulay que
son necesarias para el mantenimiento de ésta, las cuales son posibles gracias a: 1)
proteinas (enzimas); 2) acidos ribonucleicos (ribozimas), y 3) reacciones que
ocurren de manera espontanea bajo condiciones bioquimicas especificas; por

ejemplo, la ciclacion espontanea de Al-pirrolina-2-carboxilato en la biosintesis de
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prolina (Fichman, et al., 2015). El papel desempefiado por cofactores organicos, i.e.
coenzimas, asi como inorganicos, i.e. iones metalicos, en cada uno de los tres
puntos anteriores también es fundamental para entender la catalisis biol6gica de la
célula contemporanea.

El hecho de que un numero considerable de enzimas contemporaneas
coordinen complejos metalicos similares a los constituyentes de los minerales (por
ejemplo, la similitud estructural entre la greigita, FesSa4, y los grupos FesSs y FesSa
presentes en sitios activos) ha sido de suma importancia para formular hipotesis
que centran a los minerales como posibles catalizadores prebidticos; més aun, se
ha formulado que existe una relacion entre la geoquimica pre-biolégica y la
bioquimica contemporanea (cf. Sahai, et al., 2016).

El estudio de minerales que catalizan reacciones relevantes para el origen y la
evoluciéon temprana de la vida también ha arrojado resultados interesantes. Se ha
demostrado que la polimerizacion de nucleétidos activados puede llevarse a cabo
en presencia de minerales como la hidroxiapatita o la montmorillonita y en ausencia
de otros catalizadores (cf. Orgel & Lohrmann, 1974); la polimerizacién de alanina
también ha sido obtenida empleando calcita y dolomita como caltalizadores
(Kawamura et al. 2011). En soluciones de iones de hierro, sulfuro inorganico y
ligandos de azufre adicionales se forman facilmente grupos de Fe-S que presentan
actividad catalitica (Ogino, et al., 1998); estos grupos son analogos a los
encontrados en la ferredoxina De la misma forma, se ha observado que distintos
minerales (montmorillonita, silicato de aluminio, hidrotalquita, caolinita, etc.) pueden
catalizar la formacién de vesiculas (Hanczyc, et al., 2007), lo cual es particularmente
importante pues la separacion del medio externo debié haber sido un paso

fundamental para la evoluciéon de la vida celular.

También es evidente que, en un contexto prebidtico, los iones metalicos
pudieron haber actuado como catalizadores sin la necesidad de estar en complejos
de minerales, justamente como ocurre en la célula contemporanea, donde la
catélisis depende de un amplio listado de iones metélicos para mantener su
metabolismo. De hecho, tanto proteinas como RNA, requieren cationes metélicos

para plegarse y funcionar.
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En este marco tedrico, se ha investigado el desempefio catalitico de los iones
de Fe?*, los cuales pueden descomponer peréxido de hidrégeno (Cohen, et al.,
1981). Otros cationes divalentes como el Ca?*, Cd?*, Mn?* pueden catalizar
reacciones de transfosforilacion (Lowenstein, 1958), dando pie a formulaciones de

como los iones metalicos pudieron haber sido importantes para la catalisis primitiva.

Sin embargo, la forma en que los iones metalicos podrian haberse utilizado
para catalizar reacciones metabdlicas antes del origen de un aparato de traduccién
que produjera proteinas complejas sigue sin ser clara (Belmonte & Mansy, 2016).
De la misma manera, a pesar de las hipotesis en las que se plantea una continuidad
geoquimica entre la Tierra primitiva y la biologia contemporanea (Sahai, et al.,
2016), resulta complicado trazar una linea evolutiva que dé continuidad historica a
la quimica de los minerales y los iones metélicos con los complejos bioldgicos que
emplean dichos compuestos hoy dia. A pesar de dicha dificultad es muy posible que
los iones metdalicos hayan sido sumamente importantes tanto para la actividad

catalitica primitiva como en el contexto de un mundo de RNA.

Como se ha descrito, es posible que el RNA haya desempefiado un papel
fundamental como molécula catalizadora en las etapas mas tempranas de la vida.
De esta manera, una de las preguntas mas interesantes que surge es ¢,como se dio
la transicion entre la actividad catalitica de las moléculas de RNA a las enzimas
proteinicas que engloban casi el 100% de los catalizadores biolégicos en la célula
actual?

Harold White 11l estudié otro de los componentes fundamentales de la catalisis
biol6gica mediada por enzimas: los cofactores organicos. En 1976 publico una
hipétesis sobre la transicion de lo que llamod “un estado metabdlico temprano” (i.e.
mundo de RNA) hacia un metabolismo dotado de enzimas. Al igual que Handler
(1963) y Eakin (1963), White 11l (1976, 1982) se intereso en la estructura quimica de
las coenzimas, sin las cuales se pierde por completo la funcion catalitica de las
enzimas que las emplean. En su andlisis, White Il observé que un niumero elevado
de coenzimas contiene un motivo ribonucleotidico en sus estructuras quimicas, lo

cual, segun discute él mismo, podria deberse a un proceso temprano de
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diversificacion en las capacidades cataliticas del RNA. De esta manera, tomando
en cuenta: i) la amplia distribucion de las coenzimas en los seres vivos; ii) la
dependencia de las enzimas hacia dichas moléculas para llevar a cabo catélisis, y
iif) el hecho de que una gran cantidad de coenzimas son ribonucleétidos o derivados
de ribonucledtidos, White Ill propuso que estas moléculas son los fésiles
moleculares de un mundo de RNA (White 1ll, 1976, 1982).

De esta forma, en el esquema de White Il (1976, 1982) (Figura 1), la catalisis
biolégica contempordnea dependiente de coenzimas es el resultado de un proceso
evolutivo donde las enzimas proteinicas fueron precedidas por ribozimas.
Particularmente, los ribonucleotidos que componian los sitios cataliticos de dichas
ribozimas fueron las Unicas porciones que se conservaron durante el proceso
evolutivo. Esta conservacion dio origen a las coenzimas de naturaleza
ribonucleotidica que se encuentran involucradas en la catalisis biologica

contemporanea (Figura 1).

£

PROTEIN ENZYME

n "
RNA"ENZYME RIBONUCLEOPROTEIN ENZYMES WITH COENZYME

Figura 1. Modelo evolutivo de sustitucion propuesto por White Ill (1976). En este
modelo, porciones de las enzimas de acidos nucleicos (ribozimas) fueron
paulatinamente sustituidas por péptidos, siendo la parte catalitica la Unica que se
conservo durante la evolucion, encontrandola hoy dia como coenzimas. Tomado de
White 11, 1982
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Thomas Cech propuso un esquema evolutivo semejante al de White Ill (Cech
2009a; 2009b). En éste se incluye a los complejos ribonucleoproteinicos (tales como
el ribosoma o la RNAsa P), los cuales, propone, evolucionaron a partir de moléculas
de RNA que interaccionaban con péptidos. Dichos péptidos conferian estabilidad a
las ribozimas, lo cual fue importante pues permitié la evolucion a complejos RNA-
proteina de mayor tamafio y, probablemente, con mas actividades cataliticas (Figura
2) (Cech 2009a; 2009b).

Ribozyme

RNP enzyme

RNP enzyme with
“ new RNA functions

Ribozyme
+ peptides

Protein enzyme

Figura 2. Esquema evolutivo de Cech (2009a; 2009b). La concepcién de mundo de
RNA de Cech engloba péptidos que interaccionaban con el RNA, estabilizandolo.
Estos complejos evolucionaron a complejos ribonucleoproteinicos (RNPs) que
poseian actividad catalitica y que, a su vez, fueron seleccionados positivamente,
evolucionando en RNPs mas grandes (e. g. ribosoma). En este escenario evolutivo,
las proteinas pudieron haber substituido también completamente la porcion
catalitica de RNA, dando lugar a enzimas compuestas enteramente por proteina.
Tomada de Cech, 2009a
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Una revision detallada de la propuesta de Cech (Figura 2) revela que, al igual
que en el esquema propuesto por White Ill, (Figura 1) hay un requerimiento
indispensable para que la transicion de un mundo de RNA a uno con RNA/proteinas
(mundo RNP) se pueda llevar a cabo: el establecimiento de una maquinaria de
sintesis de proteinas, esto es, un proto-ribosoma (Davidovich, et al., 2010).

El origen de un ribosoma primitivo garantizaria una reserva suficientemente
grande y constante de péptidos y proteinas con cargas positivas y demas
caracteristicas quimicas necesarias para interaccionar con el RNA. De esta manera,
los complejos formados por RNA y péptidos (y/o proteinas) podrian perdurar a pesar
de que las secuencias no estuvieran codificadas como lo estan en los sistemas
biolégicos modernos; es decir, diferentes secuencias de cadenas polipeptidicas
podrian unirse al RNA y fungir como estabilizadores o andamios del mismo,
optimizando su actividad catalitica (Vazquez-Salazar et al., in prep). La evolucion
del proceso de traduccion, asi como el origen del codigo genético marcarian,
entonces, el final del mundo de RNA para dar lugar a un metabolismo donde las
proteinas y las enzimas comienzan a tener un papel cada vez mas predominante

en la catdlisis bioldgica, esto es, un mundo de RNA/proteinas (Figura 3).

* Abiotic synthesys of small peptides
* Interaction of those peptides with RNA
« Transcient (and therefore inconsequential) interactions
* Proto-ribosome
* KEY EVENT: Origing of the genetic code

* Enzyme-mediated catalysis:

* RNA-mediated catalysis histidine, cysteine, aspartic
acid, etc
? ? : 3 .
pre-RNA worlds — —— —» RNAworld — — —» RNA/protein (RNP) __ _? __RNA/DNA/protein
world world
* Abiotic synthesys of * Ribosome
RNA? * Other ribonucleoprotein
* Interaction with metal complexes

ions and small organic
molecules

Figura 3. Transicion de un mundo de RNA a un mundo de RNA/proteinas (RNP).
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Figura 3 (Continuacion). Para describir de manera detallada esta transicion se debe
de describir la evolucién de la colaboracion entre las moléculas de RNA y las
proteinas, donde el evento mas importante debiéo haber sido el origen de la
maquinaria de traduccion primitiva (i.e. el proto-ribosoma) y el posterior origen del

codigo genético

En su articulo de 1976, White 11l también escribi6é “es concebible que los grupos
cataliticos que anteriormente formaban parte de las enzimas de acido nucleico
fueran tan importantes para la catalisis general que el grupo catalitico se incorpor6
a aminoacidos especificos en lugar de ser retenido como una coenzima. En
particular, el grupo imidazol de la histidina puede ser un ejemplo” (White Ill, 1976).
Resulta sumamente importante resaltar, tal y como lo hizo White Ill, que la histidina
es el Unico aminoéacido cuya biosintesis comienza a partir de un ribonucleétido, pues
el primer paso de su biosintesis corresponde a una reaccion de condensacion entre
el fosforribosil pirofosfato (PRPP) y una molécula de ATP, catalizado por la enzima
HisG, formando fosforribosil-ATP (Figura 4). No obstante, el anillo imdazdlico
presente en la estructura quimica de la histidina no es el mismo que el de la
molécula de ATP involucrada en el primer paso; en realidad, el grupo imidazol del
ATP se recicla en forma de AICAR hacia la sintesis de novo de purinas (Vazquez-
Salazar, et al., 2018). Si bien la estructura quimica de la histidina contiene atomos
que provienen del ATP (C y N en color verde en la Figura 4) y puede considerarse
como el derivado de un ribonucleoétido, el anillo imidazolico tiene también atomos
provenientes del PRPP y un &tomo de nitrégeno procedente de la glutamina (Figura
4).

Asi, aunque White Il esta en lo cierto al mencionar la relacion entre la histidina
y los ribnocleétidos, los anillos imidazoélicos de cada molécula son distintos (como
se discutira a detalle en las secciones: Capitulo I, ARTICULO | y ARTICULO II)

De esta manera, la presencia del grupo imidazol en histidina puede ser
entendida si se toma en cuenta un origen temprano de la biosintesis de dicho
aminoacido (Alifano, et al., 1996; Vazquez-Salazar, et al., 2018). Esto es, la ruta

biosintética de histidina debe de haber sido una de las primeras en establecerse.
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Esto implica necesariamente un proceso de evolucion biolégica pues, como se
discute a continuacion, la histidina pudo haber estado ausente en el caldo prebiotico
de la Tierra primitiva.

A pesar de que Shen y colaboradores reportaron la sintesis de la histidina en
posibles condiciones prebidticas (Shen, et al., 1987; 1990), un examen detallado de
esta reaccion sugiere que las condiciones de sintesis no son realistas
prebidticamente. La reaccidn propuesta comienza a partir de D-eritrosa y
formamidina, la condensacion de estos dos compuestos quimicos da lugar a
imidazol-4-acetaldehido, que luego forma histidina a través de una sintesis de
Strecker con un rendimiento relativamente alto (3.5% basado en la proporcion de
His/eritrosa). Aunque la seleccién a priori del enantiomero D de la eritrosa es
irrelevante (los estereocentros no participan en la sintesis, y la reaccién funcionaria
si se usaran otras aldosas de 4 carbonos como precursores), la D-eritrosa y la D-
treosa son productos menores e inestables de la reaccién de formosa (Decker, et
al., 1982), y por lo tanto no pudieron estar disponibles en la Tierra primitiva en la
concentracion requerida para la reaccion propuesta por Shen et al. (1987; 1990).
Ademas, la formamidina es un compuesto labil que se hidroliza rapidamente en
acido formico y amoniaco (Bada, et al., 2016), lo que también hace que sea muy
dificil lograr la concentracion requerida para la reaccion propuesta (0.3 M). Todos
estos datos dificultan la plausibilidad prebiética de esta sintesis (Vazquez-Salazar,
et al., 2017).

A pesar de que existe un amplio catalogo de aminoacidos sintetizados bajo
condiciones prebidticas (Tabla 1), tanto en experimentos que simulan una atmaosfera
reductora (CHas, NHs, H20 y Hz) (Miller, 1953), como en experimentos que simulan
una atmosfera neutra (H20, N2, CO2) (Cleaves, et al., 2008), o una atmdsfera rica
en H2S (Parker, et al.,, 2011a; 2011b), a la fecha, no se ha detectado ningun
aminoacido que contenga el grupo imidazol; mas aun, la busqueda de histidina y
sus productos de degradacion en condritas carbonaceas también ha arrojado
resultados negativos (Burton, et al., 2012). Estos resultados sugieren que la histidina
pudo haber estado totalmente ausente del ambiente prebidtico y que, como se

argumente aqui, puede ser un producto muy temprano de la evolucion bioldgica.
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Figura 4. Biosintesis de la histidina. Se muestran los nueve pasos enzimaticos
necesarios para transformar al PRPP (azul) y al ATP (verde) en una molécula de
histidina. En la molécula de histidina se pueden apreciar en colores los &tomos que
provienen de cada una de las moléculas precursoras, asi como el atomo de
nitrégeno (en rojo) que proviene de la glutamina (GIn) y que se incorpora en la
reaccion de ciclacion del grupo imidazol.

Glu, glutamato; Pi, fosfato inorganico; PPi, pirofosfato; NAD*, dinucle6tido de
nicotinamida y adenina oxidado; NADH, dinucleé6tido de nicotinamida y adenina
reducido; HisG, ATP fosforibosiltransferasa; HisE, PRATP pirofosfohidrolasa; Hisl,
PRAMP ciclohidrolasa; HisA, isomerasa ProFAR; HisF/HisH, imidazol glicerol
fosfato sintasa; HisF, IGPS: subunidad ciclasa; HisH, IGPS: subunidad glutamina
amidotransferasa (GATasa tipo 1); HisB, imidazol-glicerol-fosfato deshidratasa;

HisC, istidinol-fosfato aminotransferasa; HisD, histidinol deshidrogenasa
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Tabla 1. Algunos aminoacidos sintetizados bajo condiciones que asemejan la

Tierra primitiva (sintesis prebidticas)

Presente en
Aminoacido Referencias meteoritos
(Burton et al., 2012)
Glicina Miller, 1953; Cleaves, et al., 2008; Si
Parker, et al., 2011a
Alanina Miller, 1953; Cleaves, et al., 2008; Si
Parker, et al., 2011a
Serina Cleaves, et al., 2008; Parker, et Si
al., 2011a
Treonina Parker, et al., 2011a Si
Ac. aspartico Miller, 1953; Cleaves, et al., 2008; Si
Parker, et al., 2011a
Ac. glutamico Miller, 1953; Cleaves, et al., 2008; Si
Parker, et al., 2011a
Valina Parker, et al., 2011a Si
Isoleucina Parker, et al., 2011a Si
Leucina Parker, et al., 2011a Si
Metionina Parker, et al., 2011a; Parker, et No
al., 2011b
Cisteamina* Parker, et al., 2011a; Parker, et No
al., 2011b
Ac. homocisteico Parker, et al., 2011b No
Metionina sulféxido Parker, et al., 2011b No
S-metil cisteina Parker, et al., 2011b No
Etionina Parker, et al., 2011b No

La coincidencia del listado de aminoacidos sintetizados en experimentos que simulan la
Tierra primitiva con el catalogo de aminoacidos encontrados en condritas puede ser un
indicador que robustece la hip6tesis de que dichos aminoacidos estaban presentes en la

Tierra primitiva. Notese la ausencia de histidina en ambos listados
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Catalisis biolégica en la célula contemporanea: histidina, cisteina y acido
aspartico

La idea elemental detras de los esquemas evolutivos planteados por White 111
(1976; 1982) y Cech (2009a; 2009b) es que el sitio catalitico de ribozimas y de
enzimas se encuentra bajo presiones de seleccion muy estrictas. Esto, durante el
proceso evolutivo, genera un nivel de conservacion muy elevado en estas regiones
comparado con el resto de la secuencia o estructura (por ejemplo, regiones
estructurales que no estan involucradas en la catalisis o en la unién de substratos,
reguladores alostéricos, etc.). Es decir, el sitio catalitico puede catalogarse como el
componente mas antiguo de ribozimas, de complejos ribonucleproteinicos y de
enzimas.

Por esta razon, el analisis de los componentes de los sitios cataliticos en
enzimas (iones metalicos, coenzimas y residuos de aminoacidos) arroja datos
relevantes no solo sobre la quimica de la catalisis biolégica, sino también sobre su
evolucion. Por ejemplo, diversos estudios de caracterizacién bioquimica (Liao, et
al., 2013), asi como andlisis bioinformaticos recientes (Bartlett, et al., 2002; Holliday,
et al., 2007; 2011; Ribeiro, et al.,, 2018), han demostrado que la histidina es el
aminoacido que se encuentra con mas frecuencia como residuo catalitico en sitios
activos (Figura 5) (Vazquez-Salazar, et al. 2017; 2018).

En un estudio publicado en 2002, Barlett y colaboradores argumentan que
existe una inconsistencia para la definicion de un residuo catalitico; por esta razon,
los autores proponen que, para que un residuo pueda ser considerado como
catalitico, éste debe cumplir las siguientes condiciones: i) debe tener una
participacion directa en el mecanismo catalitico; por ejemplo, como un nucledfilo; ii)
debe ejercer un efecto sobre otro residuo (0 molécula de agua) que esté
directamente involucrado en el mecanismo catalitico; por ejemplo, ejercer una
accion electrostatica o de tipo acido-base); iii) estabilizar el estado de transicién, y
iv) ejercer un efecto sobre un sustrato o cofactor que contribuya a la catélisis; por
ejemplo, polarizando un enlace que se rompa en el mecanismo catalitico; esto
incluye efectos esteéricos y electrostaticos (Barlett, et al., 2002). Con esta definicion.

Barlett y colaboradores (2002) analizaron una base de datos con informacion
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cristalogréfica y bioquimica para 178 sitios activos; en ellos, la distribucion de
frecuencia observada para cada residuo indica que la histidina constituye el
porcentaje mas alto (18%) de todos los residuos cataliticos en las proteinas, aunque
tiene un porcentaje de abundancia global bajo en la base de datos (2.7%). El
segundo residuo mas frecuente es el aspartato (15%, con una abundancia global
de 5.7%), mientras que el tercero es la arginina (11%, con abundancia global de
4.9%). Es interesante notar que el residuo de cisteina constituye el 5.6% de los
residuos cataliticos de la base de datos, con abundancia de 1.2% (Barlett et al.,
2002).

Arg Asn Asp Cys GIn Glu His Lys Phe Ser Thr Trp Tyr

EC1| « | - | « . e |l@ -] ] -] - A
EC2 | e . ° . . . . . . °
EC3| o | « | ® | - : . . . : . . : .
EC4 | e . ® ° : ° O ° ° °
EC5 | : e | @ : . ® . . . : ° Y
EC6 | cle| | @@ | -] e

Figura 5. Representacion grafica en donde se muestra la propension de 13
aminoé&cidos para ser cataliticos en los sitios activos de las distintas clases de
enzimas. Se observa como la histidina aparece significativamente representada en
los sitios activos de todas las clases, siendo el mas propenso en tres (EC3, EC4 y
EC 6); mientras que la cisteina es el segundo aminoacido mas representado. La
cuantificacion de los datos con los que fue preparada esta figura muestra que el
tercer aminoacido mas representado es el acido aspartico. EC 1, oxidoreductasas;
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EC 2, transferasas; EC 3, hidrolasas; EC 4, liases; EC 5, isomerasas; EC 6, ligasas.
Tomada de Holliday, et al., 2011.

Los andlisis con una muestra mas amplia a las 178 proteinas de la base de
datos de Barlett et al. (2002) demuestran la misma tendencia para la histidina
(Holliday, et al., 2007; 2011; Ribeiro, et al., 2018).

En 2007, Holliday y colaboradores analizaron una base de datos compuesta de
202 diferentes mecanismos cataliticos; al incrementar mas la muestra y analizar 280
mecanismos de reaccion Unicos (cubriendo 268 numeros de la Enzyme Commission
- EC), los autores demuestran que la histidina es el residuo mas propenso a ser
catalitico, donde la propension catalitica es una medida de la frecuencia con la que
un residuo “X” es catalitico en comparacién con sus niveles de fondo en una
proteina, y se calcula dividiendo el porcentaje de cada residuo que es catalitico entre
el porcentaje total de ese residuo en todo el conjunto de datos de proteinas
(Holliday, et al., 2007; 2011). En los resultados publicados por Holliday y
colaboradores, el residuo de cisteina fue el segundo mas propenso a ser catalitico,
mientras que aspartato fue el tercero (Holliday, et al., 2007; 2011). Esto representa
un cambio en el orden del listado con respecto a los analisis publicados por Barlett
y colaboradores en 2002, y significa que el nimero de sitios y mecanismos
analizados si tiene un efecto en las estadisticas, excepto para la histidina.

La base de datos Mechanism and Catalytic Site Atlas (Ribeiro, et al., 2018)
contiene (hasta el 9 de septiembre de 2019) 964 entradas curadas a mano, 684 con
el mecanismo catalitico detallado. El andlisis de esta base de datos continda
demostrando que la histidina es el mas frecuentemente encontrado en sitios activos
como residuo catalitico, como se resume en la Tabla 2.

En la Tabla 2 también se aprecia el caso de la cisteina que, junto con el
triptéfano, es el residuo con menor frecuencia en las proteinas de la base de datos
(1.4%); esto genera que, a pesar de tener una frecuencia no tan elevada en sitios
activos (6.2%), su propension catalitica sea la segunda mas grande (~4).

La disponibilidad de todos estos datos indica, entonces, que el analisis evolutivo
de los sitios activos debe, al menos en parte, enfocarse en describir la historia

evolutiva de los residuos que los componen.

23



Tabla 2. Propensién catalitica de diferentes residuos en la base de datos
Mechanism and Catalytic Site Atlas (Ribeiro, et al., 2018)

Residuo Frecuencia en sitios | Frecuenciaen Propension
cataliticos (%) proteinas (%) catalitica

Histidina 19.2 2.4 8.08
Aspartato 17.4 5.8 3.01
Glutamato 13.4 6.4 2.09
Arginina 9.5 5.1 1.87
Lisina 8.9 5.5 1.63
Tirosina 6.2 3.4 1.82
Cisteina 6.2 14 4.54
Triptofano 15 1.4 1.05

Con base en este razonamiento, en el presente trabajo se analizé a detalle la

biosintesis del aminoacido mas propenso a ser catalitico en enzimas: histidina. Los

resultados publicados en revistas indexadas y que componen la presente tesis

doctoral se enfocan en el andlisis de la quimica prebiética, bioquimica e

implicaciones evolutivas del grupo imidazol (la cadena lateral de la histidina), y su

importancia en la evolucion de la catalisis bioldgica.
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CAPITULO Il. EL GRUPO IMIDAZOL DE LA HISTIDINA: IMPLICACIONES CATALITICAS Y
EVOLUTIVAS

El anillo imidazdlico (IUPAC: 1H-Imidazol) es un sistema heterociclico de cinco
miembros, que contiene un nitrégeno terciario y un grupo imino. Este grupo quimico
se encuentra presente en la estructura de varias moléculas importantes para el
metabolismo celular, entre ellas, las purinas y la histidina. Son precisamente las
caracteristicas fisicoquimicas del grupo imidazol las que permiten comprender las
propiedades cataliticas de la histidina. Por esta razon, el andlisis evolutivo de la
biosintesis de dicho grupo quimico resulta esencial para comprender no solo las
implicaciones de este aminoacido en la catalisis biologica, sino también, para
indagar el papel que pudo haber tenido en etapas evolutivas anteriores, esto es, la
quimica prebiotica, el mundo de RNA y el mundo de RNA/proteinas (Vazquez-
Salazar, et al., 2017).

La biosintesis de histidina ha sido estudiada ampliamente y ha servido como un
modelo de procesos tales como el control por retroalimentacion, interacciones
alostéricas y la canalizacion de metabolitos (Alifano, et al., 1996; Winkler & Ramos-
Montafiez, 2008). Ademas, existen caracteristicas en la expresion del operon de
histidina en bacterias (operén his), asi como reacciones biogquimicas e
intermediarios dentro de su biosintesis que han sido catalogadas como “inusuales”,
con lo cual su estudio resulta de sumo interés para entender rasgos excepcionales
en la biologia. Adicionalmente, como muestra de la importancia de los iones
metalicos en la catalisis bioldgica, la propia biosintesis de histidina depende de
Mg?*, Zn?*y Mn?* en varios pasos (Winkler & Ramos-Montafiez, 2008).

El analisis de la biosintesis de la histidina también demuestra que dicha ruta
metabolica se encuentra altamente relacionada con la sintesis de novo de purinas
(Alifano, et al., 1996; Vazquez-Salazar, et al., 2018). Ambas rutas comienzan a partir
del PRPP y, pasos mas adelante, estdn conectadas por el intermediario 5-
aminoimidazol-4-carboxamida ribonucleotido (AICAR). Como se muestra en la
Figura 6, el AICAR se sintetiza en ambas rutas, pero se usa solamente en la sintesis
de novo de purinas. Sin embargo, la enzima que cataliza la sintesis del motivo

imidazadlico de la histidina no guarda una relacion de ancestria-descendencia con la
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Figura 6 (Continuacion). Se puede observar que ambas rutas se interconectan a
través del PRPP y de AICAR, un importante intermediario imidazolico. Se ilustra
como el grupo imidazol de la molécula de ATP se incorpora a la estructura quimica
de AICAR, el cual pasa a la sintesis de novo de purinas por medio de una ruta de
salvamento; mientras que el imidazol en IGP se forma independientemente. Se
resaltan con recuadros de colores a las proteinas que son homélogas dentro de las
rutas, asi como las reacciones semi-enzimaticas.

GlIn, glutamina; Glu, glutamato; Pi, fosfato inorganico; PPi, pirofosfato; N°-formil
THF; HCO?®, bicarbonato; Asp, acido aspartico;NAD", dinucleétido de nicotinamida
y adenina oxidado; NADH, dinucleétido de nicotinamida y adenina reducido; NH4",
amonio; PRA, 5-fosforibosilamina; GAR, 5'-Fosforibosilglicinamida; FGAR, N-
Formyl-GAR; FGAM, 1- (5'-fosforibosil) -N-formilglicinamidina; AIR, 1- (5'-
Fosforibosil)  -5-aminoimidazol; CAIR, 1- (5'-Fosforibosil)  -5-amino-4-
imidazolcarboxilato; NCAIR, 5-carboxiamino-1- (5-fosfo-D-ribosil) imidazol;
SAICAR, succinil-AICAR; AICAR, ribonucleétido de 5-aminoimidazol-4-
carboxamida; PurF, Amidophosphoribosyltransferase; PurD, GAR sintetasa; PurN,
GAR transformilasa; PurT, sintetasa FGAR; PurL, fosforibosilformilglicinamidina
sintasa; PurM, fosforibosilformilglicinamidina ciclo-ligasa; PurK, NCAIR sintetasa,
PurE |, NCAIR mutase; PurE Il, AIR carboxilasa; PurC, SAICAR sintasa; PurB,
adenilosuccinato liasa; PurHJ, AICAR transfromilasa / IMP ciclohidrolasa; PurP,
sintetasa FAICAR; PurO, IMP ciclohidrolasa Il

Tomada de Vazquez-Salazar et al. 2018.

Formacién del grupo imidazol en la biosintesis de histidina y purinas

Posterior a la reaccion de condensacion entre PRPP y ATP, catalizada por la enzima
HisG, los siguientes pasos en la via implican la hidrdlisis irreversible de PRATP a
PRAMP y pirofosfato, que cataliza el dominio carboxilo-terminal de la enzima Hisl
(denominado en este trabajo como HisE); a continuacion, el dominio amino terminal
de Hisl cataliza la apertura del anillo de pirimidina del ATP, formando ProFAR. La
ribosa proveniente del PRPP y presente en ProFAR sufre un reordenamiento de

Amadori catalizado por HisA (Figura 3). Este reordenamiento de Amadori genera
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PRFAR, el cual es el substrato para el complejo HisH/HisF, dicho complejo es de

particular importancia para el presente trabajo, como se describe a contuniacion.

El quinto paso de la biosintesis de histidina corresponde a la reaccion de
ciclacion del grupo imidazol (Figura 3; 6). Dicha reaccion es catalizada por la enzima
bifuncional imidazol glicerol fosfato (IGP) sintasa. En bacterias, esta enzima es un
heterodimero formado por los productos de los genes hisH y hisF, donde hisH
codifica para una amidotransferasa de glutamina (GATasa tipo 1), y hisF codifica
para una ciclasa que adopta el plegamiento de barril (B/a)s, también referido como
barril TIM (Chaudhuri, et al., 2001; 2003). En eucariontes estos dos genes sufrieron
un proceso de fusién que resulté en la formacion del gen His7 (Brilli & Fani, 2004).
La IGP sintasa cataliza la conversion de N '- ((5'-fosforibulosil) formimino) -5-
aminoimidazol-4-carboxamida-ribonucleétido (PRFAR) y glutamina a IGP, AICAR,
y glutamato.

La union de PRFAR al sitio activo de HisF estimula la actividad de
glutaminasa en la enzima HisH, revelando una regulacion alostérica (Rivalta, et al,
2012). Sin embargo, cabe sefialar que la sintesis de IGP puede tener lugar en
ausencia de la proteina HisH in vivo en la gammaproteobacteria Klebsiella
pneumoniae, donde el gen que codifica HisH fue mutado experimentalmente y la
reaccion restaurada mediante la adicion de una alta concentracién de NH4* (Reider,
et al.,, 1994). Esta evidencia fue analizada por Lazcano y Miller (1999), quienes
propusieron la idea de un metabolismo semi-enzimatico, en el cual las vias
metabdlicas evolucionaron explotando el repertorio preexistente de compuestos
sintetizados de forma abibtica, asi como los péptidos cataliticos existentes (Lazcano
& Miller, 1999).

Los pasos finales en la biosintesis de histidina incluyen una reaccion de
deshidratacion catalizada por el dominio carboxilo terminal de HisB, una reaccion
de transaminacion catalizada por HisC, asi como la desfosforilacion de L-histidinol
catalizada por el dominio amino terminal de HisB. El L-histidinol es transformado en

histidina por la deshidrogenasa HisD (Winkler & Ramos Montafez, 2008) (Figura 3).
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Por su parte, los ribonucle6tidos de purina se biosintetizan de novo en una
ruta en la que el PRPP proporciona las unidades de fosfo-ribosa para los
ribonucleotidos; de esta manera, las purinas se construyen a partir de una serie de
reacciones de adicion al azlcar que aporta el PRPP. En la ruta de las purinas el
anillo imidazélico es sintetizado en el sexto paso (Figura 6) y la reaccién es
catalizada por la enzima fosforibosilformilglicinamidina ciclo ligasa, codificada por el
gen purM. Dicha proteina cataliza la formacion de 1-(5'-fosforibosil)-5-aminoimidazol
(AIR) a partir de 1-(5'-fosforibosil)-N-formilglicinamidina (FGAM), en una reaccion
dependiente de ATP y que es comun para todas las variantes de la ruta de sintesis
de purinas conocidas en la naturaleza.

El producto del gen purM consiste en una proteina que se divide
estructuralmente en dos dominios: el dominio A o N-terminal y el B o C-terminal (Li,
et al., 1999). En bacterias, la enzima activa es un homodimero conformado por la
interaccion de dos laminas- (una de cada subunidad) formadas por cuatro hojas-
B, constituyendo asi una estructura semejante a un barril-B de ocho hojas. En
algunos eucariontes, incluyendo a los mamiferos, PurM es parte de un complejo
que presenta tres distintas funciones enziméticas, involucrando también la de
glicinamida ribonucleotido sintetasa (PurD) vy glicinamida ribonucleotido
transformilasa (PurN) (Daubner, et al., 1985).

PurM sintetiza el grupo imidazol de AIR, el cual sufre tres transformaciones
enzimaticas hasta dar lugar a AICAR. Se debe subrayar que AICAR no soélo es el
precursor de la inosina monofosfato (IMP), sino que también es el precursor de la
alarmona 5-amino carboxamida ribdsido 4-imidazol 5'-trifosfato (ZTP) la cual puede
promover la detencién del ciclo celular cuando existe una limitaciébn de folato
(Bochner & Ames, 1982; Hernandez-Morales et al. 2019).

En el presente trabajo fueron analizadas, usando herramientas

bioinforméaticas (ver Anexo 2) y un enfoque de bioquimica evolutiva, las enzimas

HisF y PurM, con la finalidad de describir la relacion evolutiva que existe entre ellas.
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Resumen de resultados

La distribucion filogenética de las enzimas que sintetizan a la histidina y las purinas,
y que incluyen a HisF y PurM, es amplia, lo cual indica que el ancestro comun de
todos los seres vivos (LUCA) ya poseia las rutas para biosintetizar ambas
moléculas. Este resultado es consistente con la idea de un establecimiento
temprano en la evolucidn de la biosintesis de ambas moléculas (Lazcano & Miller,
1999).

Dada la estrecha conexion entre la biosintesis de histidina y la sintesis de
novo de purinas, sobre todo en el intercambio del compuesto imidazdlico AICAR,
asi como el hecho de que PurM y HisF sintetizan la ciclacion del mismo grupo
quimico en dichas rutas, es factible hipotetizar que las enzimas puedan ser
homologas. Sin embargo, HisF y PurM poseen plegamientos tridimensionales
diferentes y no relacionados evolutivamente. Esto se hace evidente mediante la
superposicion de las estructuras cristalograficas, donde ninguno de los dominios
estructurales se superpone de manera adecuada. El analisis de esta evidencia
apoya la idea de que la evolucion de HisF y PurM corresponde a un caso de
convergencia de tipo funcional.

El ejemplo clasico de convergencia evolutiva es el de las proteasas de
serina. Estas proteinas adoptan plegamientos estructurales distintos; sin embargo,
poseen los mismos aminoacidos cataliticos e incluso el mismo mecanismo de
reaccion para llevar a cabo la hidrélisis del enlace peptidico (Wright, et al., 1969;
Reardon & Farber, 1995).

Este tipo de convergencia funcional entre plegamientos proteinicos no
relacionados evolutivamente ha sido descrito también en las cinasas que catalizan
la fosforilacion de azlcares, en particular en las familias hexocinasa, ribocinasa y
galactocinasas (Bork, et al., 1993). En este caso, se pueden identificar dos tipos de
convergencia: por un lado encontramos a las enzimas que evolucionaron de
funciones distintas hacia la misma funcion dentro de un mismo plegamiento
proteinico, como es el caso de la especificidad a glucosa, que ha evolucionado
varias veces dentro de la familia de hexocinasa; y, por otro lado estan las enzimas

gue evolucionaron a partir de estructuras proteinicas diferentes hacia la misma
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funcion catalitica, como lo ocurrido con la especificidad a fructosa, que ha
evolucionado independientemente en la familia de hexocinasay en la de ribocinasa;
este Ultimo caso de convergencia es el que presentan también HisF y PurM.

Tedricamente, la funcion catalitica es la que se encuentra sujeta a la
seleccion natural, no la molécula especifica (e. g. proteina o enzima) que presenta
dicha funcién; por esta razon, es posible que diferentes tipos de estructuras
proteinicas puedan ser seleccionadas para llevar a cabo la misma funcion catalitica
(McGhee, 2011).

La hipétesis que se propone para explicar este caso de convergencia
funcional radica en la diferencia en funciones bioguimicas de las dos moléculas que
poseen el grupo imidazol (Vazquez-Salazar, et al., 2018).

En el RNA, el grupo imidazol de las purinas no juega un papel catalitico,
pues la actividad catalitica de las ribozimas radica en la estructura terciaria que
éstas adopten en el espacio, en su interaccion con iones metalicos y en el grupo 2'-
hidroxilo de la ribosa. A diferencia de la histidina, el grupo imidazol presente en
purinas se encuentra unido covalentemente a un azucar por medio de un enlace B-
glicosidico. Este enlace se encuentra bloqueando al grupo amino ionizable y que es
altamente reactivo en el anillo imidazdlico de la histidina. Como resultado de ello,
los ribonucledtidos de purina son incapaces de participar en reacciones quimicas
por medio de su imidazol, pues a pesar de que existen otros grupos ionizables
dentro de la estructura de las purinas, éstos no son buenos catalizadores debido a
gue el pKa de cada uno de los grupos quimicos depende de la forma tautomérica
en la que se encuentre la molécula de purina, que por lo general es inferior o
superior a un valor cataliticamente 6ptimo en el contexto intracelular (Steenken,
1989).

En cambio, el anillo imidazolico de la histidina es, desde que es
biosintetizado, capaz de catalizar reacciones acido/base gracias a que se encuentra
libre para reaccionar mediante un grupo amino, el cual posee un pKa cercano al pH
fisiologico (Steenken, 1989). Esta caracteristica, que tiene que ver con la actividad

catalitica de cada una de las moléculas, es quizd una de las presiones mas
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importantes para la evolucion de dos sistemas enzimaticos no homoélogos para la

sintesis del grupo imidazol.

El grupo imidazol en la quimica prebidtica

Como se menciono en el Capitulo I, a la fecha no se ha logrado sintetizar ningin
aminoacido que contenga el grupo imidazol en experimentos de tipo Miller-Urey o
en otro tipo de simulaciones de condiciones de la Tierra primitiva; sin embargo, la
historia es totalmente distinta para el grupo imidazol no substituido, pues su sintesis
prebidtica se ha logrado en un nimero extenso de experimentos, como se detalla a
continuacion.

La adenina fue la primera molécula imidazdlica sintetizada en condiciones
abidticas a partir de una solucién acuosa de cianuro de amonio (NH4CN) (Or6,
1960). A partir de ese experimento, muchas otras purinas también se han
sintetizado en simulaciones prebidticas, incluyendo guanina y xantina (Oré, 1963),
hipoxantina (Lowe, et al., 1963), 8-hidroximetiladenina (Schwartz & Bakker, 1989) y
2,6-diaminopurina (Borquez, et al.,, 2005). Es importante destacar que el grupo
imidazol, asi como su derivado 2-metilado, fueron obtenidos por Or6 y
colaboradores en 1984 (Ord¢, et al., 1984) empleando glioxal, aldehidos y amoniaco
como precursores. Estos experimentos son extremadamente relevantes, pues el
imidazol no sustituido también pudo haber jugado un papel importante durante el
mundo de RNA, ya que se ha publicado que el grupo imidazol puede actuar como
cofactor de la ribozima mutada del virus de la hepatitis delta (HDV) (Perrota, et al.,
1999). En estos experimentos, la incubacion con una solucion amortiguadora de
imidazol no sustituido (200 mM, pH 7,4) restaura la actividad catalitica de la ribozima
de HDV, que contiene una mutacion en la citosina catalitica. Esto demuestra que el
imidazol por si solo puede actuar como un co-catalizador en reacciones catalizadas
por RNA, lo que podria ser de suma importancia en un mundo de RNA, y de
considerable importancia en nuestra comprension de la evolucion temprana de la
catalisis biologica, pues demuestra que el mismo principio que gobierna la catalisis
acido-base que desempenia el imidazol de la histidina en enzimas es aplicable a un

anillo imidazoélico no substituido que interacciona con RNA.
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Toda esta evidencia nos permite proponer al grupo imidazol como un puente
evolutivo entre la quimica prebiotica, el mundo de RNA y la catalisis biolégica
contemporanea, pues en cada una de estas etapas evolutivas dicho grupo quimico
tiene una importancia significativa para la evolucién de la vida y de la catélisis
(Figura 7).

* Imidazoles en sintesis prebidticas

) ) Sintesis y acumulacion de
(sintesisde Oro)

compuestos organicos

1 ?
_ 4
* |Imidazoles como cofactores de
ribozimas Mundode RNA
(ribozimas sintéticas, modelo HPV) |
?
I -
* |Imidazoles en metabolismo "
] Célulascon
contemporaneo DNA/RNA/proteinas

(Histidina, purinas, MIQ, biotina, alarmonas)

Figura 7. Importancia evolutiva del grupo imidazol. Se esquematizan las etapas
principales de la evolucién de la vida segun la propuesta del origen heterotréfico. A
pesar de que no se sabe como ocurrieron las transiciones entre cada etapa
propuesta, es posible plantear que el grupo imidazol tuvo un papel importante en
cada una de ellas, siendo una molécula decisiva en la evolucién de la catalisis

biolégica

Conclusiones
l. El analisis de las enzimas biosintéticas de la histidina muestra que
estan altamente conservadas en los tres dominios celulares; los eventos de
duplicacién y fusion de genes que marcaron la evolucion de esta ruta demuestran
gue en etapas anteriores pudo haber tenido menos enzimas, asi como reacciones
semi-enzimaticas acopladas. Estos datos, aunados a la estrecha relacion que existe

con la biosintesis de purinas y la importancia de este aminoacido en la catélisis
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biolégica podrian implicar que la biosintesis de histidina fue una de las primeras en
establecerse en los sistemas bioldgicos.

. PurM y HisF son proteinas con diferentes plegamientos
tridimensionales y diferentes secuencias primarias; sin embargo, catalizan
reacciones quimicamente equivalentes sobre sustratos similares, lo cual habla de
una evolucion convergente en la funcion catalitica de dichas enzimas.

[ll.  El origen polifilético de PurM y HisF se entiende mejor cuando se
analiza la actividad catalitica del grupo imidazol de la histidina en comparacion con
el de los ribonucleétidos de purinas, en donde el enlace B-glicosidico entre la ribosa
y el nucleétido desempefia un papel clave para atenuar la actividad catalitica del
grupo imidazol presente en las purinas.

IV. Las distintas maneras de sintetizar al grupo imidazol, prebioticas,
enzimaticas y no enzimaticas, asi como la importancia de este grupo quimico en
diversos procesos celulares, lo colocan como un vinculo evolutivo entre la quimica
prebidtica, el mundo de RNA y la aparicion del mundo de RNA/proteinas, resaltando
el papel fundamental que jugo para la evolucion de la catélisis, asi como en diversos
procesos celulares.

V. Hay diferentes mecanismos biol6gicos que producen el grupo
imidazol. Esto es una demostracion de la redundancia bioquimica que habla,
primeramente, de lo quimicamente favorecido que se encuentra la ciclacién del
anillo imidazdlico y, por otra parte, de la importancia de los derivados de imidazol
en los procesos biolégicos, reflejando el papel evolutivo trascendental de dichas

moléculas.

Articulo requisito: Evolutionary convergence in the biosyntheses of the

imidazole moieties of histidine and purines
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Abstract

Background

The imidazole group is an ubiquitous chemical motif present in several key types of biomole-
cules. It is a structural moiety of purines, and plays a central role in biclogical catalysis as
part of the side-chain of histidine, the amino acid most frequently found in the catalytic site of
enzymes. Histidine biosynthesis starts with both ATP and the pentose phosphoribosyl pyro-
phosphate (PRPP), which is also the precursor for the de novo synthesis of purines. These
two anabolic pathways are also connected by the imidazole intermediate 5-aminoimidazole-
4-carboxamide ribotide (AICAR), which is synthesized in both routes but used only in purine
biosynthesis. Rather surprisingly, the imidazole moieties of histidine and purines are synthe-
sized by different, non-homologous enzymes. As discussed here, this phenomenon can be
understood as a case of functional molecular convergence.

Results

In this work, we analyze these polyphyletic processes and argue that the independent origin
of the corresponding enzymes is best explained by the differences in the function of each of
the molecules to which the imidazole moiety is attached. Since the imidazole present in histi-
dine is a catalytic moiety, its chemical arrangement allows it to act as an acid or a base. On
the contrary, the de novo biosynthesis of purines starts with an activated ribose and all the
successive intermediates are ribotides, with the key B-glycosidic bondage joining the ribose
and the imidazole moiety. This prevents purine ribonucleotides to exhibit any imidazole-
dependent catalytic activity, and may have been the critical trait for the evolution of two sep-
arate imidazole-synthesizing-enzymes. We also suggest that, in evolutionary terms, the bio-
synthesis of purines predated that of histidine.

Conclusions

As reviewed here, other biosynthetic routes for imidazole molecules are also found in extant
metabolism, including the autocatalytic cyclization that occurs during the formation of creati-
nine from creatine phosphate, as well as the internal cyclization of the Ala-Ser-Gly motif of
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some members of the ammonia-lyase and aminomutase families, that lead to the MIO
cofactor. The diversity of imidazole-synthesizing pathways highlights the biological signifi-
cance of this key chemical group, whose biosyntheses evolved independently several
times.

Introduction

The imidazole group is a five-membered heterocyclic chemical compound containing a ter-
tiary nitrogen and an imino group. It is present in the structure of several key molecules of
major biological significance, most notably purines and histidine. The structure of the unsub-
stituted imidazole ring has two nitrogen atoms in positions 1 and 3 (also named pyrrole- and
pyridine-nitrogen atoms, respectively) (Fig 1). The pyrrole nitrogen is a very weak acid with a
pK, = 14.4. In contrast, the pK, of the pyridine nitrogen is 6.9, which allows it to accept a pro-
ton under neutral pH conditions [1]. This phenomenon does not occur in the imidazole moi-
ety of purines, but it takes place in the imidazole side-chain of histidine, whose pK, value is in
the range of 6 to 7 as a result of the electron-withdrawing inductive effect of the protonated
amino group [2,3]. Bioinformatic analyses have shown that histidine is the most frequently
found catalytic residue in the active sites of enzymes [4]. This phenomenon may be explained
by the level of ionization of the imidazole moiety of histidine, which is estimated to be between
9-50%, resulting in its well-known ability to act as a general acid or base to donate or accept

HO ’OH
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>0 1

0 H oo N 2

N5/ j\
N 3
-} ———
HO ¢ 3
OH 7N
N\ N\ Histidine
N6-ribosyl- adenine 8 4 \ }2
NH
5 1
Imidazole "
NH2
/G 5 N i 0
1N \ 0
2 k | > ) O“E"'OH
]
N4 N OH
: X OH
Adenine

Adenosine monophosphate
(N9-ribosyl- adenine)

Fig 1. Structure of imidazole and imidazole-derivatives with atom numbering. The unsubstituted imidazole group is shown in the center. Other
important imidazole molecules are shown: histidine (2-amino-3-(1H-imidazol-4-yl), adenine (9H-purin-6-amine), adenosine monophosphate
(N9-ribosyl-adenine), and N6-ribosyladenine (which synthesis has been reported in prebiotic chemistry experiments).
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protons during a chemical reaction. This property, together with the stable complexes that it

can form with different metallic cations such as Cu*, Co**, Zn*", and Mn** [1,5,6), plays a
key role in our understanding of the catalytic propensity of histidine.

Abiotic synthesis of adenine and histidine

Adenine was the first imidazole-bearing molecule synthetized under abiotic conditions from
an aqueous solution of ammonium cyanide (NH,CN) [7]. Since then, many other purines
have also been synthesized in prebiotic simulations, including guanine and xanthine [8], hypo-
xanthine [9], 8-hydroxymethyladenine [10], and 2,6-diaminopurine [11]. Outstandingly, the
imidazole group, as well as its 2-methyl derivative were obtained by Or¢ et al. [12] using
glyoxal, aldehydes and ammonia as precursors.

The first attempt to synthesize histidine under possible prebiotic conditions was reported
by Shen et al. [13,14]. In the proposed reaction, D-erythrose and formamidine are condensed,
leading to imidazole-4-acetaldehyde, which then forms histidine via a Strecker synthesis with a
relatively high yield of 3.5% based on the ratio of His/erythrose (Fig 2). As argued below, a
detailed examination of this reaction suggests that the conditions of synthesis are prebiotically
unrealistic, and that it is unlikely it took place in the primitive Earth.

Even though the a priori selection of the D-enantiomer of erythrose is irrelevant since the
stereocenters do not partake in the synthesis, and the reaction would work if other 4-carbon
aldoses were used as precursors, D-erythrose and D-threose are minor, unstable products of
the formose reaction [15], and therefore could not have been available in the concentration
required for the reaction reported by Shen et al. [13,14] to take place. In addition, formamidine
is a labile compound that is rapidly hydrolyzed into formic acid and ammonia [16], which also
makes it very difficult to achieve the concentration required for the proposed reaction (0.3 M).
As concluded elsewhere, all this data strongly hinders the prebiotic significance of this synthe-
sis [17].

OH
Z° o NH
Erythrose HO H Hi r
N NH
OH e HO \% — —
HO 5
Formamidine OH Sii
HN NH,
N/\NH N-f\NH N=CcH Nf\r\m o N/\NH
— 2H, —
— NHy H,N — W H,N
—_— R —— >
HO OH o/ // o
N OH
Imidazole-4-glycol Imidazole-4-acetaldehyde Histidyl nitrile Histidine

Fig 2. Abiotic synthesis of histidine. The synthesis was proposed by [13,14] and occurs via Strecker synthesis. As shown in the upper part of the
scheme, an Amadori rearrangement gives place to the histidine imidazole moiety [cf. ref 17].
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Nevertheless, it is quite interesting that in the reaction mechanism proposed by Shen et al.
[13,14] the formation of the imidazole group is the product of an Amadori rearrangement (Fig
2), which is also the mechanism involved in the synthesis of the imidazole moiety of imidazole
glycerol phosphate (IGP) by the IGP synthase (HisHF) enzyme during histidine biosynthesis.
However, as argued elsewhere [17], all the evidence suggests that there is no direct evolution-
ary connection between the abiotic synthesis reported by Shen et al. [13,14] and the extant his-
tidine anabolism.

As of today, no imidazole-bearing amino acid has been produced in Miller-Urey-type
experiments or in other type of laboratory simulations, and the search of histidine and its deg-
radation products in carbonaceous chondrites has also yielded negative results. These results
suggest that histidine as such may have not been present in the prebiotic environment [17-19]
but, as argued here, may be in fact a product of very early biological evolution.

Role of imidazolides in the evolution of catalysis

Although it has been shown that clays, metallic cations, and relatively simple compounds like
proline and other amino acids can affect the rates of chemical reactions under possible primor-
dial conditions, the emergence of biological catalysis remains one of the key questions in mod-
ern biology.

The discovery of the catalytic properties of RNA [20,21] provided support for the RNA
world proposal, where it is assumed that RNA molecules played a key role in both heredity
and catalysis during the very early stages of biological evolution.

Although how the RNA world evolved from the prebiotic environment remains an open
issue, there have been advances in our understanding of the role that imidazole and imidazole-
derivatives could have played during this evolutionary stage. For instance, it has been demon-
strated that 2-aminoimidazole can act as an activating group for non-enzymatic RNA copying
by a mechanism involving an imidazolium-bridged dinucleotide intermediate at pH = 7 [22].
Unsubstituted imidazole may have also played a role during the RNA world, as suggested by
the demonstration that RNA cleavage can be catalyzed by imidazole in buffer [23]. The unsub-
stituted imidazole group can also act as a cofactor for the hepatitis delta virus (HDV) self-
cleaving ribozyme [24]. The reaction mechanism of this ribozyme involves a nucleophilic
attack of the 2'-OH on the phosphorus in the phosphodiester backbone, where the catalytic
cytosine accepts the proton from the attacking 2'-hydroxyl group. As shown by Perrotta et al.
[24], the incubation with unsubstituted imidazole buffer (200 mM, pH 7.4) restores the cata-
lytic activity of a mutated HDV ribozyme. This shows that imidazole by itself can act as a co-
catalyst in reactions involving RNA molecules, which could be of key significance in an RNA
world scenario, and of considerable significance in our understanding of the early evolution of
biological catalysis.

The catalytic activity of His-containing di- and tri-peptides has also been investigated. His-
tidyl-histidine (His-His) catalyzes the dephosphorylation of deoxyribonucleoside monophos-
phate, the hydrolysis of oligo (A);,, and the oligomerization of 2’,3-cAMP under cyclic wet-
dry reaction conditions [25]. More recent studies have shown that seryl-histidine (Ser-His)
catalyzes the oligomerization of trimers of imidazole-activated nucleotides [26,27], and cata-
lyze peptide bond formation between two amino acids, an activity also found in seryl-histidyl-
glycine (Ser-His-Gly) [28,29].

Evolution of enzyme catalytic activity from an RNA world

Although there have been alternative proposals to explain the origin of ribosome-mediated
protein synthesis based on the simultaneous appearance of both RNA and proteins [30,31], it
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can also be argued that the ribosome first appeared as an evolutionary outcome of the interac-
tion of prebiotically synthesized amino acids with catalytic RNA molecules. How enzymes first
evolved remains an open question, but it is reasonable to assume that their active sites must be
one of their most conserved portions. However, if histidine was absent in the primitive Earth,
how can its ample distribution in the active sites of enzymes be explained?

In what may be the first attempt to explain the origin of histidine biosynthesis, over 40
years ago Harold White III correlated the start of the histidine biosynthetic pathway, which
involves a condensation reaction between ATP and the sugar phosphoribosyl pyrophosphate
(PRPP), with the possibility of an ancient metabolism mediated by nucleic acid enzymes [32].
In his evolutionary biochemistry approach, White proposed that histidine was, in fact, the
molecular vestige of an ancient catalytic nucleotide that was part of the RNA world [32,33].
According to White, this possibility is reinforced by a) the well-known fact that the histidine
anabolic pathway is connected with the de novo synthesis of purines by the usage of PRPP and
the 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) intermediate; b) His is the
only known amino acid with a ribonucleotide-starting biosynthesis; and ¢) histidine is the only
imidazole-bearing amino acid.

While it is true that histidine is the only biological amino acid with an imidazole side chain,
the other two issues merit a reexamination. As underlined by White [32], during the first step
of the histidine biosynthesis, PRPP, whose synthesis in prebiotic conditions has been recently
reported by Akouche et al. [34], is condensed with a molecule of ATP to form N'5- phosphori-
bosyl -ATP (PRATP) (Fig 3). Quite surprisingly, however, the imidazole component of the
ATP does not partake in the biosynthesis of the imidazole group of histidine. Instead, the histi-
dine’s imidazole moiety is biosynthesized de novo by a mechanism completely different from
that of purines.

As shown on Fig 3, histidine- and purine biosyntheses are indeed connected by the imidaz-
ole intermediate AICAR, which is formed independently in the two pathways. In the purine
route it is formed from succinyl-AICAR (SAICAR), and from N’-((5’-phosphoribulosyl) for-
mimino)-5-aminoimidazole-4-carboxamide-ribonucleotide (PRFAR) in the histidine path-
way, but it does not play any further role in the subsequent steps of the histidine anabolism.
Instead, it is recycled directly into the purine pathway, where it is used as a substrate by the
bifunctional enzyme AICAR transfromylase/inosine monophosphate (IMP) cyclo-hydrolase
(PurH]J) [EC: 2.1.2.3/EC: 3.5.4.10], that catalyzes the final two steps in the route and synthe-
sizes IMP (Fig 3). We suggest that the incorporation of AICAR from the histidine biosynthetic
route into the de novo synthesis of purines can be best understood as an intracellular salvage
pathway (Fig 3), in which the imidazole compound is used to supply the requirements of
purine synthesis.

Biosynthesis of the imidazole group in histidine and purines

In the histidine biosynthetic pathway, the enzyme imidazole glycerol phosphate synthase
(IGPS) [EC: 2.4.2.-/EC:4.1.3.-] catalyzes the conversion of PRFAR and glutamine to imidazole
glycerol phosphate (IGP), AICAR, and glutamate [35]. As mentioned above, AICAR is dis-
carded. In other words, in what appears to be a rather convoluted, non-parsimonious route,
the histidine’s imidazole moiety is synthesized de novo as part of IGP, while AICAR is recycled
into purine synthesis.

The bacterial IGPS enzyme is a heterodimer formed by the hisH and hisF gene products
(Fig 4A), where hisH encodes a glutamine amidotransferase (GATase type I) subunit [EC:
2.4.2.-], and hisF encodes a cyclase subunit [EC:4.1.3.-] that adopts the (B/a)s-barrel fold
[36,37] (Fig 4B). Binding of PRFAR to the HisF active site stimulates the glutaminase activity
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in the HisH enzyme, revealing an allosteric regulation [38]. The synthesis of IGP can also take
place in vitro in the absence of the HisH protein under a high concentration of NH,* [39].
This phenomenon was also shown to occur in vive in the gammaproteobacteria Klebsiella
pneumoniae, where the hisH gene was mutated but the reaction was restored in high concen-
trations of NH,™ [40] (Fig 5). As argued by Lazcano and Miller [41], the fact that the pathway
can take place in the absence of HisH suggests that a simpler pathway with lesser number of
enzymes may have existed in the distant past. This provides an example of the semi-enzymatic
origin of metabolic pathways, in which a primitive biosynthetic route could have exploited a
favorable chemical environment as well as available enzymes (Fig 5) [41].

As summarized in Fig 3, the ATP-dependent enzyme phosphoribosylformylglycinamidine
cyclo-ligase [EC:6.3.3.1] (PurM) synthesizes 1-(5'-Phosphoribosyl)-5-aminoimidazole (AIR)
from 1-(5’-phosphoribosyl)-N-formylglycinamidine (FGAM). This enzyme is present in all
purine biosynthetic pathway variations found in the three domains of life, Structurally, each
PurM monomer is divided into two domains, an A- or N-terminal domain, and a B- or C-ter-
minal domain (Fig 4c) [42]. The active enzyme is a homodimer formed by the interaction of
two four-stranded B-sheets (one from each subunit) forming an eight-stranded p-barrel-like
structure (Fig 4C) [42]. AIR is then enzymatically processed into SAICAR, which is the
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substrate of the enzyme adenylosuccinate lyase [EC:4.3.2.2] (PurB), that catalyzes the synthesis
of AICAR [43].

In summary, HisF and PurM are not homologues but they catalyze the biosyntheses of the
imidazole motif in the histidine and purine pathways (Fig 3) and do so by completely different

Enzymatic
Glutamine Glutamic acid

HisF/HisH
protein complex

NH,

{7

N N OH o OH
Ho l % ® ¢ e

" kN/\“/J\I/\O/ Y HO PP W B 0 2

H Q F~o
0 OH o NH,
HO' . . 0 o
HisF protein P Ho OH
o (o] \0’

o [NH,*]
PRFAR Semi-enzymatic IGP AICAR

Fig 5. Enzymatic and semi-enzymatic synthesis of imidazole glycerol phosphate (IGP). The enzymatic branch needs both HisF and HisH proteins.
HisH transfers nitrogen from glutamine, forming glutamate. In contrast, the semi-enzymatic branch only requires the HisF protein, since the high

concentration of NH, " in the medium can replace the transferase activity of HisH. In both cases, IGP and AICAR are formed (modified from ref. [41]).

https://dol.org/10.1371/journal. pone.0196349.g005
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mechanisms. The presence of two different independent syntheses of imidazole intermediates
in highly conserved, widely distributed routes is rather intriguing and becomes an interesting
question from an evolutionary perspective. How can the existence of such biochemically
redundant enzymatic complexes in highly connected, early pathways be understood? Here we
analyze the active sites of both enzymes and the reactions they catalyze, and propose an expla-
nation for their polyphyletic origin.

Materials and methods
Sequence analysis

The sequences of bacterial HisF (Escherichia coli K-12 MG1655: b2025), and PurM (Escherichia
coli K-12 MG1655: b2499) proteins were retrieved from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) [44]. Pairwise sequence alignment was performed using the Needleman-
Wunsch algorithm as implemented in the EMBOSS Needle program of the European Molecu-
lar Biology Open Software Suite [45].

Structural analysis

Visualization and analysis of protein structures were performed using the PyMol package [46].
Structure comparisons were performed using the FATCAT algorithm [47] included in the pro-
tein comparison tool of the Protein Data Bank (PDB) web server. DaliLite v3 was used to
search for structural related proteins [48].

Structure-based dendogram construction

The available crystal structures of the HisF, PurM, and their paralogues were retrieved from
the PDB. A total of 38 structures available as of January 2018 (51 Table) were analyzed follow-
ing a previously described procedure [49], only structures with no bounded ligands and no
reported mutations were considered in this work. To avoid redundancy, for each protein only
the structures with the best resolution were selected if two or more of them were available for
the same species. Pairwise structural comparisons were performed using the Secondary Struc-
ture Matching (SSM) program of the European Protein Data Bank (PDBe) webserver [50].
The structural alignment score (SAS) for each protein-protein comparison was calculated fol-
lowing the formula: (RMSD x 1000)/number of aligned residues [51]. Geometric distance val-
ues were calculated using the SAS and then transformed into evolutionary distances using the
FITCH program of the PHYLIP package [52]. Finally, dendograms were constructed using the
DRAWTREE program included in PHYLIP. Dendograms were visualized and edited using
FigTree version 3.2 [53].

Results

Imidazole-biosynthetic enzymes HisF and PurM: A case of evolutionary
convergence

The E. coli PurM (354 aa) and HisF (258 aa) proteins share only 12.2% of overall sequence
identity (21.4% similarity) (51 Fig). When the crystallographic structures of the two proteins
are superimposed, the root-mean-square deviation (RMSD) of the a-carbons is 8.27 A (Fig
6A). This very high RMSD value reflects of the very different domain architectures of the two
enzymes. As noted above, HisF has the (B/o)s-barrel fold and belongs to the ribulose-phoshate
binding barrel superfamily, while PurM adopts a completely different fold and is part of the
PurM superfamily. Considering these structural differences, it can be readily concluded that
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these are different enzymes with different evolutionary histories that share no common ances-
tor. The evolutionary relationship between HisF and its structural homologues is depicted in
the structural phylogeny shown in Fig 7. The branches more closely related to HisF are those
corresponding to the enzyme N’-[(5"-phosphoribosyl) formimino|-5-aminoimidazole-4-car-
boxamide ribonucleotide (ProFAR) isomerase [EC:5.3.1.16] (HisA). It has been shown that
HisF and HisA share a similar internal organization that can be explained as two paralogous
modules half the size of the extant sequences [54]. An ancestral module duplicated and gave
rise to the ancestral hisA gene which, in turn, underwent another duplication and fused,
giving rise to the hisF gene [35,54,55]. This shared evolutionary history explains the closeness
between the branches.

Interestingly, HisA catalyzes an Amadori rearrangement that isomerizes the aminoaldose
motif in ProFAR into the aminoketose PRFAR. The same chemical rearrangement is responsi-
ble for the imidazole ring closure by HisF, and also occurs in the reaction catalyzed by the
tryptophan biosynthetic enzyme phosphoribosylanthranilate isomerase [EC:5.3.1.24] (TrpF),
which transforms N-(5-phospho-beta-D-ribosyl) anthranilate (PRAn) into 1-(2-carboxyphe-
nylamino)-1-deoxy-D-ribulose 5-phosphate (CdRP) [56,57

Once synthesized, CdRP is then processed by the enzyme indole-3-glycerol phosphate
synthase [EC:4.1.1.48] (TrpC), which catalyzes the formation of 1-C-(indol-3-yl) glycerol
3-phosphate (rCdRP), CO,, and H,O. Both TrpF and TrpC are homologues to the HisF/HisA
pair, and their evolutionary relationship is shown in Fig 7. Although a prebiotic synthesis of
tryptophan has been reported [58], it is likely that this amino acid is a latecomer in evolution
[59]. This implies that, in fact, the HisF/HisA pair is more ancient than the TrpF and TrpC
proteins. This assumed antiquity is concordant with the key catalytic role played by histidine
in many extant enzymes (see above).
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PriA is a bisubstrate enzyme capable of catalyzing the isomeration, also via an Amadori
rearrangement, of both ProFAR and PRAn into the corresponding aminoketoses. It was first
described in Streptomyces coelicolor and Mycobacterium tuberculosis [60] and, as can be seen
in the tree, its branch is projected from the HisA branch, suggesting that PriA evolved from
HisA (Fig 7). These results confirm the antiquity of the HisA/HisF pair respect to PriA, and
support previous conclusions of a close evolutionary relationship between PriA and HisA
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On the other hand, PurM is part of the PurM superfamily, and it is homologous to phos-
phoribosylformylglycinamidine synthase [EC: 6.3.5.3] (PurL), the enzyme which catalyzes the
previous step in the de novo synthesis of purines. Both enzymes share structural domains and
catalyze biochemical equivalent processes using a very similar ATP-dependent reaction mech-
anism [43]. The available evidence suggest that PurL is the outcome of a gene duplication fol-
lowed by a fusion event [62], confirming the role of gene duplication events in the early
evolution of metabolic pathways [63].

The search for other structural homologues of PurM identified several proteins of the
PurM superfamily, such as the Ni-Fe hydrogenase maturation protein (HypE), selenopho-
sphate synthetase [EC: 2.7.9.3] (SelD), and thiamin phosphate kinase [EC: 2.7.4.16] (ThiL).
The evolutionary relationship between all these enzymes is depicted in Fig 8.

Thus, the HisA/HisF pair are homologous proteins that catalyze similar reactions using the
same protein scaffold. The same occurs in the PurL/PurM pair. However, the Hisa/HisF and
the PurL/PurM pairs are not homologous. In fact, it is well known that analogous catalytic
functions can be present in two or more unrelated protein folds. In other words, similar or
even identical catalytic functions can appear independently more than once during the evolu-
tionary process, i.e. they are the outcome of convergent evolution [64,65]. As argued here, this
is the case of the HisA/HisF and PurL/PurM pairs.

Active sites and reaction mechanisms of HisF and PurM

There are several types of convergent evolution, including enzymes with similar protein folds
that catalyze the identical or similar reactions, as well as convergent evolution of different pro-
tein folds catalyzing chemically equivalent reactions on similar or identical substrates, i.e. func-
tional convergent evolution [66].

One of the best-known examples of evolutionary functional convergence at a biochemical
level is the case of the subtilisin-like and chymotrypsin-like families of serine proteases. These
enzymes adopt different three-dimensional structures, but their active sites evolved indepen-
dently and resulted in the same catalytic amino acids (the Ser-His-Asp triad), as well as a very
similar catalytic mechanism for the hydrolysis of the peptide bond [67,68]. As described
below, we have searched for this kind of convergence in the HisF and PurM enzymes.

Biochemical studies of HisF of Thermotoga maritima have shown that the essential residues
for catalytic activity are Asp11 and Asp130 (Eig 4B). It has been proposed that the carboxylate
groups of both aspartate residues are involved in general acid/base catalysis [69]. On the other
hand, based on sequence conservation between several PurM enzymes, residues Asp94,
His247, Thr249, Arg259 (Fig 4D) have been identified as key components of the active site for
the PurM of Escherichia coli, where these residues may be involved in general acid and base
catalysts, as well as in the coordination of metal ions [42]. As shown in Fig 6C, the use of the
align command of PyMol to superimpose the active sites of HisF and PurM demonstrates that
no spatial correspondence exists between them (Fig 6C). Our comparison reveals that the simi-
larities between the two enzymes are limited to the structural correspondence between the
Asp130 of HisF and the Asp94 of PurM and, to a certain extent, to the proximity between the
Aspl1 of HisF and Asp86 of PurM. Howerver, the rest of the active site residues of PurM have
no structural counterpart in the HisF structure. This implies that the architecture of the active
sites of HisF and PurM is completely different, and thus it can be safely concluded that their
biochemical activities are not due to the convergence of their catalytic sites.

Moreover, analysis of the reaction mechanisms proposed for each of the imidazole-synthe-
sizing enzymes [42,69] demonstrates their profound differences, and allows to describe the
specific details of the cyclization of the imidazole motif in each case. As noted above, the HisF
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Fig 8. Structural phylogeny of PurM and its homologues. The unrooted tree shows the relationships among the different paralogs of the protein
PurM. The tree was constructed from comparison of tertiary structures using the Fitch-Margoliash algorithm included in the PHYLIP package [52].
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enzyme catalyzes an Amadori rearrangement that is responsible for the formatiom of the imid-
azole ring, where the cyclization occurs after the hydrolysis of AICAR from the substrate
PRFAR. This exposes a carbonyl group that can then react with the amino group of the same
substrate (Fig 9). On the other hand, PurM uses one ATP molecule to activate a carbonyl
group present in the FGAM structure, generating an iminophosphate intermediate. Immedi-
ately after this activation, an amino group makes a nucleophilic attack towards the previously-
activated carbonyl group, leading to the cyclization of the imidazole ring. As depicted in Fig 9,
the imidazole cyclization in both enzymes occurs by means of a nucleophilic attack of a nitro-
gen towards a carbonyl group. However, the overall mechanisms are completely different,

with HisF catalyzing an Amadori rearrangement, and PurM catalyzing a strictly ATP-
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dependent reaction. In other words, the two enzymes are not homologous and the biosynthe-
ses of the two imidazole groups proceed via different mechanisms.

Discussion
Evolutionary convergence in biochemistry

An example of biochemical redundancy is found in the biosyntheses of lysine, where three dif-
ferent anabolic pathways have been reported, i.e., the diaminopimelic acid pathway (DAP), the
o-aminoadipic acid route (AAA) [70,71], and the recently-discovered TK0280-TK0283 variant
found in Thermococcus kodakarensis [72].

Evolutionary functional convergence has also been described in the families of kinases
that catalyze the phosphorylation of sugars, specifically in the hexokinase, ribokinase and
galactokinase families, where two types of convergence can be recognized [66]. In the first
case, a common trait originated independently several times in the same protein fold, such as
the specificity to phosphorylate glucose, which clearly appeared more than once within the
hexokinase family. In the second case, different protein structures convergently evolve to the
same catalytic function, as occurred with the use of fructose as a substrate, which appeared
independently in both the ribokinase and the hexokinase enzyme families [66]. The case of
the imidazole-synthesizing HisF and PurM enzymes discussed here not only represents
another example of this second kind of convergent evolution, but also underlines the role of
redundancy in the biochemical syntheses of the imidazole group. As summarized below, this
is best understood in terms of the extraordinary biological significance of this chemical
moiety.
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Evolution of two different imidazole-synthesizing enzymatic systems

As described above, histidine biosynthesis starts with ATP. This ribonucleotide is condensed
with PRPP to form PRATP (Fig 3), which is then enzymatically processed to form AICAR. As
underlined above, rather surprisingly the imidazole moiety in AICAR (which is derived from
ATP) is not used to form histidine. Instead, a new imidazole moiety is biosynthesized and
becomes part of histidine. The obvious question is why the available imidazole moiety already
present in AICAR is not used for such task. As explained below, we suggest that the answer is
found in the differences between the enhanced catalytic properties of the imidazole moiety of
histidine as compared to that of purines.

Adenine has a well-known ability to coordinate a series of metal ions, including Cu** and
Ag" [73]. It has been shown that artificially constructed adenine-containing matrices can coor-
dinate such metals and exhibit catalytic activities, including hydrolysis of ester substrates such
as p-nitrophenyl phosphate (pNPP), bis-(p-nitrophenyl) phosphate (bNPP) and 2-hydroxy-
propyl-p-nitrophenyl phosphate (hNPP), as well as the hydrolysis of 2’-3’-cAMP [73]. Metal
binding is equally significant for the catalytic capabilities of RNA, together with the highly
reactive ribose 2’-hydroxyl group and the tertiary structure that these molecules adopt.
Although it has been demonstrated that the catalytic activity of the ribosome is dependent on
an adenine base [74,75], the reaction mechanism involves a proton abstraction by the N3 of
the adenine with no direct participation of the imidazole ring, which, as of today, has not been
shown to participate in any of the known catalytic activities of RNA.

These results are explained by the fact that in both N6 ribosyl adenine and histidine the
imidazole rings remain unbound, which leaves them free to react [76,77]. Nevertheless, this
could change if the covalent bond that joins the ribose with the base is changed from position
N9 to the position N6. In fact, as demonstrated by Maurel and Ninio [76], N6 ribosyl adenine
can accelerate the hydrolysis of p-nitrophenyl acetate (PNPA) in solution at pH 7.7, a reaction
that neither adenosine nor AMP can catalyze. The rate at which N6 ribosyl adenine accelerates
the reaction is comparable to that observed when histidine is used as catalyst.

In sharp contrast with histidine, the 3-glycosidic bond between the N9 of the imidazole
ring in purine nucleotides and the C1’ of the ribose blocks the otherwise acidic N9 atom,
completely inhibiting the catalytic capabilities of its imidazole moiety. In other words, if a mol-
ecule such as N6-ribosyl adenine would be incorporated into RNA, we would expect that its
imidazole ring would exhibit catalytic activities. This possibility is amenable to experimental
analysis.

It is worth noting that in sharp contrast with pyrimidines, in the de novo synthesis of
purines this B-N9-glycosidic bond is formed in the very first step of the anabolic pathway, and
along the entire anabolic process the purine biosynthetic intermediates are ribotide derivatives,
constraining the catalytic capabilities of the imidazole moiety from the start of the route.

We surmise that these structural changes in the imidazole moieties account for the major
differences in the catalytic properties between histidine and adenine, and were probably the
critical issue in the emergence of histidine biosynthesis, as well as an important selection pres-
sure for the evolution of two non-homologous routes for the synthesis of imidazole group.

Evolution of histidine and purine biosynthesis

The phylogenetic distribution of the enzymes involved in histidine and purine de novo biosyn-
theses shows that both pathways are highly conserved through the three domains of life, sug-
gesting that they originated and were well established before the diversification of the Last
Universal Common Ancestor (LUCA) into major kingdoms [78]. Taking into consideration
the functional convergence of the enzymes that catalyze imidazole syntheses, the two pathways
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must have evolved independently during very early stages of protein evolution, using the same
pentose derivative as precursor, and later on became connected through AICAR, which as
underlined above can be considered as a mere intracellular salvage step. Given the key role of
purines in RNA properties, including catalysis, it is reasonable to conclude that purine biosyn-
thesis appeared before histidine anabolism.

Sequence analysis of the enzymes that catalyze the different steps in the pathways provide
information of their evolution. Considering the number of paralogous genes that both HisF
and PurM have within their respective routes (Fig 3), it is reasonable to hypothesize that the
present enzymatic activities of these two proteins evolved from ancestral enzymes with less
specificity for substrates. For instance, in addition to the PurL/PurM pair, the archeal purD,
purT, purK and purP genes are also homologous [43]. This suggests the existence of at least
two ancestral enzymes with relaxed substrate specificity, that could catalyze all the correspond-
ing activities of the modern paralogous enzymes. This possibility is certainly consistent with
the idea of a patchwork assembly of the routes [79]. In histidine biosynthesis, the experimental
evidence indicating that the synthesis of IGP can take place, both in vivo and in vitro, in the
absence of the HisH protein [40], as well as the likely existence of an ancestral enzyme with
both HisA and HisF activities, suggest that primitive histidine biosynthesis was simpler in
the early stages of its evolution, during which spontaneous transformations coexisted with
enzymes with low substrate specificity catalyzing similar chemical reactions [41]. As summa-
rized in Fig 3, a simpler histidine anabolism can thus be envisioned.

AICAR has an evolutionary adaptive value by its own

The manifold roles of AICAR in biochemical process go beyond the proposed salvage pathway
connecting the histidine and the de novo synthesis of purines. For example, it has been shown
that AICAR accumulates in purH mutants and inhibits the conversion of AIR to the 4-amino-
5-hydroxymethyl-2-methylpyrimidine (HMP) moiety of thiamine [80], and that can also
decrease total coenzyme A pools inhibiting the activity of the enzyme pantoate-alanine ligase
in Salmonella enterica [81]. Perhaps more significantly, both AICAR and its triphosphorylated
form (5-amino 4-imidazole carboxamide riboside 5’-triphosphate, also known as ZTP) can act
by themselves as alarmones in C-1-folate deficiency [82]. AICAR accumulation also leads to
histidine auxotrophy and even growth arrest in yeast [83]. AICAR is also the precursor for the
antibiotic bredinin (5-hydroxyl-1-beta-D-ribofuranosyl-1H-imidazole-4-carboxamide), which
is part of the naturally occurring family of nucleotide antibiotics first isolated from Eupenicil-
lium brefeldianum M2166 [84]. This underlines the significance of AICAR, which during evo-
lution has acquired other functions beyond that of an intermediate in purine biosynthesis (Fig
10). This may be seen as a case of exaptation, in which evolution selected AICAR into other
roles, with that of alarmone being among the earliest. The fact that both AICAR and ZTP can
bind to functional RNA molecules [85], and that 4-amino-5-imidazole carboxamide (AICA)
can be synthesized under prebiotic conditions [86,87] may also speak of the antiquity of this
molecule.

Other imidazole syntheses in the cell

In addition to the histidine and purines pathways there are other imidazole-synthesizing
routes present in the extant cells, which also underline the key role of imidazole and imidaz-
ole-derivatives. All the biological and abiotic forming mechanisms of imidazolides represent
a case of redundancy for the synthesis of this chemical group and highlight its catalytic
significance.
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Some examples include the anabolic routes of (i) the protein cofactor biotin; (ii) the mole-
cule creatinine; and (iii) the autocatalytically-formed prosthetic group 4-methylideneimida-
zole-5-one (MIO). Biotin is a vitaminic cofactor that transfers CO, as well as C-2 units, and its
imidazole moiety is formed enzymatically by action of the dethiobiotin synthetase [EC:6.3.3.3]
(BioD) enzyme. Quite significantly, both creatinine and MIO are imidazole molecules formed
non-enzymatically. Creatinine is formed via the spontaneous cyclization of creatine-phosphate
[88]. On the other hand, MIO participates as a prosthetic group in the histidine-, tyrosine- and
phenylalanine ammonia-lyases (HAL, TAL and PAL, respectively) enzymes, that catalyze the
o, f-elimination of ammonia from the corresponding amino acid using MIO as an electro-
phile, and are structurally homologous to the tyrosine and phenylalanine amininomutases
(TAM and PAM), which catalyze the interconversion of a f-amino acid from an a-amino acid
using the same MIO cofactor. This imidazole cofactor is formed by condensation of a highly
conserved alanine-serine-glycine motif located within the active site of the enzymes and is
used as an electrophile [89]. The reaction starts with the attack of the Gly amine to the carbonyl
group of Ala, generating a five-membered intermediate, which is then transformed into the
MIO cofactor (Fig 11) [90]. Given the well-established fact that Ala, Ser and Gly are three of

A B c
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CH,
CH o)
3 H H —p N — N
N. N\ .o*N | ..-N /
‘N :/\n/ # i o ” o
o] o] HiC H H4C
y , Y e
Ala Ser Gly N MIO

Fig 11. Mechanism of MIO formation. MIO formation via cyclization of an Ala-Ser-Gly- motif. (Modified from ref. [89]). Chemical structures were
drawn using MarvinSketch v16.1.4 ChemAxon [94].

https://doi.org/10.1371/journal.pone.0196349.9011
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the most abundant amino acids found in prebiotic experiments [91,92] as well as in carbona-
ceous chondrites [93] a possible model prebiotic experiment using the Ala-Ser-Gly in order to
obtain an imidazolide has recently been proposed [17].

Conclusions

In contrast to other cases of convergence in biosynthetic pathways such as those reported for
polyphyletic cafteine biosyntheses [65], in the different routes for imidazole formation dis-
cussed here the final products are not the outcome of enzyme recruitment via a patchwork
mechanism, but rather examples of deterministic chemical processes that lead via different
processes to the same functional product.

Like all other biological traits, the properties of biochemical pathways have been shaped by
their evolutionary history. History, however, is not a mere sequence of chance events. Natural
selection can overcome contingent effects to an extent, and chemical and biochemical con-
straints may have had a greater significance than is normally recognized in shaping metabolic
traits. This appears to be the case of the manifold ways in which imidazole moieties are formed
in extant cells.

As reviewed here, analysis of metabolic processes and biochemical properties demonstrate
that several independent mechanisms of imidazole biosyntheses have evolved. The significance
of this chemical group for living organisms is evident as their metabolism became redundant
in respect to their syntheses, although the specific reaction mechanisms of each pathway are
clearly different. In the purine and histidine biosynthesis, HisF and PurM have different
sequences and unrelated three-dimensional structures; however, the two enzymes catalyze
analogous reactions that lead to the formation of the imidazole group, representing a case of
convergence at a biochemical level. This speaks for the catalytical and structural significance of
imidazole and its derivatives.

The two-different enzyme-dependent syntheses of histidine and purines, catalyzed by
PurM and HisF, together with the autocatalytic formation of creatinine (from creatine-phos-
phate) and MIO (from the Ala-Ser-Gly tripeptide) are unique examples of biochemical redun-
dancy that underline for the significance of imidazole derivatives in biological processes. As
argued here, the polyphyletic origin of PurM and the HisF is best understood by the enhanced
catalytic activity of the histidine imidazole group compared to that of purines, where the p-gly-
cosidic bond between the ribose and the imidazole ring of purines is established from the very
start of IMP biosynthesis and results in the inhibition of purine catalytic activities.

The formation of the imidazole motifs in purines and histidine proceeds by means of a
nucleophilic attact of a nitrogen atom in an amino group to a carbon atom in the substrate.
However, as detailed here, the corresponding imidazole-synthesizing enzymes have different
amino acid sequences and different three-dimensional folds, but catalyze chemically equiva-
lent reactions. Thus, in spite of chemical restrictions, considerable degrees of freedom in the
sequence space were available during the early stages of metabolic evolution.

Supporting information

S1 Fig. Pairwise alignment of bacterial (Escherichia coli) HisF and PurM sequences. The
corresponding HisF and PurM sequences of E. coli were aligned using the Needleman-Wunsch
algorithm as implemented in the EMBOSS Needle program of the European Molecular Biol-
ogy Open Software Suite [45]. The aligment shows 58.5% of gaps with only 12.2% of sequence
identity and 21.4% of sequence similarity.
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Presentacion articulo: Can an imidazole be formed from an alanyl-seryl-glycine

tripeptide under possible prebiotic conditions?

Las enzimas histidina-, tirosina- y fenilalanina-amonioliasas (HAL, TAL y PAL), asi
como las fenilalanina- y tirosina-aminomutasas (PAM y TAM) son enzimas
homologas con un alto grado de conservacion estructural. Todas ellas comparten la
caracteristica de usar el grupo prostético 4-metilideno-imidazol-ona (MIO) como un
electréfilo para llevar a cabo sus actividades cataliticas. Este cofactor se forma de
manera autocatalitica a partir de un motivo de Ala-Ser-Gly que se encuentra
conservado en la secuencia del sitio activo de dichas enzimas. Tal caracteristica
hace de este cofactor organico un objeto de estudio interesante desde el punto de

vista bioquimico y, como se discutira aqui, evolutivo.

La caracterizacion bioquimica de la histidina-amonioliasa (HAL) (Givot, et
al.,, 1969) y de la fenilalanina-amonioliasa (PAL) (Hodgins, 1971) llevé al
reconocimiento de que un componente electrofilico era esencial para su actividad
catalitica. Durante varios afios se pens6 que dicho componente catalitico era una
deshidroalanina. Sin embargo, fue hasta la década de 1990 cuando la primera
estructura de una HAL (Pseudomonas putida) fue resuelta por cristalografia de
rayos-X, y que el grupo prostético MIO fue descrito por primera vez (Schwede, et
al., 1999). A partir de su descripcion en HAL y PAL, MIO también ha sido encontrado
en la estructura de la tirosina amonioliasa (TAL) (Louie, et al., 2006) y de las tirosina-
y fenilalanina aminomutasas (TAM y PAM, respectivamente) (Walker, et al., 2004;
Feng, et al., 2011; Christenson, et al., 2003).

Las enzimas que emplean al cofactor MIO forman un subgrupo dentro de
las familias de las amonioliasas y aminomutasas, pues dicha molécula imdazélica
ha sido descrita como inusual en la biologia (Cooke, et al., 2009). En ambos casos
MIO es empleado como un grupo electrofilo.

Desde que la estructura quimica de MIO fue descrita por primera vez
(Schwede, et al., 1999) se propuso también su mecanismo de biosintesis. Este

consiste en un proceso autocatalitico que involucra un motivo altamente conservado
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en la secuencia de alanina (Ala), serina (Ser) y glicina (Gly). La reaccién comienza
con el ataque del amino de Gly al carbonilo de Ala, generando un intermedio de
cinco miembros, que se transforma en el cofactor MIO (Rétey, 2003). Por ello, MIO
ha sido catalogado como un cofactor derivado de un polipéptido, y corresponde a
un caso especial de grupos protésicos (Fisher, et al., 2010). Como se detalla a
continuacion, aqui subrayamos la importancia experimental de este mecanismo de

reaccion para un posible experimento modelo en condiciones prebidticas.

Se han llevado a cabo numerosos experimentos que simulan la sintesis
prebiodtica de compuestos organicos bajo posibles condiciones de Tierra primitiva.
En ellos se han empleado combinaciones de gases que van desde el altamente
reductor (CH4, NHs, H20 y Hz) (Miller, 1953) hasta neutro (H20, N2, CO2) (Cleaves,
et al.,, 2008). Tres de los productos que siempre se identifican en este tipo de
experimentos son alanina, serina y glicina, lo que sugiere fuertemente su presencia
en la Tierra primitiva. La caracterizacion quimica de estos aminoacidos en condritas
carbonosas también es consistente con su presencia en el inventario prebiético de
moléculas organicas (Burton, et al., 2012).

Los aminoé&cidos que dan origen al cofactor MIO son precisamente Ala, Ser
y Gly. De este modo, la posible condensacion espontanea de un péptido pequefio
con un motivo de Ala-Ser-Gly en su secuencia pudo haber representado una fuente
extra de moléculas imidazdlicas para la vida temprana.

La principal critica para esta propuesta es la ausencia de un mecanismo de
codificacion primitivo aunado a una baja probabilidad de formacion de cantidades
significativas de un tripéptido especifico. Sin embargo, se sabe que la ciclacion
intramolecular de péptidos es favorecida por altas diluciones y que las ciclaciones
tienden a ser reacciones inherentemente lentas (Davies, 2003). De esta forma, si
se supone un proceso abidtico que conduzca a la sintesis de aminoéacidos y
péptidos pequefios que incluyan secuencias tales como el motivo Ala-Ser-Gly, un
mecanismo de formacion, semejante a la biosintesis de MIO, de una molécula
imidazolica puede ser plausible dadas las condiciones adecuadas. Esto puede

incluir reacciones de condensacion entre aminoacidos en lagunas y otros cuerpos
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de agua sometidos a ciclos hiumedos y secos, asi como la interaccion con arcillas,

cationes metalicos e incluso otras moléculas organicas.
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to restore the catalytic activity of ribozymes. However, as of today there are no reports of
histidine in carbonaceous chondrites, and although the abiotic synthesis of His reported
by Shen et al. (1987, 1990a) proceeds via an Amadori rearrangement, like in the
biosynthesis of histidine, neither the reactants nor the conditions are truly prebiotic.
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Introduction

A proper description of the origin and early evolution of life requires the understanding of the
evolution of biological catalysis. During the very early stages of evolution, i.e. the RNA world,
primitive biological systems could have depended not only on ribozymes but also on a number of
simple catalysts including simple peptides, metallic ions, clays, and organic molecules that may have
helped to catalyze the chemical reactions required to maintain their metabolism and replication. The
roles played by the imidazole group and its derivatives in these processes, to which our friend and
colleague James P. Ferris and his associates devoted considerable attention, are addressed here.

The imidazole ring is a five-membered heterocyclic molecule containing a tertiary nitrogen
and an imino group. It is present in the structure of many different molecules and intermediates of
biological significance, including purines, many cofactors, and histidine (Fig. 1). Imidazole
derivatives are of major evolutionary interest, particularly during the early stages of biological
evolution. The synthesis of a wide array of imidazole compounds, including some that are present
in extant metabolism, has been reported in several prebiotic chemistry experiments (Table 1). The
fact that imidazole derivatives (a) are formed in the prebiotic syntheses of purines and other
molecules; (b) that these type of compounds interact with RNA molecules; and (c) the manifold
roles that imidazole molecules play in extant metabolism, strongly suggest a case of evolutionary
continuity between prebiotic chemistry and the emergence of the biosphere, and raises the
question on the role of this chemical group during the origin and early evolution of life.

A classic prebiotic synthesis producing imidazole derivatives is that of adenine, the first
abiotically obtained purine (Oré 1960). Ord used an aqueous solution of ammonium cyanide
(NH4CN), in which the condensation of hydrogen cyanide (HCN) molecules yielded 4-
aminoimidazole-5-carboxamide, and 4-aminoimidazole-5-carboxamidine, which in turn reacted
with formamidine to produce adenine (Ord 1960; Ord and Kimball 1961, 1962). In a surprising
experiment, Ferris and Orgel (1966) demonstrated the formation of 4-aminoimidazole-5-
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CH.
N : )k
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' I
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Fig. 1 Imidazole compounds in contemporary metabolism. The chemical structures of some relevant imidazole
derivatives are shown. Histidine (2-amino-3-(1H-imidazol-4-yl) propanoic acid), biotin (5-[(3aS,4S,6aR)-2-
oxohexahydro-1H-thieno[3.4-dJimidazol-4-yl]pentanoic acid), ATP (adenosine triphosphate), adenine (9H-
purin-6-amine), guanine (2-amino-9H-purin-6(1H)-one), and the MIO cofactor (4-methylidene-imidazole-one).
Chemical structures were drawn using MarvinSketch v16.1.4 ChemAxon (http://www.chemaxon.com)
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Table 1 Abiotically-synthesized imidazole compounds

Precursos Compound Reference

Hydrogen cyanide (HCN) Adenine Oré 1960
4-aminoimidazole-5-carboxamide Or6 and Kimball 1962
4-aminimidazole-5-carboxamidine Ord and Kimball 1962
Guanine Or6 and Kimball 1962
4-aminoimidazole-5-carbonitrile Ferris and Orgel 1966
Xanthine Oro 1963
Hipoxanthine Lowe et al. 1963
2,6-diaminopurine Borquez et al. 20053
8-hydroxymethyladenine Schwartz and Bakker 1989

Glyoxal, formaldehyde, ammonia Imidazole Oro et al, 1984

Glyoxal, acetaldehyde, ammonia 2-methylimidazole

D-erythrose, formamidine Histidine Shen et al. 1987, 1990a

carbonitrile by the photochemical rearrangement of 3-amino acrylonitrites in the synthesis of
adenine. It has also been demonstrated that the hydrolysis of HCN oligomers yields adenine and
4-aminoimidazole-5-carboxamide (Ferris et al. 1978). Since the first reports on the abiotic
formation of adenine, the synthesis of other purines have also been achieved, including guanine
and xanthine (Or6 1963), hypoxanthine (Lowe et al. 1963), 2.6-diaminopurine (Borquez et al.
2005), and 8-hydroxymethyladenine (Schwartz and Bakker 1989). More recently a novel
formation of purine nucleosides has been described, in which the condensation of
formamidopyrimidines (FaPy) with ribose produces adenosine with up to 20 % yield (Becker
etal. 2016). This experimental scheme represents an alternative to the classical prebiotic synthesis
(Fuller et al. 1972). The imidazole group, as well as its 2-methyl derivative were obtained by Ord
et al. (1984) using glyoxal, aldehydes and ammonia as precursors. It is worth noting that hydrogen
cyanide is the precursor for a large number of molecules, including purines, pyrimidines and
amino acids (Ferris and Hagan 1984), but not histidine. The broad catalogue of molecules
synthesized from HCN makes this compound a very important reactant in the origin and early
evolution of life (Ruiz-Bermejo et al. 2013; Sutherland 2016).

In addition to their prebiotic synthesis, a wide array of nucleobases has been identified in
meteorites, supporting the possibility that they were present in the early Earth. This is the case
for purines, adenine, hypoxantine, xanthine, guanine, 2,6-diaminopurine, and 6,8-
diaminopurine, among others (Callahan et al. 2011; Rios and Tor 2013). However, as of today
no imidazole-bearing amino acid has been detected in meteorites (Burton et al. 2012) nor in
Miller-Urey-type experiments, which may indicate that His was not present in the prebiotic set
of molecules (Alvarez-Carrefio et al. 2013; Raggi et al. 2016).

Catalytic Activities of Imidazolides

Different imidazole molecules have been tested for catalytic activities. Most notably, the role
of activation group carried by the 2-methyl-imidazole in the formation of oligo (G)s in a non-
enzymatic template-directed synthesis (Inoue and Orgel 1981). Carbonyl diimidazole was
employed as condensing agent in peptide synthesis in aqueous solution, which led to 55mer-
long polypeptides in clay surfaces (Ferris et al. 1996).
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It has also been shown that histidine-containing di- and tri-peptides possess catalytic
properties. For instance, histidyl-histidine (His-His) catalyzes the dephosphorylation of
deoxyribonucleoside monophosphate, the hydrolysis of oligo (A);», and the oligomerization
of 2",3"-cAMP under cyclic wet-dry reaction conditions (Shen et al. 1990b). Moreover, seryl-
histidine (Ser-His) catalyzes the oligomerization of trimers of imidazole-activated nucleotides
(Wieczorek et al. 2013), and can also cleave several molecules, including bovine serum albumin
protein, bacteriophage A-DNA and the ester p-nitrophenyl acetate (Li et al. 2000). Ser-His also
catalyzes peptide bond formation between two amino acids, an activity also exhibited by seryl-
histidine-glycine (Ser-His-Gly) (Gorlero et al. 2009; Adamala et al. 2014). The binding of
oligoarginine peptides to complementary strands of RNA helps in the template-directed non-
enzymatic RNA polymerization (Jia et al. 2016), which demonstrate the catalytic and structural
potential of small peptides which may have been present in the prebiotic environment.

It has also been shown that the imidazole group can act as a cofactor for ribozymes. As
demonstrated by Perrotta et al. (1999), the incubation of an inactivated hepatitis delta virus
(HDV) ribozyme with unsubstituted imidazole (200 mM, pH 7.4) restores the catalytic activity
of the ribozyme, which is essential in the process of the rolling-circle replication of the viral
RNA. This replacement shows that the imidazole can act as a co-catalyst in RNA molecules,
which could be of key significance in an RNA world scenario, and of considerable significance
in the evolution of biological catalysis.

In extant cells perhaps the most significant example of a catalytic imidazole moiety is
histidine. The key role of histidine resides in protein mediated catalysis, a well-established
biochemical fact. How proteins actually originated remains unclear. However, it is reasonable
to assume that the active site of enzymes must be one of their oldest components, and
biochemical and bioinformatic analyses have shown that histidine is the catalytic residue most
frequently found in the active sites of enzymes (Holliday et al. 2011). This can be explained by
its imidazole side-chain. The unsubstituted imidazole has a pK, = 7, but on the cellular
environment, the pK, values for histidine’s imidazole are estimated to be in the range of 6
to 7, reflecting the electron-withdrawing inductive effect of the protonated amino group
(Edgcomb and Murphy 2002; Grimsley et al. 2009). Depending on the enzyme, the level of
ionization in the imidazole of histidine is estimated to range between 9 to 50 %. This particular
feature allows it to serve as a general acid or a general base, donating or accepting protons
during the course of a chemical reaction in acid-base catalysis (McMurry and Tadhg 2005).

Given its significance in enzyme catalysis, the understanding of how histidine was incor-
porated into active sites is critical. Study of the molecular evolution of the histidine biosyn-
thetic pathway has shown that a complex series of gene duplications and fusion events shaped
the route (Alifano et al. 1996; Fani et al. 1994, 2006), but its ultimate origin remains unknown.
In an effort to address this issue, a non-enzymatic synthesis of histidine was reported (Shen
et al. 1987, 1990a). The proposed reaction starts with D-erythrose and formamidine. The
condensation of these two compounds gives imidazole-4-acetaldehyde, which then forms
histidine via a Strecker synthesis (Fig. 2). As John Or6 described in considerable detail to
one of us (A.L.), the cyclization reaction leading to the imidazole derivative used in their work
was based on the chemical synthesis of imidazole glycerol phosphate (IGP) from ribose-5-
phosphate and formamidine described by Ames (1957) as part of the efforts that led to the
elucidation of histidine biosynthesis. A detailed examination of the synthesis proposed by
Shen et al. (1987, 1990a), demonstrates that the formation of the imidazole group is the
outcome of an Amadori rearrangement (Fig. 2, upper panel), a mechanism also involved in the
biosynthesis of imidazole glycerol phosphate by the IGP synthase (HisHF) enzyme during
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Fig. 2 Abiotic synthesis of histidine proposed by Shen et al. (1987, 1990a). The first step in the reaction is the
condensation of erythrose (i) with formamidine (ii). Subsequently to the formation of imidazole-4-acetaldehyde,
histidine 1s formed via Strecker synthesis. As shown in the upper part of the scheme, an Amadori rearrangement
gives place to the imidazole ring. Chemical structures were drawn using MarvinSketch v16.1.4 ChemAxon
(http://www.chemaxon.com)

histidine biosynthesis. However, both routes are completely different and there is clearly no
direct evolutionary connection between the abiotic synthesis of His reported by Shen et al.
(1987, 1990a) and the extant histidine anabolic route. As underlined by a generous reviewer,
since the stereocenters of D-erythrose do not partake in the reaction described by Shen et al.
(1987, 1990a), the a priori sclection of this enantiomer does not diminish the prebiotic
significance of the proposed histidine synthesis. In fact, the same would be true if other 4-
carbon aldoses were used as precursors. However, both erythrose and threose are minor
products in the formose reaction (Decker et al. 1982). On the other hand, the reaction reported
by Shen et al. (1987, 1990a) is inefficient (3.5 % yield based on the ratio of His/erythrose), and
the conditions of formation are not truly prebiotic because of the requirement of high
concentration of formamidine (0.3 M), which is a labile compound that is rapidly hydrolyzed
into formic acid and ammonia (Bada et al. 2016). This strongly hinders the prebiotic
significance of this synthesis, and leaves open the issue of the absence of His from the
prebiotic catalog of molecules.

On the Autocatalytic 4-Methylidene-Imidazole-one (MI10) Biosynthesis

In addition to its presence in purines and histidine, the imidazole moiety is also present in the
cell as the 4-methylidene-imidazole-one cofactor (MIO) (Fig. 1), which plays a key role,
together with other amino acids, in the aromatic amino acid lyase family of enzymes, i.e.
histidine-, tyrosine- and phenylalanine-ammonia-lyases (HAL, TAL and PAL, respectively)
(Fig. 3). These homologous enzymes catalyze the o, -elimination of ammonia from the
corresponding amino acid using MIO as an electrophile. HAL (EC 4.3.1.3) is the first enzyme
in the degradation pathway of L-histidine, and catalyzes its deamination with the formation of
trans-urocanic acid and ammonia (Baedcker and Schulz 2002). TAL (EC 4.3.1.23) deaminates
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L-tyrosine into p-coumaric acid, which is a precursor of the chromophore of photoactive
yellow protein in purple phototropic bacteria, and in Saccharothrix espanaensis coumarate is used
in the biosynthesis of saccharomicin, which is an oligosaccharide antibiotic (Berner et al. 2006).
PAL (EC 4.3.1.24) is part of the degradative metabolism of phenylalanine, and deaminates the
amino acid into #rans-cinnamic acid and ammonia in both plants and fungi (Kong 2015).

The phylogenetic distribution of the MIO-dependent enzymes suggest that they are quite
recent. The MIO-dependent ammonia-lyases are structurally homologous to the tyrosine and
phenylalanine aminomutases (TAM and PAM, respectively) (Fig. 3), which catalyze the
interconversion of a 3-amino acid from an «-amino acid using the same MIO cofactor. In
this manner, TAM (EC 5.4.3.6) catalyzes the formation of 3-amino-3-(4-hydroxyphenyl)
propanoate, while PAM (EC 5.4.3.11) transforms phenylalanine into (3-phenylalanine.

As noted in Fig. 3, the active site of these enzymes is highly conserved, and the mechanism
of MIO formation is the same in all of them. MIO formation is an autocatalytic process that
involves a highly conserved motif consisting of alanine (Ala), serine (Ser), and glycine (Gly)
found in the sequence. Because of this, MIO has been catalogued as a polypeptide-derived
cofactor, which corresponds to a special case of prosthetic groups (Fischer et al. 2010). As
summarized in Fig. 4, the reaction starts with the attack of the amine of Gly to the carbonyl of
Ala, generating a five membered intermediate, which is then transformed into the MIO
cofactor (Fig. 4) (Rétey 2003). As detailed below, here we underline the experimental
significance of this reaction mechanism for a possible model prebiotic experiment.

1B8F [HAL| HIPLKGSVGASGDLAPLAHMSLVLLGEGK -ARY - -KGQWLSATEALAVAGLEPLTLAAKE
206Y|TAL[ AVPSRGTVGASGDLTPLAHMVLCLQGRGDF LDR - -DGTRLDOGAEGLRRGRLQPLDLSHRD
20HY | TAM| ATPEIGSLGASGDLAPLSHVASTLIGEGY - VLR - -DGRPVETAQVLAERGIEPLELRFKE
2NYN|PAL | YVYEFGSIGASGDLVPLSYITGSLIGLDPSFKVOFNGKEMDAPTALRQLNLSPLTLLPKE

3NZ4 |PAM| KVPLRGSVSASGPLIPLAYIAGLLIGKPSVIARIGDOVEVPAPEALSRVGLRPFKLQAKE

Fig. 3 Structural alignment of the HAL (PDB: 1B8F), PAL (PDB: 2NYN), TAL (PDB: 206Y), PAM (PDB:
2NZ4) and TAM (PDB: 20HY) enzymes. In sticks view and red is shown the MIO cofactor. Below it is shown a
fragment of the sequence alignment of the same enzymes, the box indicates the Ala-Ser-Gly motif, which is
required for the MIO biosynthesis. The alignment of the crystallographic structures was performed using PyMOL
(The PyMOL Molecular Graphics System, Version 1.8 Schrédinger, LLC.)
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Fig. 4 MIO formation via cyclization of an Ala-Ser-Gly- motif. (Modified from Rétey 2003). Chemical
structures were drawn using MarvinSketch v16.1.4 ChemAxon (http://www.chemaxon.com)

Could the Abiotic Condensation of Ala-Ser-Gly Give Rise to Imidazolides?

Numerous experiments simulating the prebiotic synthesis of organic compounds under possi-
ble primitive Earth conditions have been carried out using combinations of gases ranging from
the highly reducing (CH4, NHs, H>O and H»,) (Miller 1953), to neutral (H,O, N,, CO,)
mixtures (Cleaves et al. 2008). In all cases, alanine, serine and glycine are always found,
strongly suggesting their occurrence in the primitive Earth. The chemical characterization of
these amino acids in carbonaceous chondrites is also consistent with their presence in the
prebiotic inventory of organic molecules (Burton et al. 2012). Additionally, peptides including
these amino acids have been found in irradiated interstellar ice analogues (Kaiser et al. 2013).

The amino acids that give rise to the MIO cofactor are precisely three of the most abundant
ones found in prebiotic experiments. However, the laboratory syntheses of functional products of
cyclization reactions of small peptides is challenging and rather inefficient (Lambert et al. 2001;
Skropeta et al. 2004). While the overall peptidic component might have been relatively large
(Brack 2007) on the early Earth, we are aware that in the absence of a primitive coding
mechanism, the likelihood of formation of significant amounts of a specific tripeptide is certainly
small. However, it is known that intramolecular cyclization of peptides is favored by high
dilutions and that cyclizations tend to be inherently slow reactions (Davies 2003). If an abiotic
process leading to the synthesis of amino acids and small peptides that included sequences such as
the Ala-Ser-Gly motif is assumed, the possibility of the formation of an imidazole molecule in a
MIO-like fashion may be plausible, given the right conditions. This may include condensation
reactions between prebiotic amino acids in lagoons and other water bodies undergoing wet-and-
dry cycles, as well as the interaction with clays, metal cations and even other organic molecules.
The micro-environmental conditions are major factors which may be of pivotal importance for the
proposed synthesis, since the biogenesis of the MIO cofactor is not only dependent on the
existence of the Ala-Ser-Gly sequence, but also on the chemical microenvironment experienced
by the peptide due to conformation of the larger peptide within which the cyclization happens.
The interaction with other peptides may promote the cyclization process.
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Here we propose an empirical exploration of a cyclization of the Ala-Gly-Ser tripeptide after
exposure to dry (by heating up the sample at 85C) and wet phases (in which sample is re-hydrated
at 65C). The dry phase and wet phase combined could complete one cycle. The wet-dry cycle
believed to be associated with day/night and/or seasonal cycles on early Earth was proven
experimentally to promote polymerization (Mamajanov et al. 2014; Forsythe et al. 2015). At the
end of each cycle, a sample will be analyzed using mass spectrometry (MS) and nuclear magnetic
resonance spectroscopy (NMR). As noted above, the Ala-Ser-Gly motif does not occur isolated in
the enzymes, therefore the use of capped hydrophobic termini on the experimental tripeptides may
also be a good approach to the formation of the imidazole molecule. The effect of pH is important
and hence the synthesis in different pH ranges (1-2, 6-7, 910, 12—13) should be explored, as
should the inclusion of other prebiotically-produced organics, including tars, to help mimic the
microenvironment of the biogenesis reaction. Proof-of-principle experiment is currently underway.

Conclusions

How the transition from prebiotic chemistry to the first forms of life took place is unknown. However,
the prevalence of imidazole molecules in prebiotic chemistry experiments and contemporary metab-
olism suggest that this chemical group played a unique role due to its catalytic properties.

The processes discussed here show the existence of multiple abiotic and prebiotic mechanisms
for the synthesis of imidazole derivatives, some of which present similarity, at some extent, to the
biosynthesis of imidazole compounds found in extant metabolism. Particularly in the case of the
abiotic synthesis of histidine reported by Shen et al. (1987, 1990a) and the biosynthesis of the
same amino acid, both routes coincide in the Amadori rearrangement that produces the imidazole
ring. Nevertheless, this does not indicate by itself an evolutionary continuity between them. The
major differences between the reaction mechanisms involved in the biosynthetic processes
leading to the formation of purines, histidine and the MIO cofactor are evidence for the
polyphyletic origin of these imidazole-bearing compounds in biological systems.

Although in general there are few similarities between abiotic processes and extant
biosynthetic routes (Lazcano and Miller 1999), biological processes can be a key inspiration
for the empirical exploration of possible prebiotic synthesis. This is particularly true for non-
enzymatic processes. Perhaps the best example is the successful selective abiotic synthesis of
2.4 (6) sugar phosphates using glycoaldehyde phosphate, based on the recognition that in
extant carbohydrate metabolic pathways sugars are generally phosphorylated (Mueller et al.
1990). Using the same reasoning, and taking into account the biosynthesis of the MIO
cofactor, we propose the synthesis of an imidazole compound under putative primitive
conditions starting from small peptides containing the Ala-Ser-Gly motif. Empirical demon-
stration for its synthesis and accumulation in the primitive environment is required.

The proposed synthesis of an imidazolide by condensation of an Ala-Ser-Gly-containing
peptide does not represent the emergence of an intermediate state between a prebiotic
imidazole ring and histidine, and hence does not solve in any way the problem of the possible
absence of this amino acid in the prebiotic environment. The origin and posterior incorporation
of histidine into the active sites of enzymes remains an open issue.
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Protein complexes with artificial aptamers exhibit a bias towards arginine, tryptophan and tyrosine, providing
insights into physicochemical traits of the interactions between amino acids and RNA that may have led to the
origin of the genetic code and the ribosome.

By the late 1960s the ample biological
distribution of RNA and its biochemical
properties had started to catch the
attention of evolutionists, and in an
extraordinary combination of scholarship
and conjecture Francis Crick, Leslie Orgel
and a few others independently
suggested that the first living beings were
devoid of both DNA and proteins, and
dependent on RNA both as a genetic
polymer and as a catalyst. As Crick
wrote, the primitive ribosome “had not
protein at all and consisted entirely of
RNA”" [1], while Orgel (1968) stated that
“it seems quite possible that
polynucleotide chains could make a
primitive selection among organic
molecules such as amino acids, by
forming stereospecific complexes
stabilized by hydrogen-bonding and

hydrophobic interactions. This will be
important in any discussion of the
evolution of the genetic code” [2].

The groundbreaking discovery of
ribozymes gave considerable credibility
to the idea that RNA had played a key
role in the appearance of life. The
discovery of ribozymes took everyone by
surprise, because no one was looking for
them, but the stunning widening of their
functional repertoire under in vitro
conditions has demonstrated that they
can catalyze the same classes of
chemical reactions as enzymes. The
structural and regulatory properties of
RNA molecules and ribonucleotides,
combined with their catalytic activities
and ubiquity in cellular processes,
suggest that during an early, perhaps
primordial, stage RNA molecules played

R220 Current Biology 28, R208-R231, March 5, 2018 © 2018 Elsevier Ltd.

a much more conspicuous role in
heredity and metabolism (Figure 1).

We still do not know how the RNA
World first appeared. However, it should
not be understood as a mere collection of
catalytic and replicative molecules
stripped of all other recognized attributes
of extant life, but rather as an evolutionary
stage during which polyribonucleotides
interacted with a wide array of
compounds of biochemical significance
that may have been present on the
primitive Earth, including amino acids,
membrane-forming compounds and
metallic cations. As suggested by a
number of experiments, the inventory
probably included small functional
peptides that may have helped to shape
the chemical environment in which life
appeared [3]. However, such peptides
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would have come and gone without
becoming the direct ancestors of extant
proteins. Even if prebiotic processes
replenishing them are postulated, in the
absence of hereditary mechanisms
ensuring their production and
diversification, sooner or later they would
be exhausted.

The evidence that the catalytic center
of the ribosome is a ribozyme strongly
supports the hypothesis that nucleic
acid-directed protein synthesis appeared
in the RNA World. In a paper published in
a recent issue of Current Biology, Blanco
et al. [4] follow the steps of Orgel, and
argue that the physico-chemical
properties of amino acids must have
played a key role at the start of the
stepwise evolution of protein
biosynthesis. This includes their ability to
interact with RNA molecules, as shown
by reports on the efficient in vitro
selection of different aptamers against
arginine, valine and isoleucine, and
tyrosine and tryptophan, which are
cationic, hydrophobic and aromatic
amino acids, respectively. Since it is
unlikely that the first oligopeptides were
already endowed with catalytic
properties, it is possible that they may
have been selected at first because of
their ability to bind to RNA and stabilize
functional conformations of ribozymes
(Figure 2).

Extant RNA-binding protein domains
may provide insights into these early
stages, but as noted by Blanco et al.,
they are the outcome of a lengthy
evolutionary history that reflects distinct
selective pressures. To avoid such bias,
they analyzed interactions between
nucleic acids and proteins, but with an
ingenious twist based on the
characterization of a population of
complexes of proteins with artificial
nucleic acid aptamers derived from
in vitro evolution. A meticulous study
using bioinformatics tools and molecular
dynamics analysis of the amino acid
composition and interfacial residues of
the complexes allowed Blanco et al. to
show that positively charged arginine
and lysine residues are overrepresented
in the data set and, quite specifically, in
the interfaces where the amino acid
residues are directly involved in the
nucleic acid-protein interaction.

By leaving out large proteins from their
experimental design, Blanco et al.
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Figure 1. The key roles of RNA and ribonucleotides in cellular processes.

RNA and ribonuclectides are ubiquitous and play key catalytic, structural and regulatory roles in biclogical
processes. The highly conserved ribonucleotide biosynthetic pathway very likely appeared prior to the
divergence of the three major lineages. As shown in the lower part of the figure, ribonuclectides are
reduced by ribonucleotide reductase (RNR) to deoxyribonucleotides, and some of their derivatives like
coenzymes participate in biological catalysis and, as alarmones, in the activation or inhibition of cellular
processes under stress conditions. RNA molecules can be divided into coding (cRNA) and non-coding
(ncRNA). Like riboswitches, long ncRNA and small ncRNA play a key role in regulating gene expression

(based on [12]).

excluded sequences that do not partake
in nucleic acid binding. They selected
instead two other sets of smaller proteins,
one with less than 500 amino acids, and
the other with less than 200 amino acids.
In both cases, the aliphatic amino acids
valine and leucine, as well as histidine,
are strongly underrepresented in the
binding sites. In these two sets, a
compositional bias was observed
towards positively charged residues,
specifically arginine and lysine, as well as
towards the aromatic residues
tryptophan and tyrosine, which are
among the top-most catalytic residues of
extant enzymes [5].

The same trends are observed in the
amino acids present in the nucleic acid-
protein interaction interface and the
solvating areas of the complexes. A
fascinating observation is that the
properties of biological proteins are not
quite the same as those of random
sequences of amino acids, suggesting
that in spite of the selective pressures,
considerable degrees of freedom may
exist in the sequence space of the

components of peptide-RNA complexes.
The results reported by Blanco et al. are
consistent with the views of Fox and Naik
[6] and of Kovacs et al. [7], who have
argued that the direct association of
oligopeptides and proteins with primitive
ribosomal RNA resulted in their mutual
chaperoning and coevolution. The
association of RNA and an arginine-rich
proto-peptidic scaffold would provide
protection to both components against
environmental insults and chemical
degradation. Because the binding
between RNA and oligopeptides involves
weak electrostatic interactions, the
process described by Chen and her
coworkers would have been most
efficient in low temperature primitive
environments.

A major caveat of the model is the
prebiotic availability of arginine and lysine.
While valine, leucine, and tyrosine are
present in organic-rich chondritic
meteorites and are readily formed in
experimental simulations of the primitive
soup, the same is not true of arginine,
lysine or histidine. There are reports of a
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Figure 2. The association between RNA and cationic amino acid-rich oligopeptides.
During primordial times the binding of prebiotic oligopeptides with basic amino acids (in yellow) would stabilize the catalytic and functional conformation of RNAs,
leading to the formation of complexes that would coevolve into more complex, efficient ribozymes from which primitive ribosomes are hypothesized to have evolved.

high energy abiotic synthesis of arginine
by a Fischer-Tropsch-type process [8]
and, more recently, from alpha-
aminopropionitrile in a multi-pot low-
energy cyanosulfidic chemical system [2],
but the absence of arginine and other
basic amino acids in meteorites raises the
issue of which compounds were available
in the prebiotic Earth that could interact
with RNA.

Itis of course possible that some amino
acids like arginine and histidine are the
outcome of early biological evolution and
not of chemical evolution. This does not
invalidate the conclusions of Blanco
et al., since their work is based on the
overall physicochemical properties of
amino acids, including those that are not
found in extant living beings. The
available evidence suggests that the
prebiotic broth was a chemical
wonderland, and may have included
oligomers containing both amide and
ester linkages [10], as well as chemical
proxies of arginine and lysine, such as
2,4-diaminobutanoic acid, a diamino acid
found in the Murchison meteorite [11]. Itis
also possible to picture metal ion-
mediated interactions between the
phosphate backbone of RNA with
negatively charged amino acids, like
aspartic and glutamic acids, which are
among the most abundant compounds
synthesized under laboratory conditions

and are present in carbon-rich
meteorites.

Looking back across time since the
origin of life occurred is a scientific
exercise fraught with guesswork, since
the evidence required to understand the
prebiotic environment and the nature of
the events that led to the first living
systems is scant and sometimes open to
opposite interpretations. However, the
system-level approach developed by
Blanco et al. is a good example of how to
design experiments that can help to
overcome at least in part the reductionism
that haunts our understanding of the
emergence of life.
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ANEXO 2. Materiales y método extendidos de Vazquez-Salazar, et al. 2018
Andlisis filogenético basado en estructura primaria

Con la finalidad de estudiar la distribucion de las dos enzimas que sintetizan el grupo
imidazol, tanto en la ruta biosintética de histidina (HisF) como en la sintesis de novo
de purinas (PurM), se crearon matrices de presencia/ausencia de dichas enzimas

usando las secuencias encontradas en genomas completamente secuenciados.

Identificacion y coleccion de secuencias

Para comenzar el analisis se identificaron las secuencias proteinicas de cada una
de las enzimas a analizar. Los mapas metabodlicos de la base de datos Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa, et al., 2017) fueron
empleados para identificar y descargar las secuencias. Los numeros de
identificacion de las secuencias empleadas son los siguientes: bacterias
(Escherichia coli) PurM: b2499, HisF: b2025; arqueas (Methanococcus jannaschii)
PurM: MJ_0203, HisF: MJ_0411; eucariontes (Saccharomyces cerevisiae) PurM:
YGL234W, HisF: YBR248C.

Busqueda de homologos en genomas completamente secuenciados

Las secuencias mencionadas fueron empleadas para realizar la busqueda de
homologos en la base de datos local de genomas completamente secuenciados
usando el algoritmo Basic Local Aligment Search Tool (BLAST) versién 2.2.28
(Altschul, et al., 1990). Los pardmetros de BLAST que se usaron fueron los
predeterminados. El valor de corte empleado para considerar homologia fue un e-

value < 1e-5 con porcentaje de identidad = 30%.

La informacion sobre homologos en genomas completamente secuenciados fue

adicionalmente arreglada en matrices de presencia/ausencia.
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Reconstruccidn filogenética basada en estructura terciaria

Durante el proceso evolutivo, las estructuras terciarias de las proteinas se
encuentran mas conservadas que las secuencias de aminoécidos; por esta razoén,
la comparacion de estructuras proteinicas puede ser empleada para describir de
manera mas apropiada las relaciones evolutivas entre proteinas homologas cuyas
secuencias hayan divergido substancialmente durante la evolucion (Sillitoe &
Orengo, 2007). De esta manera, la comparacion estructural de estructuras
cristalogréficas de proteinas se convierte en una alternativa novedosa para el

estudio de la historia evolutiva de proteinas.

Identificacion y coleccion de estructuras cristalogréaficas de proteinas

Las estructuras cristalograficas disponibles de las proteinas HisF de Thermotoga
maritima (cédigo: 1THF, 1.45 A de resolucién) asi como para PurM de Escherichia
coli (codigo: 1CLI, 2.50 A de resolucion) fueron descargados del Protein Data Bank
(PDB) (http: // www.rcsb.org/pdb). Todas las estructuras fueron visualizadas y
editadas mediante el programa PyMol version 1.6 (The PyMOL Molecular Graphics
System, Version 1.6 Schrodinger, LLC)

Busqueda de homologos estructurales

Las estructuras cristalograficas de HisF y PurM descargados previamente fueron
empleados para realizar una busqueda de homadlogos estructurales en la base de
datos PDB mediante el algoritmo DaliLite version 3 (Hasegawa & Holm, 2009). La
lista de posibles homélogos fue curada a mano, y los mejores resultados fueron
descargados para su posterior analisis, considerando Unicamente las estructuras de

las proteinas de interés que no tuvieran ligandos unidos.
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Algoritmos de comparacion de estructuras terciarias

Empleando el algoritmo Secondary structure matching-SSM (Krissinel & Henrick,
2004) que forma parte del servidor web del Protein Data Bank-Europe (PDBe)
(http://www.ebi.ac.uk/msd-srv/ssm/cgi-bin/ssmserver), se llevd a cabo Ila
comparacion de las estructuras terciarias de las distintas proteinas identificadas
como homadlogos estructurales de HisF y PurM. Dicho algoritmo realiza un analisis
pareado de los elementos de la estructura secundaria de cada proteina, asi como
una alineacion tridimensional iterativa del esqueleto de carbonos alfa en las cadenas
polipeptidicas; de esta manera es posible calcular la distancia entre dichos atomos
en cada par de proteinas analizadas. El resultado obtenido es un valor numérico,
denominado root mean square deviation (RMSD), mientras menor sea este valor
(cero indicaria que las proteinas comparadas son idénticas), mayor es el parecido
global de las estructuras proteinicas comparadas, lo cual, evolutivamente, implicaria

gue estan mas cercanamente relacinadas.

Construccién de arboles filogenéticos

Un total de 38 estructuras cristalograficas (Tabla A2.1) fueron analizadas de manera
pareada mediante el algoritmo Secondary structure matching-SSM (Krissinel &
Henrick, 2004). El valor del alineamiento estructural (SAS) para cada comparacion
proteina-proteina se calcul6 segun la férmula: (RMSD * 1000) / # de residuos
alineados (Subbiah, et al., 1993; Jacome, et al. 2015). Posteriormente fueron
construidas matrices de distancia empleando los valores calculados de SAS, dichas
matrices fueron analizadas utilizando el programa FITCH, basado en el algoritmo
de Fitch-Margoliash, que se incluye en la paqueteria PHYLIP (Felsenstein, 2005);
finalmente, se construyeron dendogramas utilizando el programa DRAWTREE del
mismo paquete de analisis. Los arboles fueron visualizados y editados usando

FigTree version 3.2 (http://tree.bio.ed.ac.uk/software/figtree/).
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Tabla A2.1. Estructuras cristalograficas empleadas en la construccion de

dendogramas estructurales

Cédigo PDB | Enzima | Especie Resolusion [A]

3P4E PurM Vibrio cholerae 1.77

2701 PurM Geobacillus kaustophilus 2.2

3M84 PurM Francisella tularensis 1.699

2V9Y PurM Homo sapiens 2.1

1CLI PurM Escherichia coli (strain | 2.5
K12)

2BTU PurM Bacillus anthracis 2.31

3KlIZ PurM Cytophaga hutchinsonii | 1.5
(strain ATCC 33406 /
NCIMB 9469)

3VIU PurL Thermus thermophilus | 2.35
(strain HB8 / ATCC 27634 /
DSM 579)

1VK3 PurL Thermotoga maritima | 2.15
(strain ATCC 43589 /
MSB8 / DSM 3109 / JCM
10099)

1T3T PurL Salmonella  typhimurium | 1.9
(strain LT2 / SGSC1412 /
ATCC 700720)

1vQVv ThiL Aquifex aeolicus (strain | 2.65
VF5)
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3MCQ

ThiL

Methylobacillus flagellatus
(strain KT / ATCC 51484 /
DSM 6875)

191

2Z1T

HypE

Desulfovibrio vulgaris
(strain  Hildenborough /
ATCC 29579 / NCIMB
8303)

2.6

216R

HypE

Escherichia coli (strain
K12)

2.51

3U00

SelD

Escherichia coli (strain
K12)

2.25

220D

SelD

Aquifex aeolicus (strain
VF5)

1.98

4EVZ

HisF

Ancestral reconstruction

1.46

1IH5Y

HisF

Pyrobaculum aerophilum
(strain ATCC 51768 / IM2 /
DSM 7523 / JCM 9630 /
NBRC 100827)

1THF

HisF

Thermotoga maritima
(strain ATCC 43589 /
MSB8 / DSM 3109 / JCM
10099)

1.45

1KA9

HisF

Thermus thermophilus
(strain HB8 / ATCC 27634 /
DSM 579)

2.3
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SAHE

HisA

Salmonella  typhimurium
(strain LT2 / SGSC1412 /
ATCC 700720)

1.7

1Q02

HisA

Thermotoga maritima
(strain ATCC 43589 /
MSB8 / DSM 3109 / JCM
10099)

1.85

4GJ1

HisA

Campylobacter jejuni
subsp. jejuni serotype O:2
(strain ATCC 700819 /
NCTC 11168)

2.152

2AGK

HisA

Saccharomyces cerevisiae
(strain ATCC 204508 /
S288c)

1.3

1vC4

TrpC

Thermus thermophilus

1.8

3QJA

TrpC

Mycobacterium
tuberculosis (strain ATCC
25618 / H37Rv)

1.29

1IGS

TrpC

Sulfolobus solfataricus
(strain ATCC 35092 / DSM

1617 / JCM 11322 / P2)

3TSM

TrpC

Brucella abortus (strain
2308)

2.15

6BMA

TrpC

Campylobacter jejuni
subsp. jejuni serotype O:2
(strain ATCC 700819 /
NCTC 11168)

1.98
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114N

TrpC

Thermotoga maritima
(strain ATCC 43589 /
MSB8 / DSM 3109 / JCM
10099)

2.5

4WUI

TrpF

Jonesia denitrificans (strain
ATCC 14870 / DSM 20603
/ CIP 55134)

1.09

INSJ

TrpF

Thermotoga maritima
(strain ATCC 43589 /
MSB8 / DSM 3109 / JCM
10099)

SLHE

TrpF

Thermococcus
kodakarensis (strain ATCC
BAA-918 / JCM 12380 /
KOD1)

1.85

1Vv5X

TrpF

Thermus thermophilus

4AAJ

TrpF

Pyrococcus furiosus (strain
ATCC 43587 / DSM 3638 /
JCM 8422/ Vcl)

1.75

1vVzZW

PriA

Streptomyces  coelicolor
(strain ATCC BAA-471 |/
A3(2) / M145)

1.8

4X2R

PriA

Actinomyces urogenitalis
DSM 15434

1.05

4U28

PriA

Streptomyces sviceus
ATCC 29083

1.33
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ANEXO 3. Anabolismo de histidina, cisteina y acido aspéartico. Resultados

preliminares

El primer paso para estudiar la evolucion de la biosintesis de los tres aminoacidos
cataliticos (histidina, cisteina y acido aspartico) fue hacer un analisis de distribucion

filogenética siguiendo el método que a continuacion se describe.

Identificacion de las enzimas que participan en la biosintesis de His, Cys y Asp
Las enzimas involucradas en la biosintesis de histidina, cisteina y acido aspartico
se identificaron usando los mapas metabdlicos de la base de datos Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Kanehisa, et al., 2017) y la base
MetaCyc (Caspi, et al.,, 2018). Las secuencias proteinicas de cada una de las
enzimas fueron descargadas de KEGG. Para todos los casos se emplearon
organismos modelo, donde se han realizado caracterizaciones bioquimicas de las
enzimas mencionadas. Los organismos de los cuales fueron extraidas las
secuencias son los siguientes: eco: Escherichia coli K-12 MG1655; mja:
Methanocaldococcus jannaschii; ape: Aeropyrum pernix; sce: Saccharomyces
cerevisiae.

Numeros de identificacion (KEGG) de las secuencias empleadas en la busqueda de

homélogos:
l. Histidina Il. Cisteina

EC, Identificador EC, Identificador
1. 2.4.2.17, eco b2019 1. 2.3.1.30, eco b3607
2. 3.6.1.31, eco b2026 2. 2.5.1.47, eco b2414
3. 3.5.4.19, eco b2026 3. 2.5.1.47, eco h2421
4. 5.3.1.16, eco b2024 4. 6.1.1.27, mjaMJ_1660
5. 4.1.3.-, eco b2025 5. 2.5.1.73, mjaMJ_1678
6. 2.4.2.-, eco b2023 6. 2.5.1.65, ape APE_1586
7. 4.2.1.19, eco b2022 7. 2.3.1.31, sce YNL277W
8. 2.6.1.9, eco b2021 8. 2.5.1.49, sce YLR303W
9. 3.1.3.15, eco b2022 9. 4.2.1.22, sce YGR155W
10.1.1.1.23, eco b2020 10.4.4.1.1, sce YALO12W
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.  Acido aspartico
EC, identificador
1. 2.6.1.1, ecob0928

Blusqueda de homdlogos en genomas completamente secuenciados

Las secuencias proteinicas recuperadas fueron empleadas para realizar una
busqueda de homodlogos en la base de datos local de genomas completamente
secuenciados (basada en KEGG), usando el algoritmo Basic Local Aligment Search
Tool (BLAST) version 2.2.26+ (Altschul, et al., 1990). Los parametros de BLAST que
se usaron fueron los predeterminados. El valor de corte empleado para considerar

homologia fue un e-value < 1e5 con porcentaje de identidad = 25 %.

Curacion de matrices de presencia/ausencia

La informacion sobre homdlogos en genomas completamente secuenciados fue
adicionalmente arreglada en matrices de presencia/ausencia, las cuales fueron
analizadas con el fin de encontrar patrones de distribucién. Las matrices se
encuentran disponibles en la siguiente liga:
https://drive.google.com/drive/folders/1hulbm5z-UE-6AfOwWdVE-Y69KENMuU1Gw

Resultados Preliminares. Biosintesis de histidina

Como se describio con anterioridad (ver Capitulo Il), las enzimas involucradas en la
biosintesis de histidina (Tabla A3.1; Figura A3.1) estdn ampliamente distribuidas en
los tres dominios celulares. Esto sugiere que su biosintesis estaba presente en el
altimo ancestro comdn de todos los seres vivos (LUCA). A diferencia de lo que
ocurre con cisteina (Tabla A3.2), la biosintesis de histidina se encuentra
ampliamente conservada en los tres dominios; es decir, bacterias, arqueas y
eucariotas emplean las mismas enzimas para realizar las mismas reacciones
bioquimicas. Las Unicas diferencias inter-dominio que se encuentran son casos de
fusién de genes en el dominio Eukarya, generando enzimas bifuncionales; por

ejemplo, el gen His7 producto de la fusion de los genes hisF y hisH bacterianos.
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Tabla A3.1. Enzimas que participan en la biosintesis de Histidina

Nombre EC

ATP fosforibosiltransferasa, HisG 2.4.2.17

Fosforibosil-ATP pirofosfatasa, Hisl-C 3.6.1.3.1

Fosforibosil-AMP ciclohidrolasa, HislI-N 3.5.4.19

Fosforibosilformimino-5-aminoimidazol carboxamida ribotido isomerasa, HisA
5.3.1.16

Imidazol glicerol-fosfato sintasa, subunidad ciclasa, HisF 4.1.3.-

Imidazol glicerol-fosfato sintasa, subunidad glutamina amidotransferasa, HisH

2.4.2.-
Imidazol glicerol-fosfato dehidratasa, HisB-C 4.2.1.19
Histidinol-fosfato aminotransferasa, HisC 2.6.1.9
Histidinol-fosfatasa, HisB-N 3.1.3.15
Histidinal/histidinol dehidrogenasa, HisD-N 1.1.1.23
Histidinal/histidinol dehidrogenasa, HisD-C 1.1.1.23
HisG Hisl Hisl
PRPP — PRATP —— PRAMP —— ProFAR —— PRFAR
[Ec2.22.17] [Ec3.6.1.31] [Ec3.5.4.19] [Ecs3.aa1e] |
i[EC413-] HisF!
1 n )
HisD HisB HisC HisB \[E242-] HisH]
Hisnal < Hisnol HnolP ImAP IMGP <«—
HisD | EC1.1.1.23| |EC3.1.3.15| |EC2.6.1.9 | |EC4.2.1.19|
| EC 1.1.1.23' AICAR
Histidine
Purine
biosynthesis

Figura A3.1. Ruta de biosintesis de la histidina. Se trata de 10 reacciones
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enzimaticas distintas catalizadas por 8 enzimas conservadas en los tres dominios

celulares.
Resultados preliminares.Biosintesis de cisteina

La cisteina cumple funciones importantes como antioxidante y como fuente de
azufre para biomoléculas como la tiamina, los grupos de Fe-S, la biotina, el CoA, la
metionina y varios tioles antioxidantes (glutation, micotiol, trypanothione) (Giles, et
al., 2003). De la misma manera, como se discuti6 en secciones anteriores (ver

Capitulo 1), la cisteina es un residuo catalitico muy importante en las enzimas.

En el presente trabajo, cinco distintas rutas de biosintesis de cisteina fueron
identificadas, segun la base de datos MetaCyc (Caspi, et al.,, 2018), en el
metabolismo contemporaneo (Tabla A3). Del andlisis de estas enzimas se puede
establecer que i) las cinco rutas de biosintesis de cisteina estan estrechamente
relacionadas con la serina; ii) no hay homologia entre las enzimas de las distintas
rutas (todas tienen plegamientos distintos), y iii) las enzimas de las rutas de serina
(EC 2.3.1.30y 2.5.1.47), y de la ruta de homoserina (EC 2.3.1.31y 2.5.1.49) realizan
reacciones equivalentes en substratos semejantes; sin embargo, no son

homélogas.

Tabla A3.2 Enzimas que participan en la biosintesis de cisteina

| Candnica (bacteriana)

Serina O-acetiltransferasa 2.3.1.30
Cisteina sintasa 2.5.1.47
Il Dependiente de RNA

O-fosfoseril-tRNA ligasa 6.1.1.27
O-fosfo-L-seryl-tRNA:Cys-tRNA sintasa 2.5.1.73
Il De la O-fosfoserina sulfhidrilasa (OPSS)

O-fosfoserina sulfhidrilasa 2.5.1.65
IV Presente en hongos

Homoserina O-acetiltransferasa 2.3.1.31
O-acetilhomoserina aminocarboxipropiltransferasa 2.5.1.49

V A partir de homocisteina
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Cistathionina beta-sintasa 4.2.1.22
Cistathionina gamma-liasa 44.1.1
El analisis de la distribucién de las enzimas en cada uno de los diferentes

dominios de la vida indica lo siguiente.
Eucariontes

* Los animales, incluyendo al humano, tienen los genes para sintetizar cisteina
a partir de la homocisteina (EC 4.2.1.22y 4.4.1.1)

* Las plantas tienen las proteinas para sintetizar cisteina de tres maneras, a
partir de de la serina (EC 2.3.1.30y 2.5.1.47), de la fosfoserina (EC 2.5.1.65)
y de la homocisteina (EC 4.2.1.22y 4.4.1.1)

* La mayoria de los hongos tiene las enzimas para sintetizar cisteina a partir
de la homoserina (EC 2.3.1.31, 2.5.1.49, 4.2.1.22 y 4.4.1.1). La excepcion

son los Microsporidia

* El caso interesante son los protistas, donde hay un numero considerable de
organismos que parecen no tener ninguna de las enzimas de las rutas de
biosintesis. La busqueda no arrojé ningun resultado para Apicomplexa ni

para el diplomonado Giardia lamblia

* Entamoeba histolytica tiene los genes para la sintesis a partir de serina (EC
2.3.1.30 y 2.5.1.47). Nuestro analisis también encuentra hits para
Phaeodactylum tricornutum, Thalassiosira pseudonana (Diatomeas), asi
como para Trypanosoma cruzi, Leishmania, Naegleria gruberi y Trichomonas

vaginalis.

* Los Choanoflagellados, asi como los géneros de Amoebozoa Dictyostelium
y Acanthamoeba posiblemente poseen la ruta de la homocisteina (EC
4.2.1.22y4.4.1.1)

Arqueas

* Las Euryarchaeota metanogénicas tienen la ruta de biosintesis dependiente
de RNA (EC 6.1.1.27 y 2.5.1.73), excepto Methanosphaera stadtmanae,
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Methanobrevibacter smithii y Methanobrevibacter ruminantium, que no dan
hit para dicha ruta, pero si para las de serina (EC 2.3.1.30 y 2.5.1.47), la de
fosfoserina (EC 2.5.1.65) y de homocisteina (EC 4.2.1.22y 4.4.1.1).

Todas las Crenarchaeota, excepto Staphylothermus hellenicus, Ignicoccus
hospitalis y Fervidicoccus fontis dan hit para la ruta de la fosfoserina (EC
2.5.1.65).

Cenarchaeum symbiosum (Thaumarchaeota), Nanoarchaeum equitans
(Nanoarchaeota) y Candidatus Korarchaeum cryptofilum (Korarchaeota) no

dan hit para ninguna enzima.

Bacterias

En general, al menos una ruta completa para la biosintesis de cisteina esta
presente en los grupos de Gammaproteobacteria - Enterobacteria,
Gammaproteobacteria - Others, Betaproteobacteria, Epsilonproteobacteria,

Deltaproteobacteria

Ninguno de los miembros analizados de Rickettsia, Orientia, Wolbachia,
Anaplasma, Ehrlichia, Neorickettsia, Midichloria, asi como Bartonella (todas

Alphaproteobacteria) dio hit para alguna enzima

Tenericutes y Chlamydiae son grupos bacterianos que no dan hit para

ninguna de las enzimas.

Las Spirochaetes Borreliella, Borrelia y Treponema tampoco dan hit para

ninguna enzima

Sin lugar a duda, la evolucién de la biosintesis de cisteina es compleja,

como lo revelan las multiples rutas que se encuentran distribuidas en los diferentes

dominios de la vida; de hecho, la base de datos MetaCyc en sus ultimas

actualizaciones (Caspi, et al. 2018) ha incrementado el numero de rutas

biosintéticas para cisteina a nueve, debido a variantes que se encuentran en

organismos como Trichomonas vaginalis o Thermococcus kodakarensis. Esto sirve
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también como un recordatorio de que la biologia de muchos organismos (algunos

con estilos de vida extremofilo) no esta completamente descrita.

Resultados preliminares. Biosintesis de acido aspartico

En completo contraste con lo que sucede para la biosintesis de histidina o cisteina,
para esta ruta biosintética Unicamente una enzima es necesaria: la aspartato
transaminasa (EC 2.6.1.1) (Figura A3.2). Esta enzima esta muy poco representada
en el dominio Archaea. En Bacteria se encuentra bien distribuida en vy-
proteobacteria y B-protobacteria pero pobremente distribuida en los demas grupos.
Interesantemente, se encuentra presente en todos los géneros de Chlamydiae
analizados. Estos resultados hacen dudar sobre la biosintesis de Asp en los
organismos donde no fue detectada.

Uno de los puntos que guiara la discusion en torno al acido aspartico como residuo
catalitico es el porqué de la preferencia de este aminoacido sobre el &cido

glutdmico, que es bioguimicamente semejante.

L-Glutamate 2-oxoglutarate

\_/

EC2.6.1.1

TCA cycle — Oxaloacetate > Aspartate

Figura A3.2. Ruta de biosintesis del acido aspartico. La Unica enzima asociada a la
biosintesis del acido aspartico, la aspartato transaminasa (EC 2.6.1.1) emplea
oxaloacetato y glutamato para formar aspartato y 2-oxoglutarato.
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