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RESUMEN

La duplicacién génica es un proceso de gran relevancia para la evolucién biol6gica debido a que
posibilita el surgimiento de nuevos genes y funciones, lo cual entonces se interrelaciona con la
expansién del metabolismo celular. En los procariontes, distintos procesos metabélicos poseen
una sobrerrepresentacion de genes duplicados; esto ha llevado a proponer que este fendmeno
podria tener un papel importante en la diversificacion de estos organismos y que podria estar
asociado con la adaptacién a diferentes condiciones ambientales.

El objetivo principal de este trabajo fue evaluar el posible papel de la duplicacion de genes
en la evolucién de las enzimas procariontes, asi como determinar si habia grupos especificos de
estas en los que hubiera una sobrerrepresentacion de enzimas duplicadas y si esto estaba
asociado de alguna manera al estilo de vida de los organismos. Partiendo de una muestra
representativa de proteomas procariontes hicimos analisis bioinformaticos para identificar
aqguellas secuencias que pudieran haber surgido por medio de un evento de duplicacién.

Mediante estos analisis hallamos que entre una cuarta parte y la mitad de enzimas
metabodlicas podrian ser producto de la duplicacion génica. Ademas, algunos grupos de
organismos filogenéticamente distantes pero con estilos de vida comunes poseen aspectos
gendmicos y bioquimicos similares, estos ultimos en términos de grupos de enzimas con una
proporcién de duplicados parecida.

A nivel enzimatico, tres clases presentan una mayor proporcion de duplicados: las
oxidorreductasas, las transferasas y las isomerasas. Para todas hallamos que solo unas cuantas
de sus respectivas subclases concentran la mayoria de las duplicaciones, aunque solo para las
isomerasas fue posible hacer una exploracion mas profunda. Tanto en arqueas como en
bacterias, la mayoria de las duplicaciones estan asociadas al metabolismo de carbohidratos,
pero solo en bacterias hallamos un nimero considerable de isomerasas duplicadas relacionadas
con la modificacién de bases nitrogenadas en el RNA. La mayoria de estas lltimas, que
pertenecen a la superfamilia de pseudouridina sintasas, parecen haberse originado a partir de
eventos de duplicacion. Ademas, una de estas enzimas, RIuD, posee mdltiples copias en una
gran diversidad de organismos.

Nuestros andlisis sugieren que la duplicacion de genes en procariontes podria ser una
manera de hacer frente a condiciones ambientales especificas. Por otra parte, aunque en
algunos casos podria haber cierta relacion entre el total de enzimas en una categoria y la
proporcion de duplicados, en otras parece haber distintos factores involucrados, como el papel

gue desemperfian en el contexto celular. Finalmente, pensamos que podriamos tener un mejor



entendimiento del por qué ciertos grupos de enzimas poseen una sobrerrepresentacion de
duplicados si consideramos clasificaciones hechas con un sentido evolutivo, como son las

familias y superfamilias de proteinas.



ABSTRACT

Gene duplication is a highly important process for biological evolution because it enables the
emergence of new genes and new functions, which is related to the expansion of cellular
metabolism. In prokaryotes, different metabolic processes show an overrepresentation of
duplicated genes; this has led to the proposal that this phenomenon might have an important role
in the diversification of these organisms and that it might be related to adaptation in changing
environments.

The main goal of this study was to evaluate the possible role of gene duplication in the
evolution of prokaryotic enzymes, and also to determine whether there were specific groups with
an overrepresentation of duplicated enzymes and if this was somehow related to their lifestyle.
Starting from a representative sample of prokaryotic proteomes we performed bioinformatic
analyses to identify those sequences that might have arisen by a duplication event.

By means of these analyses we found that between one quarter and a half of metabolic
enzymes could have been originated by gene duplication. We also identified several
phylogenetically-distant groups of organisms with similar lifestyles which have alike genomic and
biochemical traits, the later in terms of enzyme groups with akin duplicates ratio.

At the enzymatic level, there are three classes with a high ratio of duplicates:
oxidoreductases, transferases, and isomerases. Within them, just a few subclasses concentrate
most duplicates but only for isomerases a deeper exploration could be made. For both the
archaea and bacteria, most duplications are related to carbohydrate metabolism but only for
bacteria we found a significantly high number of duplicated isomerases related to RNA-
nucleobase modification. Most of these, which belong to the pseudouridine synthase superfamily,
seem to have evolved from duplication events. Besides, one of these enzymes, RluD, has multiple
copies in a wide variety of organisms.

Our analyses suggest that gene duplication in prokaryotes could be a way to cope with
specific environmental conditions. On the other hand, although in some cases a relationship
between the number of enzymes and the number of duplicates could be established, there are
others in which different factors could be involved, such as their role in the cellular context.
Ultimately, we think that a better understanding of why certain enzyme groups show an
overrepresentation of duplicates could be achieved if we take into account evolutionary-based

classifications such as protein families and superfamilies.



INTRODUCCION

Duplicaciéon génica: Generalidades

Una de las preguntas centrales en los campos de la Biologia Evolutiva y la Evolucién Molecular
es ¢como surgen nuevos genes en los diferentes organismos que conforman la biodiversidad?
A lo largo de varias décadas se ha encontrado que no hay un mecanismo exclusivo para la
formacion de nuevos genes sino que dicho proceso puede ocurrir a través de mecanismos tan
diferentes como la duplicacion génica (Kaessmann 2010), el origen de novo a partir de una
secuencia que puede ser codificante o no-codificante (Weisman 2022), la fusion de genes (Zhou
et al. 2022), el barajeo de dominios (Kawashima et al. 2009) y el transporte lateral u horizontal
de genes (Boucher et al. 2003). Un mecanismo adicional que da origen a nuevos genes es la
domesticacion de proteinas de elementos transponibles, en la cual ciertas proteinas involucradas
en la insercion de elementos moviles son cooptadas o reclutadas por el hospedero para algun

proceso celular diferente (Feschotte & Pritham 2007; Jangam et al. 2017).

De todos estos mecanismos, la duplicacién génica es quiza el mejor estudiado. No solo
porgue los primeros reportes de fragmentos cromosdémicos duplicados datan de hace casi un
siglo (Sturtevant 1925; Muller 1936) sino que, ademas, es quiza el mas facil de detectar por medio
de métodos bioinforméticos. Pero a pesar de ser tan comun, existen diversos procesos
moleculares capaces de originar una copia idéntica de un gen especifico, los cuales se resumen

enla Tabla 1.

Los genes originados a partir de un evento de duplicacion, sin importar el mecanismo
involucrado ni el nimero de copias resultantes, se conocen como paralogos (Henikoff et al.
1997). La formacién de estos, a diferencia de los genes ortélogos, no coincide con un evento de

especiacion sino que pueden surgir en cualquier momento previo o posterior a este.

Mientras que ciertos mecanismos de duplicacion génica en pequefia escala pudieran no
ocurrir de manera homogénea a lo largo del genoma, aquellos a gran escala, como la
poliploidizacion, dan como resultado una copia integra de este. En algunos casos,
particularmente en plantas, este proceso puede ser la base para un posterior evento de

especiacion (van de Peer et al. 2021). Sin embargo, lo mas comun es que la mayoria de los



genes recientemente duplicados se pierdan en el corto o mediano plazo (Gout & Lynch 2015;
Hooper & Berg 2003; Lynch & Conery 2003). Esto podria ocurrir debido a que, para la mayoria
de estos genes, la seleccién natural puede relajarse durante este periodo. Posteriormente, la
seleccién purificadora podria ser la responsable del proceso de fijacion en la mayoria de los
genes que no fueron eliminados (Lynch & Conery 2000; 2003).

Tabla 1. Principales mecanismos involucrados en la duplicacién de genes (a partir de Hahn 2009 y Reams
& Roth 2015).

Mecanismo Breve descripcion

Entrecruzamiento desigual Apareamiento entre dos cromosomas, que no necesariamente deben
ser homélogos, en el gue en uno de ellos se elimina una secuencia
que posteriormente serd reemplazada con una copia durante la
meiosis 0 mitosis. La pérdida de dicha region se debe a un
apareamiento incorrecto entre ambos cromosomas. Parece ser el
mecanismo mas comun para el surgimiento de un nuevo gen por

duplicacion.

Transposicién duplicativa Ocurre directamente sobre el DNA y puede ser de dos tipos:

a) Recombinacion homologa no alélica. La recombinacion entre
este tipo de regiones puede propiciar que se dupliquen las
regiones contiguas; no es raro que dichas regiones se
dupliguen varias veces.

b) Union de extremos no homoélogos. Se da en regiones donde
no hay segmentos de DNA repetitivo ni grandes regiones de

secuencias homologas

Duplicacion por inversion en  Una secuencia palindrébmica en el extremo 3’ es la que inicia el
tandem proceso. La hebra molde ahora pasa a ser la hebra opuesta gracias a
la intervencion de una secuencia palindromica adicional. Al replicarse
esta region, se obtiene un total de tres copias contiguas. De estas, la

copia central se encuentra invertida.

Retrotransposicién Se da a partir de la transcripcion reversa de un fragmento de mRNA
maduro y se inserta directamente en el genoma como cDNA. Los
genes duplicados resultantes poseen la cola de poli-Adeninas, pero
carecen de intrones y de las regiones reguladoras. Debido a ello, su

expresién posterior suele ser poco probable.




Poliploidizacién Duplicacién completa del genoma que inicialmente resulta en que
haya dos copias por cada gen aunque, a largo plazo, se pierden entre

un 70 y 90% de los genes duplicados.

De esta forma, la duplicacién génica puede ser vista como un proceso dindmico que esta
moldeada por un balance entre el surgimiento de genes y la eliminacion de la mayoria de estos.
En general, se considera que la aparicion de genes duplicados ocurre a una tasa relativamente
alta, de alrededor de 0.01/genes/Ma, los cuales poseen una vida media de alrededor de 4
millones de afios (de acuerdo con datos obtenidos de diferentes eucariontes) (Lynch & Conery
2000; 2003). Como se menciono previamente, la seleccion purificadora parece operar sobre la
mayoria de los duplicados que no se pierden, pero en algunos casos, varios de estos pueden
experimentar evolucién neutral desde el principio (Lynch & Conery 2000). Por otra parte, la
evolucion por medio de seleccion direccional parece ser poco comun y solo operaria sobre una

minoria de genes recientemente duplicados (Lynch & Conery 2003).

El destino de los genes duplicados que se fijan en el genoma

Para aquellos genes duplicados que logren mantenerse en el genoma, existen distintos caminos
gue pueden tomar. Susumu Ohno, uno de los pioneros en analizar el papel de la duplicacion
génica en la evolucion bioldgica, consideraba que, eventualmente, la adquisicién de una nueva
funcién era el Unico destino de los paralogos (Ohno 1970). En muchos casos, esta nueva funcion
puede entenderse como la capacidad de una enzima paréloga de llevar a cabo una reaccion
diferente a la de la copia, como ha ocurrido con distintas maltasas flngicas que pertenecen a la

misma familia (Voordeckers et al. 2012).

La neofuncionalizacién no implica necesariamente la adquisicion de una nueva actividad
enzimatica. La nueva funcién también puede darse a nivel de cambios en la expresion génica en
una o mas de las copias, como ocurre con varios miembros de la familia chalcona sintasa, los
cuales se expresan en distintos tejidos y momentos del desarrollo de las plantas (Durbin et al.
2000). En otras ocasiones, puede ocurrir un cambio en la funcién en dos o0 mas de estos genes
en comparacién con sus paralogos en algun organismo diferente, lo que da lugar a un fenébmeno

conocido como barajeo de funciones. Tal es el caso de los paralogos del gen hox1. En el ratén



encontramos tres paralogos de este gen (hoxal, hoxbl, y hoxdl), a diferencia del pez cebra, en
donde el gen hoxb1 pasé por un evento adicional de duplicacion, dando lugar a los genes hoxbla
y hoxblb. En este caso, hoxblb es quien lleva a cabo la funcion que hoxal desempefia en el
ratdn, mientras que el paralogo equivalente a este ultimo, hoxala, ha adquirido una funcion

diferente a nivel de sitio de expresion (McClintock et al. 2001).

En algunas ocasiones es posible que, previamente al evento de duplicacion, el o los
genes involucrados lleven a cabo mas de una funcion. En el caso particular de los que codifican
enzimas, esto puede entenderse como la capacidad de catalizar mas de una reaccion, lo cual se
conoce como promiscuidad catalitica, y que puede implicar que la enzima en cuestion lleve a
cabo reacciones diferentes sobre uno 0 mas sustratos o la misma reaccion sobre sustratos
diferentes (Copley 2003). Sin embargo, la subfuncionalizacion también puede darse al nivel de
la expresion génica. Algunos ejemplos de particion de funciones como resultado de un evento de
duplicacion los encontramos en un los receptores de hidrocarburos de arilos ahrla and ahrlf en
el eucarionte Xenopus laevis (Freeburg et al. 2016), en varias bombas de resistencia a multiples
farmacos en la bacteria Burkholderia cepacia (Perrin et al. 2017), y un grupo de varias proteinas
de respuesta al estrés en Arabidopsis thaliana las cuales, en comparacion con sus ancestros,
presentan una reduccion en el nUmero de respuestas a condiciones estresantes pero una mayor
especificidad en las que conservan, lo cual parece deberse a la pérdida de ciertos elementos
reguladores al nivel del DNA (Zou et al. 2009). En todos estos ejemplos la division y posterior
incremento en la especificidad de funciones se da a nivel regulatorio; mas adelante se

mencionaran algunos ejemplos especificos de subfuncionalizacién a nivel catalitico.

La conservacion de la funcién, tanto a nivel metabdlico como regulador, de sefializacion,
etc. parece ser el destino mas comun para los genes duplicados. Esto no solamente ocurre con
los genes codificantes sino también con los no codificantes (por ejemplo, transcritos de rRNA);
en ambos casos, la mera presencia de copias adicionales puede ser suficiente para conferirle

una ventaja a la célula (Zhang 2003).

Que uno o mas paralogos con la misma funcién que el gen original se conserven en el
genoma puede deberse principalmente a dos motivos (aunque hay otros que se mencionaran en
la seccion posterior): 1) se requiere una dosis adicional de determinado transcrito o proteina; 2)
la o las copias adicionales actuaran como un tipo de “refuerzo molecular” en caso de que la copia

original se vea comprometida (Kuzmin et al. 2021). Por ejemplo, en el caso de las histonas de la



familia H4 de muchas especies de eucariontes, varios de sus miembros conservan la misma
funcién que, en este caso, es mantenida gracias a la seleccion purificadora (Piontkivska et al.
2002). Por su parte, en la levadura Saccharomyces cerevisiae existen ciertas proteinas
glicoliticas cuyos paralogos, originados por medio de un evento de WGD, conservan la misma
funcién. Esto parece conferirle una ventaja al organismo en términos de un mayor flujo
metabdlico en la via glicolitica, llevando asi a un aumento en la velocidad a la que se fermenta
la glucosa (Conant & Wolfe 2007), lo cual podria ser la razén de que estas copias, idénticas en

términos funcionales, se hayan conservado en el genoma.

Un escenario diferente en el que los paralogos pueden conservar la misma funcion es
cuando estos adquieren una funcién de respaldo en caso de que haya algun problema con la
expresion de alguna copia. Aparentemente, los paralogos mas eficientemente podrian rescatar
una funcién son aquellos cuya regulacion transcripcional difiere bastante de la copia que se
encuentra comprometida, lo cual sugiere un tipo de trade-off entre la capacidad de rescate de las
copias y su expresién diferencial (Kafri et al. 2005). Esto se ha podido comprobar a partir de un
estudio de mutagénesis en S. cerevisiae, en el cual se muté una de las copias de varios grupos
de paralogos y se evalud la expresion de las copias no mutadas. A partir de esto se pudo observar
gue los paralogos que lograban rescatar la funcién eran aquellos cuyas condiciones de expresion
eran las mas diferentes a las de la copia mutada (Kafri et al. 2005). Por su parte, en las bacterias
también parece haber casos en los que el rescate de funcién ayuda a preservar los paralogos.
Muchos organismos de los phyla Firmicutes y Epsilonproteobacteria poseen varias copias de la
enzima RluD, una pseudouridina sintasa que modifica tres posiciones del rRNA. De todas las
enzimas que conforman esta familia, RluD es la Unica cuya inactivacion resulta en efectos
celulares deletéreos (Gutgsell et al. 2001; Liiv et al. 2005; Ofengand et al. 2001) al no poderse
ensamblar correctamente el ribosoma. Por ello, se ha propuesto que las copias adicionales de
esta enzima podrian rescatar esta importantisima funcion en caso de que la que se expresa

normalmente esté inactivada (Alvarez-Lugo & Becerra 2023).



Duplicacion génicay su relacion con condiciones ambientales cambiantes: el caso de los

ecoparalogos.

En los ultimos afios se han descubierto, tanto en arqueas como en bacterias, varios ejemplos de
genes paralogos que llevan a cabo la misma funcion in vivo pero cuya expresion depende de las
condiciones ambientales en un momento especifico, motivo por el cual se les han denominado
ecoparalogos (Sanchez-Perez et al. 2008). La mayoria de los ejemplos descritos tienen que ver
con fluctuaciones en parametros como temperatura, salinidad y disponibilidad de nutrientes. Por
Su parte, existen otros casos en los que la expresion de una u otra copia esta asociada con
procesos de patogenicidad pero, en Ultima instancia, esta expresion diferencial también depende
de variables quimicas como la concentracion de determinado ion. En la Tabla 2 se presenta una

lista de duplicados que podriamos considerar ecoparalogos y que se han descrito en la literatura.
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La duplicacion génica y su posible papel en el origen y evoluciéon del metabolismo:

hipétesis de evolucién retrégrada e hipétesis del reclutamiento enzimatico (Patchwork)

Como se mencion6 anteriormente, la duplicacion génica no es el Unico proceso que permite la
aparicion de nuevos genes y nuevas funciones, pero si uno de los mas importantes vy,
posiblemente, de los mas antiguos. Particularmente, pudo haber jugado un papel crucial en la
evolucién de muchas de las enzimas y rutas que constituyen el metabolismo celular. De hecho,
las que quiza son las dos hipdtesis de evolucion metabdlica mas aceptadas, tienen como piedra
angular a la duplicacién de genes (Scossa & Fernie 2020). A continuacién se hara una breve

descripcion de cada una de ellas.

El modelo de evolucion retrégrada propuesto por Norman Horowitz (1945) establece que,
en etapas tempranas, los primeros seres vivos tomarian del medio los compuestos necesarios
para su supervivencia. Dado que estos se habrian originado en etapas prebidticas,
eventualmente llegaria un punto en el que uno de esos compuestos se encontrara cada vez en
cantidades menores. Esto provocaria una presion selectiva para que una enzima catalizara la
sintesis de dicho producto a partir de su precursor inmediato. Evidentemente, el sustrato para
dicha reaccién también se acabaria en algun punto, por lo que operaria una nueva presion
selectiva para producir dicho compuesto, y asi sucesivamente hasta llegar a un precursor inicial
(Fani 2012). Esta hipdtesis no solo es importante porque conecta las primeras etapas de la
evolucion bioldgica con la quimica prebidtica sino que, ademas, considera a la seleccion natural
como la fuerza que dirigié la evolucion del metabolismo ancestral (Becerra 2021). Ademas,
implica que las enzimas resultantes del evento de duplicacién sean altamente especificas, es

decir, que lleven a cabo una sola reaccion.

En cambio, la hipétesis de evolucidon metabdlica por reclutamiento enzimatico, mas
popularmente conocida como “Hipotesis de Patchwork”, establece que en las primeras etapas
del metabolismo existia un conjunto reducido de enzimas con una especificidad muy baja, lo cual
les permitia llevar a cabo una gran diversidad de reacciones, aunque no de la manera mas 6ptima
(Fani & Fondi 2009). De acuerdo con esta hipotesis, desarrollada de manera independiente por
Martynas Yc€as (1974) y Roy Jensen (1976), las enzimas recientemente duplicadas no
necesariamente tendrian que encontrar una funcion en la misma ruta sino que, probablemente,
habrian desempefiado un papel en alguna via metabdlica diferente. A este proceso se le conoce

como “reclutamiento” enzimatico (Jensen 1976).
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Es probable que, en las primeras etapas de evolucién metabdlica, dos o mas de las
enzimas disponibles pudieran sintetizar el mismo sustrato, lo cual provocaria cierto nivel de
redundancia funcional. A su vez, el producto de una o mas enzimas seria el sustrato de otra u
otras mas, lo cual eventualmente podria conectar a distintas enzimas y asi conformar una
especie de proto-metabolismo con rutas metabdlicas muy poco especificas. Tras una serie de
eventos de duplicacion, algunas de las enzimas de una ruta en particular podrian adquirir mayor
especificidad, lo cual haria que la ruta fuera mas eficiente. Por otra parte, las paralogos
generados en dichos episodios podrian optimizar alguna otra funcion y asi ir integrando, poco a

poco, una ruta metabdlica diferente (Rison & Thornton 2002).

A diferencia de la hipotesis por evoluciéon retrégrada, la evolucion por reclutamiento
presupone que las enzimas ancestrales eran bastante promiscuas cataliticamente hablando
(Copley 2003). Adicionalmente, considera a la subfuncionalizacién como el destino mas comun
de las enzimas duplicadas. Precisamente, el hecho de que una enzima posea mas de una
actividad para la que utilice el mismo sitio activo implica la existencia de un conflicto que impide
que cualquiera de estas se lleve a cabo de una manera eficiente. De acuerdo con un modelo
evolutivo conocido como Escape del Conflicto Adaptativo (Des Marais & Rausher 2008), el
impedimento de una enzima para optimizar alguna de sus actividades podria resolverse mediante
un evento de duplicacion, el cual resultaria en la subfuncionalizacién de las dos copias. Después
de este punto, un relajamiento en la seleccion purificadora podria dirigir la evolucién de ambas
(Sikosek et al. 2012).

El metabolismo celular se ha diversificado de tal manera que seria imposible atribuir su
evolucién a una sola de las dos hipotesis presentadas. De hecho, la evidencia sugiere que el
escenario mas plausible involucra una combinacion de los modelos de evolucion retrégrada y por
reclutamiento enzimatico (Diaz-Mejia et al. 2007). Aun asi, este ultimo parece predominar en
comparacion con la evolucion secuencial de enzimas. Evidencias del modelo de “Patchwork” las
encontramos en procesos como el ciclo de Krebs (Meléndez-Hevia et al. 1996), algunas rutas de
biosintesis de aminoacidos como la del triptéfano (Xie et al. 2003), leucina (Fondi et al. 2007),
lisina y arginina (Fondi et al. 2007; Velasco et al. 2002), asi como en el ciclo de la urea (Takiguchi
et al. 1989) y la biosintesis de quinato y shikimato, las cuales pertenecen al metabolismo
secundario en plantas (Carrington et al. 2018). Por su parte, los casos de evolucion retrograda

solamente se han detectado en unas cuantas rutas, como en cuatro genes involucrados en la
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fijacion de nitrogeno (Fani et al. 2000) y en un par de genes (hisA y hisF) que participan en la
biosintesis de histidina (Fani et al. 1994).
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Gene duplication is a crucial process involved in the appearance of new genes and
functions. It is thought to have played a major role in the growth of enzyme families
and the expansion of metabolism at the biosphere’s dawn and in recent times. Here,
we analyzed paralogous enzyme content within each of the seven enzymatic classes
for a representative sample of prokaryotes by a comparative approach. We found a
high ratio of paralogs for three enzymatic classes: oxidoreductases, isomerases, and
translocases, and within each of them, most of the paralogs belong to only a few
subclasses. Our results suggest an intricate scenario for the evolution of prokaryotic
enzymes, involving different fates for duplicated enzymes fixed in the genome, where
around 20-40% of prokaryotic enzymes have paralogs. Intracellular organisms have a
lesser ratio of duplicated enzymes, whereas free-living enzymes show the highest ratios.
We also found that phylogenetically close phyla and some unrelated but with the same
lifestyle share similar genomic and biochemical traits, which ultimately support the idea
that gene duplication is associated with environmental adaptation.

Keywords: gene duplication, enzymatic classes, paralogous enzymes, enzyme evolution, function class

INTRODUCTION

Gene duplication is one of the most important mechanisms that lead to the appearance of new genes
and new functions (Ohno, 1970) in both prokaryotes (Serres et al., 2009; Wang and Chen, 2018)
and eukaryotes (Maere et al., 2005; Panchy et al., 2016). There are distinct categories of duplications:
those that comprise one or few genes (small-scale duplication; SSD) and those that comprise many
genes (large-scale duplication; LSD) or even the entire genome (whole-genome duplication; WGD).
SSDs have been widely documented in both prokaryotes and eukaryotes (Conant and Wagner,
2002). On the other hand, LSDs, specifically WGDs, for a long time had been considered to be
an exclusively eukaryotic trait, but recent evidence strongly suggests that it is much prevalent in
prokaryotes than we have previously thought (Pecoraro et al., 2011; van de Peer et al., 2017) and
that it might be a way to cope with extreme environmental conditions (Soppa, 2017).
Theoretically, almost every gene has a similar probability of being duplicated, but not all are
equally retained (McGrath et al., 2014). Most duplicated genes are eventually silenced in the short
term (Lynch and Conery, 2000), and those that remain can either retain the original function
(Zhang, 2003) or acquire a new one, either by subfunctionalization (a subdivision of an ancestral,
often generalist function) or neofunctionalization (acquisition of a novel function) (Walsh, 2003).
Besides providing the raw material for the emergence of new gene functions, gene duplication also
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seems to play an essential role in the adaptation of organisms
to different environments (Gevers et al.,, 2004; Bratlie et al,,
2010; Kondrashov, 2012) and in more complex processes like
species diversification and increases in biological complexity
(van de Peer et al., 2009).

Gene duplication has been a widespread mechanism in the
evolution of metabolism. The Patchwork model (Y¢as, 1974;
Jensen, 1976), which is perhaps the most accepted model for
metabolic evolution, suggests that gene duplication may have
played a crucial role at the dawn of metabolism. At this stage,
ancient enzymes probably lacked substrate or reaction specificity,
allowing them to catalyze different reactions involving more
than one substrate. Over time, one or more of these ancestral
activities could have become so important that the ancestral
enzyme could not have carried them out in the most efficient
way. Thus, a duplication event involving such an enzyme could
have led to a new copy with increased specificity. According to
this model, throughout evolution, different metabolic pathways
could have been assembled from the recruitment of newly
evolved enzymes (Lazcano and Miller, 1999; Schmidt et al., 2003;
Caetano-Anollés et al., 2009; Fani and Fondi, 2009; Becerra,
2021). Evidence of episodes of gene duplication leading to the
enrichment of metabolic functions is found in both ancient and
recent metabolic innovations. For example, it has been suggested
that around three billion years ago, in a period known as the
Archaean genetic expansion, gene duplication contributed to the
appearance of new genes involved in respiratory and electron-
transport pathways (David and Alm, 2011). It also seems to have
fostered the expansion of many secondary metabolic pathways in
plants (Weng et al., 2012; Moghe et al., 2017). Moreover, even for
recently evolved pathways, like the mandelate pathway in several
Pseudomonas species (Petsko et al., 1993), there is compelling
evidence suggesting that some of the enzymes involved may have
arisen by gene duplication.

It is now generally assumed that early life could have done well
with a very limited set of enzymatic functions (Goldman et al.,
2012), which could serve as a starting point for the evolution
of new functions through scenarios involving gene duplication
and other mechanisms like domain combinations, which could
also lead to the appearance of functions other than catalytic
activity (Bashton and Chothia, 2007). It has also been suggested
that an interplay between the patchwork and the retrograde
evolution model (Horowitz, 1945) is more likely than either
of the two separately (Diaz-Mejia et al., 2007). Today, we can
observe the outcome of these processes in the great functional
diversity found within families and superfamilies of enzymes,
at the levels of catalytic machinery, substrate specificity, and
reaction chemistry (Bartlett et al., 2003; Furnham et al., 2016),
though it is more common to see a greater substrate diversity
within a single superfamily (Todd et al., 2001). Additionally, it
is quite common to see drastic functional changes across the
evolutionary history of enzymes. This is illustrated by the fact that
changes in enzymes’ primary function (defined by the first digit of
the Enzyme Commission number) have been observed between
every enzymatic class, though some are more frequent than
others (Furnham et al., 2012; Martinez Cuesta et al., 2015). But
ultimately, what seems to be more important for the appearance

of new functions is the inherent capacity of an enzyme to
accept different substrates and/or perform different reactions
(known as substrate and catalytic promiscuity, respectively) and
its ability to evolve new functions in a changing environment
(Tyzack et al., 2017).

The current enzyme classification system, which assigns
a unique four-digit number for each enzyme, is exclusively
based on the biochemical activities performed by each enzyme
and groups them in terms of reaction similarity (McDonald
et al.,, 2015), and not by evolutionary-related members. It was
established during the early 60s by the International Commission
on Enzymes from the International Union of Biochemistry and
Molecular Biology (Tipton and Boyce, 2000). Until the first half
of 2018, the classification remained without significant changes
and consisted of six enzymatic (EC) classes, divided into different
sub and sub-subclasses (McDonald and Tipton, 2014). However,
in the second half of 2018, a new enzymatic class was added:
the translocases (EC 7). A statement made in the ExplorEnz
database (McDonald et al., 2009) highlighted the importance of
a group of enzymes whose main function is the movement of
ions or molecules from one side of biological membranes to the
other. Many of these perform a different reaction as a means of
achieving the movement of substances across membranes.

In this work, we try to analyze the role of gene duplication in
the diversification of enzymatic functions across the enzymatic
classes of the Enzyme Commission (EC) classification, including
the recently proposed translocases (EC 7). We further explore the
possible link between organisms’ lifestyle and specific patterns of
retention of duplicated enzymes. Besides, due to recent proposals
of a two-domain view of life, which suggests that eukaryotes do
not constitute a separate domain but are part of the Archaea
domain (Williams et al., 2013; Doolittle, 2020), we decided only to
consider prokaryotic organisms, which as a group possess a much
wider biochemical repertoire than that for eukaryotes.

MATERIALS AND METHODS

Proteomes Analyzed

The complete set of prokaryotic proteomes was downloaded from
the KEGG Database (Kanehisa and Goto, 2000). We selected
a sample of non-redundant, representative proteomes based on
criteria reported elsewhere (Martinez-Nufiez et al., 2013, 2015).
Altogether, we analyzed 655 bacterial and 90 archaeal proteomes
(Supplementary Data Sheet 2). These belong to organisms
whose genome has been completely sequenced, except for those
from the phyla Bathyarchaeota and Lokiarchaeota, which come
from metagenomic sequences.

Identification of Within-Genome

Paralogous Sequences

For this work, the criteria for defining paralogous proteins
included an E-value cutoft of 10e-07 and query coverage >70%.
We performed an all against all BlastP search (Altschul et al.,
1997) for each of the 745 proteomes from the sample. Different
Perl ad hoc scripts were used to filter the BlastP results and retain
only those sequences that fulfilled the above criteria.
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Identification of Enzymes

Once we filtered the BlastP results, we extracted the IDs from
the proteomes and paralogous data sets and crosschecked them
with the FTP files downloaded from the KEGG Database.
Additionally, the online tool db2db, from the bioDBnet resource
(Mudunuri et al., 2009), was used to corroborate the enzyme
codes (EC numbers) for all the paralogous-enzyme sequences.
These are taken directly from the KEGG database. We considered
all the sequences for which we obtained, at least, the first digit
from the EC number, which refers to the general function of
the enzyme (Tian and Skolnick, 2003; Concu and Cordeiro,
2019). Sequences for which we did not obtain an EC number
were excluded from the subsequent analysis. EC codes from
translocases (EC 7) had not been properly updated in the db2db
tool. To solve this problem, we identified which enzymes had
changed their EC code and manually updated them.

Ratio of Paralogous Enzymes

We counted the number of enzymes and sorted them into one
of the seven enzymatic classes for each of the proteomes and
their respective paralogous data sets. The ratio of paralogous
enzymes per class was defined as the ratio between the number
of paralogous enzymes and the number of enzymes found
within the proteome. In sum, we obtained seven different
ratios per organism.

Statistical Analysis

Non-parametric Kruskal-Wallis tests were used to evaluate the
difference between paralogous enzymes for all enzymatic classes,
followed by Dunn tests with the Bonferroni adjustment to
identify those classes which differed significantly. Additionally,
Spearman’s test was used to evaluate the relationship between the
number of proteins and the number of enzymes, and a number
of different regression analyses were also performed. In all cases,
statistical significance was set at p < 0.05. All statistical analyses
were done with the R programming language (R Core Team,
2020) in the RStudio software (RStudio Team, 2020).

Lifestyles Identification

After selecting our representative sample, we assigned the lifestyle
to each of the organisms in our set. Such lifestyles are free-
living, extremophile, pathogen, and intracellular. We relied on
data from Martinez-Nufiez et al. (2013) and the prokaryotic
metadatabase BacDive (Reimer et al., 2019), accessed through
specific entries for each organism in the NCBI Taxonomy
Browser', which has specific entries for each strain.

RESULTS

The Relationship Between Enzymes,
Proteins, and Genome Size Follows a
Power-Law Distribution

Before analyzing paralogous enzymes content, we inspected
the relationship between enzymes, proteins, and genome size.

'https://www.ncbi.nlm.nih.gov

Visually, it seemed that there was a linear relationship between
each pair of those variables. However, regression analyses
revealed that a power-law function was the best that explained
our data (Figure 1). This makes more sense for the relationship
between enzymes and proteins, and for enzymes and genome
size (Figures 1A,B), because there are different kinds of proteins
(i.e., regulatory, structural, etc.) encoded in genes. So, as genomes
grow, one does not necessarily expect that organisms accumulate
a higher ratio of enzymes because that would imply that many
more regulatory proteins would be needed to regulate those
enzymes (Koonin and Wolf, 2008). However, one would expect
a linear relationship between the number of proteins and the
genome size. As Figure 1C shows, this is not precisely the case
due to, perhaps, the organisms with the smallest genomes (lower-
left part of the figure).

As in the previous point, we performed the same analysis
with the sample divided by its lifestyle. The results are shown
in Supplementary Figures 1-4. We found the same trend for
variable comparison for free-living and pathogen organisms,
as in Figure 1 (i.e., a power-law distribution) (Supplementary
Figures 1, 3). Surprisingly, for extremophile organisms, this
was not the case. In all cases, we found a linear relationship
between each pair of variables (Supplementary Figure 2). It is
interesting to note that this is perhaps the most homogenous
group of organisms concerning genome size (most of them have
a genome under six megabases (Mb), and none of them has a
genome less than 1 Mb). Finally, we found a trend like that of the
extremophiles for intracellular organisms, with one exception.
Linear regression is what best explains the relationship between
the number of enzymes and the number of proteins and genome
size, although this is not the case for the relationship between
proteins and genome size, which follows a power-law distribution
(Supplementary Figure 4).

The Ratio of Paralogous Enzymes Also

Follows a Power-Law Distribution

The ratio of paralogous enzymes within each proteome was
calculated by dividing the number of paralogous enzymes
identified in each proteome by the same proteome’s total number
of enzymes. We defined as “enzymes” all those sequences that
had assigned the first number of the EC code, which indicates the
general function of the enzyme. We considered the ratio instead
of the total number of enzymes because there was such a disparity
across organisms’ whole sample. So, this was a way to eliminate
the bias associated with such disparity and homogenize the data.
As shown in Figure 2, the relation between those variables
follows a power-law distribution (R? = 0.68). It is noteworthy
that such a ratio is less than 0.6 for most organisms (less than
ten organisms have a higher ratio; their number of enzymes goes
from 1000 to 2000).

The Ratio of Paralogous Enzymes Differs

Between the Different Enzymatic Classes

We performed a Kruskal-Wallis test to evaluate if there was any
difference in the ratio of paralogs between different enzymatic
classes. The P-value was statistically significant (P < 2.2e-16), and
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FIGURE 1 | Relation between the enzyme and protein content, and the adjustment in order to identify between which classes there
genome size. For each pair of variables, a power-law equation is the one that was a signiﬁcant difference (Figure 3A and Supplementary
best explains the distribution of the data. The equations and R-squared values Table 1)_ The o value was set at 0.05, and the P-value at o/2
are as follows: (A) y = 2.51x972; R2 = 0.79, (B) y = 0.04x°6%; R? = 0.76; .
B 09. P2 (P-value = 0.025). Overall, we found three enzymatic classes
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whose ratio of paralogs differed significantly from all the others:
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and intracellular pathogens).

sorted our initial sample: (B) free-living organisms; (C) extremophiles; (D) pathogenic (non-intracellular) organisms; (E) intracellular organisms (both endosymbiont

the Oxidoreductases, the Isomerases, and the recently created
Translocases.

We then wondered if this trend was found in different
sub-samples of prokaryotic organisms or if we were detecting
significant differences due to the large dataset we were
considering. It has been previously reported that the number
of enzymes differs significantly among different lifestyles of
organisms (Martinez-Nufez et al, 2015), so we decided to
investigate if the same thing also happened regarding the
number of paralogs. To do so, we reclassified our sample into
four sub-samples. These correspond to different lifestyles: free-
living, extremophile, pathogen, and intracellular. Each organism’s
lifestyle was identified using the bacterial metadatabase BacDive
(Reimer et al., 2019). We performed a Kruskal-Wallis test for
each of the four sub-samples, and we found significant differences
in all cases. Afterward, we performed a Dunn test and obtained
similar results to those of the whole sample (Figures 3B-E and
Supplementary Table 2). In summary, the trend we found in the
whole sample, regarding those classes with a significantly higher
ratio of paralogs, is also found no matter the organisms’ lifestyle.

Isolated exceptions are found in extremophiles between classes
EC 1 and EC 7, for which there are no significant differences
(Figure 3C); in pathogens, between EC 1 and EC 5 (they do not
differ significantly) (Figure 3D); and in intracellular organisms
(Figure 3E), for which the ratio of paralogous oxidoreductases
and isomerases is underrepresented.

The Ratio of Paralogous Enzymes Differs
Among Lifestyles

As was noted previously, we found that some enzymatic classes
have significantly higher ratios than others within each lifestyle
and that this pattern, if not the same, was quite similar within
each of the four lifestyles that we considered. We also wanted
to know if there were any differences in the ratio of paralogs
among the different lifestyles. A Dunn test with the Bonferroni
adjustment was performed for the whole dataset to evaluate
whether paralogous enzymes’ overall ratio was either the same
or different when comparing the four lifestyles. The a value
was set at 0.05, and P-value at a/2 (P-value = 0.025). As it is
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shown in Supplementary Table 3 and Supplementary Figure 5,
we found significant differences among each lifestyle, and the
highest ratio is found for the free-living organisms, followed by
the extremophiles (both over 30%), then pathogens (less than 30
but over 20%) and, finally, intracellular organisms (less than 20%)
(Supplementary Table 4).

A similar approach was taken to compare each class among the
four lifestyles. Although we obtained similar results to those when
we analyzed the ratio without separating it by enzymatic classes,
we think some exceptions are worth mentioning. These are listed
below and shown in Figure 4 and Supplementary Table 5.

1. Oxidoreductases. This is one of the classes with the highest
ratio values, mainly for free-living and extremophile
organisms (both have a ratio higher than 40%), but there
are no significant differences among them. This is the
only case for this class in which ratios are not statistically
significant. Their corresponding paralogs-ratio is higher
than in pathogens and intracellular organisms.

2. Transferases. For this class, the ratios follow the same
trend as in the whole dataset. We did not find non-
significant differences.

3. Hydrolases. This class exhibits lower paralogous-enzymes
ratios than the oxidoreductases and transferases. The
highest ratio corresponds to free-living organisms and
is roughly 30%. Extremophiles and pathogens have
very similar values (26-27%), whose difference is non-
significant. The intracellular have a ratio of less than 15%.

4. Lyases. For this class, the difference between the ratios was
always significant. The ratio for free-living organisms is
slightly higher than 30%, followed by extremophiles and
pathogens (between 20 - 30%). Intracellular organisms
possess the lowest ratio, which is lower than 10%.
It is noteworthy that this is the lowest ratio in this
group of organisms.

5. Isomerases. This is one of the enzymatic classes in
which we found some of the highest ratios. For free-
living organisms, the ratio is slightly higher than 40%,
followed by the pathogens (37%), the extremophiles
(35%), and intracellular organisms (20%). This ratio
was exceptionally high for this last group and is only
surpassed by that of translocases. For this enzymatic class,
the only non-significant difference was found between
extremophiles and pathogens.

6. Ligases. In this case, none of the ratios is higher
than 30%, although in free-living, extremophile and
pathogen organisms are higher than 20%. This ratio
is slightly less than 15% in the intracellular organisms.
For extremophile and free-living organisms, there are no
significant differences.

7. Translocases. This recently created enzymatic class
exhibits the highest ratios of paralogous enzymes. For
all the groups but intracellular organisms, such a ratio
is well over 50%, and the difference is non-significant
only between pathogens and extremophiles. Even the
intracellular organisms have a high ratio, slightly fewer
than 40%.

Taking these results together, we can argue that the
extremophiles represent perhaps the most interesting group in
terms of their paralogous-enzyme content. They seem to be in-
between the free-living and pathogenic organisms, sometimes
very close to one or the other. This is reflected by the fact that
the only five cases in which we found similar, non-significant
ratios involved the extremophiles. There were non-significant
differences between extremophiles and pathogens in three
such cases, and the other two, between free-living organisms
and extremophiles. For the intracellular organisms, the ratio
difference was always the lowest (and always significantly) for
each of the seven enzymatic classes.

Detailed Exploration of the Parologous

Enzymes Ratio

Our data clearly show an overrepresentation of paralogous
enzymes within oxidoreductases, isomerases, and translocases.
However, considering only the enzymes general function
gives us scarce information about the patterns found within
each class. This is important because there is an unequal
number of subcategories within each enzymatic class, inherent
to the Enzyme Commission classification system (Table 1).
Furthermore, if we want to get a complete picture of the
reasons underlying the high ratio of paralogs within these
categories, a deeper analysis breaking down each category could
be quite useful.

We identified the number of paralogs within each of the
subclasses from the above-mentioned enzymatic classes for our
whole dataset. Given that this was an exploratory analysis, we
considered that the average value for each individual phylum
could be a good starting point. So, we averaged the number
of paralogous enzymes for each subclass, and we report the
values per phylum for each of them. The results are separated
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TABLE 1 | Number of subcategories and entries for each enzymatic class.

Enzymatic EC code No. of No. of No. of
class subclasses sub-subclasses enzymes
Oxidoreductases ECA1 26 148 1798
Transferases EC2 10 38 1900
Hydrolases EC3 13 66 1360
Lyases EC 4 8 17 677
Isomerases EC5 7 19 310
Ligases EC6 6 12 203
Translocases EC7 6 10 90

Data as of November 2020,
(McDonald et al., 20009).

taken from the ExplorEnz Database

by enzymatic classes and are presented as different heatmaps
(Figure 5 and Supplementary Figure 6).

Separating the data into three different heatmaps allows us
to make direct comparisons within each enzymatic class. The
maximum number of paralogous oxidoreductases (about 44 in
Betaproteobacteria) exceeds the same value for the isomerases
(about 12 in several phyla). Besides, within each enzymatic class,
there is also a significant disparity in the average number of
paralogs. The most extreme cases are oxidoreductases, within
which subclasses EC 1.1 and EC 1.2 are the ones with the highest
values, followed by EC 1.3 and EC 1.8, but to a much lesser
degree. For isomerases, the subclass with the highest numbers
of paralogs is EC 5.4, followed by EC 5.1. However, unlike
oxidoreductases, the difference between isomerases’ subclasses
is less than between oxidoreductases’ subclasses. Finally, for
translocases, we found the highest ratio of paralogs for subclass
EC 7.1, followed by EC 7.2. For many phyla, both subclasses
exhibit similar values, though there are some cases in which EC
7.1 exceeds considerably EC 7.2.

Phylogenetically and Lifestyle-Related
Phyla Share Similar Genomic and

Biochemical Traits

One of the main questions at the beginning of this study
was whether similar organisms would share similar ratios of
paralogous enzymes in terms of their phylogenetic position or
lifestyle. To address this question, we performed a principal
component analysis (PCA). Overall, we considered 11 variables:
genome size, number of proteins, number of paralogs, number of
enzymes, and the ratio of paralogous enzymes for each enzymatic
class (EC 1-EC 7). As a first approach, we decided to perform
this analysis with the mean values for each of these variables per
phylum instead of individual organisms. This was due mainly to
two reasons: (1) we wanted to know if there was a global pattern
that might show clear differences among different phyla, and (2)
given the great variation that we found for each of the eleven
variables, considering individual organisms maybe would have
been counterproductive, and general patterns much harder to
identify. Besides, most phyla are grouped into a broader category:
the superphylum. This way, it is easier to identify similarity
patterns between different phyla. The only exceptions that were
considered as individual phyla were the Aquificae, Thermotogae,

and Spirochaetes (Supplementary Table 6) due to their lack
of assignment to a superphylum. The results from the PCA
are depicted in Figure 6. We decided to exclude the phylum
Lokiarchaeota from the present analysis because it considerably
skewed the rest of the data points (data not shown). Given that the
proteome assembled for this phylum lacks a proper annotation,
we think its removal from the analysis is well justified. As shown
in Figure 6, the two main components explain the variation of
nearly 80% of our data (PC1 = 67.7%; PC2 = 11.4%).

By taking the current approach, in which we considered
the mean values per phylum for each of the variables, we
found several interesting clusters of different phyla. The most
striking result is that some phyla seem to be clustered by
their lifestyle, while its phylogenetic closeness more clearly
clusters others. As examples of the first type of clustering,
we distinguish two main groups. One is formed by phyla
whose majority of members lives in extreme or anoxygenic
conditions and includes the following: Deinococcus-Thermus,
Chlorobi, Aquificae, Thermotogae, Deferribacteres, Dictyoglomi,
Nitrospirae, and the archaeal phylum Euryarchaeota (Figure 6,
numbers 15, and 28-34). All of these belong to different
superphyla. The other cluster comprises phyla in which many of
its members undergo genome shrinkage due to an intracellular
lifestyle. These are: Tenericutes, Elusimicrobia, and Bacteroidetes
(Figure 6, numbers 11, 25, and 26). We also found two other
clusters comprising closely related phyla that do not necessarily
share the same lifestyle. The most remarkable case can be
seen on top of the plot (Figure 6, numbers 35-37, and 39),
including the Crenarchaeota, Thaumarchaeota, Korarchaeota,
and Bathyarchaeota phyla. These are not only phylogenetically
close, but they are all included within the TACK group of Archaea
(Guy and Ettema, 2011; Spang et al., 2017). Finally, we also found
that most of the proteobacteria phyla group together (Figure 6,
numbers 1-3, and 5-7). The only proteobacteria phylum which
is far from this group is the Epsilonproteobacteria (Figure 6,
number 4) and is shown in the lower-right portion of the plot.

DISCUSSION

Most Paralogous Genes in Prokaryotes

Are Likely to Arise by SSD Events

The issue of LSDs and polyploidy in prokaryotes has only
raised concerns until very recently. Given that in this analysis
we did not make a distinction between paralogs originated by
SSDs or WGDs, it could be argued that our results might be
biased in some respects. Nonetheless, we do not consider this to
be a severe issue.

Polyploidy does not appear to be unusual in prokaryotes
(Soppa, 2011), but unlike eukaryotes, ploidy level in Bacteria and
Archaea may vary depending on environmental conditions like
growth rate, growth phase, among others (Breuert et al., 2006;
Soppa, 2017). Besides, there does not seem to be a correlation
between the ploidy level and factors such as growth temperature
or lifestyle, as occurs in proteobacteria (Pecoraro et al., 2011).
Having multiple genome copies could confer prokaryotes with
protection against double helix breaks or serve as a phosphate
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reserve in phosphate-poor environments (van de Peer et al,
2017). Other benefits could be a reduction in the rate of

spontaneous mutat

ions and a way of regulating gene expression

(Pecoraro et al., 2011). It has also been reported that in some of
the biggest bacteria, which in many cases also have one of the
largest genomes known to date, having multiple genome copies
in specific parts of the cell can serve as a means of optimizing the
production of locally required proteins (for example, transporters

in the cell periphery) (Angert, 2012). Besides, some cultivated,
monoploid bacteria could undergo one or more WGD events
due to the lack of selective pressures under laboratory conditions
(Soppa, 2017).

It is plausible that several organisms from our sample, either
or not cultivated, have one or more copies of their entire genomes
but as the evidence suggests, different genome copies are not
joined together into a single chromosome but separated from
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Chlorobi, (29) Aquificae, (30) Thermotogae, (31) Deferribacteres, (32) Dictyoglomi, (33) Nitrospirae, (34) Euryarchaeota, (35) Crenarchaeota, (36) Thaumarchaeota,
(87) Korarchaeota, (38) Nanoarchaeota, (39) Bathyarchaeota.

each other and distributed along the cytoplasm. On the other
hand, genes originated by SSDs are maintained in the bacterial
chromosome until they become non-functional or acquire a
function. So, when a prokaryotic genome is sequenced, it is highly
likely that the obtained set of genes correspond to those located
in a single genome copy and, therefore, would include only those
paralogs originated by SSDs.

The presence of additional genome copies could have an
impact on different kinds of studies, such as those that measure
total amounts of DNA, RNA or proteins. But in our case, we think
it is safe to say that we are only considering paralogous genes that
are the product of SSD events, though the possibility of including
in some cases ohnologs cannot be absolutely discarded.

A Power-Law Function Explains the
Relationship Between Proteins, Enzymes
and Genome Size

When evaluating the relationship between proteins, enzymes,
and genome size in the whole sample, we identified that the

function that best fits each pair of variables was a power-law
function. The most obvious cases are shown in Figures 1A,B, and
involve the number of enzymes. Not all of the proteins within
each genome have a catalytic function (some can be regulatory or
structural proteins), and it has been shown that as prokaryotic
genomes increase in size, there is an exponential growth of
transcription factors (van Nimwegen, 2003) and that the opposite
happens for enzymes (the larger the genome, the lower the
number of enzymes/genome-size ratio) (Martinez-Nunez et al.,
2013). We could say that as genomes increase their size, they
also increase their protein content almost in the same proportion,
which indirectly tells us that prokaryotic genomes are mainly
composed of coding DNA (Koonin and Wolf, 2008). Figure 1C
shows this trend, which closely resembles a linear relationship
though fitting to a power-law distribution.

Regarding the ratio of paralogous enzymes, we found that
it follows a power-law distribution when plotting it against the
number of enzymes (R = 0.68) (Figure 2). For most organisms,
such a ratio is between 0.2 and 0.4, which means that around
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20-40% of their enzymes have at least one paralog. Congruently,
most organisms with ratios lower than 0.2 are intracellular. This
seems to reflect the genome reduction that happens in both
endosymbionts (Wernegreen, 2015) and intracellular parasites
(Sakharkar et al,, 2004). It has also been shown that many
intracellular organisms lose many enzymes (Price and Wilson,
2014; Manzano-Marin and Latorre, 2016). We found that the
ratio of paralogous enzymes seems to reach a plateau at about
0.6. Only seven organisms exceed this value (six free-living and
one extremophile), and 42 out of more than 700 organisms
have a ratio higher than 0.5. One possible explanation is that
there are probably more paralogs that we are not detecting
with the chosen criteria. However, given that we are considering
a representative sample of prokaryotes (which includes early
and recently diverged lineages and some of the organisms with
the largest genomes), this seems unlikely. Another more likely
explanation considers the essentiality of the enzymes’ function.
Although almost every gene can undergo duplication, not all
of them possess the same likelihood of being retained. For
example, in the eukaryote Caenorhabditis elegans, essential genes
duplicate less often than non-essential ones but are more likely
to be retained over more extended periods (Woods et al,
2013). It also has been noted that changes in the dosage of
specific genes could lead to strong deleterious effects (Rice
and McLysaght, 2017). However, many duplicated genes could
persist if a higher gene dosage is advantageous for the organism
(Kondrashov et al., 2002). Thus, one possibility is that some of
the enzymes for which we found no paralogs carry out functions
for which an increased dosage would result in a disruption of the
metabolic flux, which in turn could compromise cell integrity.
Another possibility is that, for any given query sequence, one
or more of the targets are not enzymes. These are commonly
known as pseudoenzymes (Jeffery, 2020). For example, Belitsky
(2004) has shown that a pyridoxal 5’ -phosphate(PLP)-dependent
transcriptional regulator from Bacillus subtilis belongs to the
same superfamily of a kind of PLP-dependent aminotransferases.
A similar case occurs with protein kinases, which comprise one
of the most diverse microbial enzyme superfamilies in terms
of structure and function (Kannan et al., 2007). Phylogenetic
analyses reveal that pseudokinases (that is, proteins with a kinase
domain but without catalytic activity) are widely distributed
throughout the tree of life (mainly in eukaryotes and bacteria)
and have a pivotal, non-catalytic role in signaling processes
(Kwon et al., 2019).

High Levels of Promiscuity and
Evolvability Within Oxidoreductases May
Explain Their High Ratio of Paralogs

After identifying the ratio of paralogous enzymes for each
enzymatic class, we noticed no clear relationship between this and
the abundance of such enzymes in the genome. If this were so,
one would expect that classes containing many enzymes would
also show the highest ratio of paralogs. However, for the three
more abundant classes (Table 1), only the oxidoreductases have
a high ratio of paralogs (around 0.41), which is significantly
higher than that of transferases (0.29) and hydrolases (0.27)

(Figure 3). One possible explanation for this is the tremendous
functional diversity within the oxidoreductases, which is reflected
in the number of subdivisions within this class (Table 1). The
oxidoreductases have the greatest number of subclasses amongst
all enzymatic classes, and the same is observed when considering
sub-subclasses. By comparing this with what is observed for
the transferases, which is the class with the highest number of
enzymes (Table 1), we can see that oxidoreductases” subclasses
exceed those of translocases by a factor of 2.6, whereas for
sub-subclasses, it is by a factor of 3.9.

One possible explanation for why we see so much functional
diversity within the oxidoreductases, which we think might
also account for the high ratio of paralogs within this class,
has to do with enzyme promiscuity. Promiscuous enzymatic
activities are those physiologically irrelevant reactions that an
enzyme can perform in addition to its native activity (Copley,
2003, 2017), and can be of two kinds: substrate promiscuity
(Copley, 2020) and catalytic promiscuity (O’Brien and Herschlag,
1999). Many oxidoreductases are known to exhibit promiscuous
activities of both kinds (Biegasiewicz et al., 2018; Sellés-Vidal
et al., 2018); for example, the alcohol dehydrogenase of Thermus
sp. ATN1 (TADH), which can synthesize both chiral alcohols and
carboxylic acids (Hollrigl et al., 2008).

Within this enzymatic class, the highest ratios of paralogous
enzymes are mainly found in subclass EC 1.1, and in subclasses
EC 1.2, EC 1.3, and EC 1.8, but to a lesser degree (Figure 5A).
They act upon different functional groups of their substrates;
however, one common feature of these subclasses is that they
contain many enzymes that utilize NAD(P)H as a cofactor.
Altogether, they are the subclasses that contain the highest
numbers of enzymes utilizing this cofactor, according to the
CoFactor database (Fischer et al., 2010), and most of them
adopt the same fold: the Rossmann fold. Phylogenetic analyses
have shown that there is a common origin for proteins that
share this fold, and it is likely to have been present even
before the last universal common ancestor (LUCA) (Laurino
et al., 2016), making it one of the most ancient protein folds
(Bukhari and Caetano-Anollés, 2013; Edwards et al., 2013).
Rossmann-fold proteins are also known to show high levels
of evolvability, i.e., the ability to adopt new functions and to
accommodate sequence changes along evolutionary time (T6th-
Petroczy and Tawfik, 2014). This capacity, along with their high
levels of promiscuity (Sellés-Vidal et al., 2018), may provide
an advantage for the organism (Khersonsky and Tawfik, 2010)
but could also compromise the native activity of the enzyme,
leading to detrimental effects. Thus, gene duplication and further
optimization of the secondary function through selection could
improve the new activity leading to two paralogous enzymes
(Force et al., 1999).

Unique Paralogous-Gene Retention

Patterns Within the Isomerases

For the isomerases, we identified two subclasses with a high ratio
of paralogs: EC 5.1 and EC 5.4 (Figure 5B). The intramolecular
transferases’ subclass (EC 5.4) is also the one with the highest
number of unique entries among all isomerases’ subclasses.
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Within it, there also exist clusters of enzymes with similar
chemistries, as represented by oxidosqualene cyclases, RNA-
pseudouridine synthases, and carbon mutases (Martinez Cuesta
et al,, 2016). Oxidosqualene cyclases comprise the biggest group
of isomerases catalyzing the same kind of reaction, but although
there is substantial evidence of gene duplication within this group
of enzymes (Xue et al., 2012; Dahlin et al., 2016; Busta et al., 2020),
the paralogous isomerases that we found are unlikely to belong to
it. This is because oxidosqualene cyclases are involved in sterols
and triterpenes biosynthesis, a typical eukaryotic pathway. It has
been identified in several bacterial groups (Wei et al., 2016), but
it is more widely considered to be a trait associated with the
transition from prokaryotes to eukaryotes (Chen et al., 2007).
Thus, it is more likely that paralogous enzymes belonging to
this subclass are associated with different biochemical roles. It
is also possible that their paralogs perform functions other than
isomerization, considering that isomerases are a unique class in
which changes of the primary function along their evolutionary
history are widespread (Martinez Cuesta et al., 2014, 2015).

Evidence of the previous point is found within the racemases
and epimerases (EC 5.1), which is the other subclass for which
we found an overall high number of paralogous sequences
(Figure 5B). It contains different members belonging to the
subfamily of short-chain dehydrogenases/reductases (SDR),
which also includes oxidoreductases (EC 1) and lyases (EC 4);
all their members act upon nucleoside diphosphate (NDP) sugars
(Martinez Cuesta et al., 2014). Furthermore, as it occurs with the
oxidoreductases’ subclasses with more paralogs, all members of
the SDR subfamily share the Rossmann fold (Jornvall et al., 1995).
It thus seems likely that, as it happens with oxidoreductases,
the high evolvability of enzymes with this fold (Toth-Petroczy
and Tawfik, 2014) may explain the high number of paralogs.
Additional support for this comes from several bacterial strains
in which there have been identified different gene-duplication
events within the SDR subfamily (Serres et al., 2009).

Paralogous Translocases Reflect
Adaptation to Different Environmental

Conditions

Opverall, translocases make up a unique enzymatic class because
all its members come from other enzymatic classes. There
are 90 different entries identified in the ExplorEnz database
(McDonald et al, 2009) as of November 2020, and it is
noteworthy that more than half of these entries (around 50)
used to be included in a single hydrolases’ sub-subclass: EC
3.6.3, which contains enzymes acting on acid anhydrides to
catalyze the transmembrane movement of substances. Most of
these enzymes are ABC transporters, which constitute one of the
most ancient protein superfamilies, are represented throughout
both prokaryotes and eukaryotes (Saurin et al., 1999), and most
likely were present in the Last Common Ancestor (Davidson
et al., 2008). Within the ABC superfamily, there have been many
duplication events (Saier and Paulsen, 1999; Higgins, 2001),
which may be one of the reasons why we observe a high ratio
of paralogous translocases (0.62), which indeed is the highest of
all classes (Figure 3).

Throughout all prokaryotic diversity, ABC transporters are
equally essential and classified into two main groups: uptake
and efflux systems. The former plays a very important role in
the nutrition of organisms because they allow direct acquisition
of nutrients (Ren and Paulsen, 2005; Nicolds et al., 2007). On
the other hand, efflux ABC transporters are involved in the
exporting of molecules that are toxic to the organism (Nicolas
etal., 2007; El-Awady et al., 2017). In the present study, we found
that free-living organisms possess the highest ratio of paralogous
translocases (0.67), followed by pathogens (0.62), extremophiles
(0.59), and finally, intracellular organisms (0.38) (Figure 4). The
only case in which we didn’t find significant differences was
between pathogens and extremophiles. For both lifestyles, ABC
transporters play a crucial role, though due to different reasons.
Extremophiles usually live in environments where nutrients are
scarce, so having a high ratio of paralogous transporters must
be a good strategy for the uptake of both organic molecules and
ions (Albers et al., 2001). Pathogens, rely on different kinds of
transporters (including the ABC-type) to ensure the uptake of
nutrients necessary for pathogenesis (Tanaka et al., 2018), and
in some cases, different types of ABC transporters are active at
different stages of it (Murphy et al., 2016). Again, for this group
of organisms, having many paralogous translocases seems to be
an adaptation for the kind of environment in which they live.

However, for intracellular organisms, we also expected a
high ratio of paralogs for this class of enzymes, given the
fact that they depend mainly on the uptake of nutrients from
the host. Although it is the highest ratio compared to the
other enzyme classes within the group, this is not the case
compared to the ratios found in other lifestyles. One reason
that may account for this could have to do with the kind of
intracellular organisms that we considered. When comparing
different groups of these organisms, Ren and Paulsen (2005)
found that those associated with plants and soil environments
have many more transporters than other intracellular organisms.
However, in our present study, only four plant symbionts were
considered, which could explain why we found a relatively low
ratio of paralogous transporters compared to the other lifestyles.
Nonetheless, such a ratio is still significantly higher than that
of the other categories (Figure 4), which indirectly shows the
importance of this class of enzymes for the intracellular lifestyle
(Rodriguez and Smith, 2006).

In terms of subclasses, we found the highest ratio of
paralogous translocases within subclass EC 7.1 (Figure 5C),
which contains enzymes that catalyze the movement of protons
across membranes. Of these, only a few contain the ATP-binding
domain, so it seems unlikely that most of the paralogs found
within this subclass belong to the ABC transporters. Nonetheless,
many of these paralogous proteins could be involved in ATP
biosynthesis. One remarkable example is the ATP synthase (EC
7.1.2.2), which is widely distributed across prokaryotes. It has
been postulated that a series of several gene duplication events
may have occurred earlier in the evolution of this family (Cross
and Taiz, 1990), and in fact, more than one copy of ATP synthase
has been found in different prokaryotic organisms (Klenk et al.,
1997; Ruppert et al., 2001). Thus, many of these copies could
have retained their original function, which may be related to
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an additional dosage requirement and would provide a benefit in
terms of gene expression, given the importance of this enzyme.
That this is a common trend across many distinct prokaryotic
groups could be interpreted as a means of adaptation to different
environments (Cross and Miiller, 2004).

Phylogenetic Proximity and Lifestyle Are
Reflected in the Content of Paralogous
Enzymes

Despite performing a PCA with the mean values for each
phylum instead of considering each organism separately, we
found different clusters of phylogenetically and lifestyle-related
phyla. This was very interesting, given the high heterogeneity
that exists within many different phyla. The most significant
cluster comprises phyla associated with extreme environments
and includes five bacterial and one archaeal phylum (Figure 6).
Among these, we found two of the bacterial phyla known
to have diverged earlier in bacterial evolution: Aquificae and
Thermotogae. The other ones are considered lately diverging
groups. This clustering suggests that there might be some
genomic and biochemical constraints for organisms that inhabit
hyperthermophilic environments. This notion of common
features concerning lifestyles is also shown in a smaller cluster,
comprising Tenericutes, Chlamydia, and Elusimicrobia phyla. All
of them include many obligate intracellular organisms, which
are known to have reduced genomes and incomplete metabolic
pathways, as mentioned above. Although it is not known if
intracellular organisms of different phyla share losses of the same
(or very functionally similar) enzymes, most of them usually
retain proteins involved in the uptake and internalization of
organic nutrients (Saier and Paulsen, 1999) and some inorganic
ions (Wandersman and Delepelaire, 2004).

Besides the clustering of phyla that share a similar lifestyle, we
also found two cases of phylogenetically close phyla that cluster
together. The first one comprises members of the so-called TACK
group, which includes different phyla belonging to the Archaea
domain. The Crenarchaeota, Thaumarchaeota, Korarchaeota,
and Bathyarchaeota belong to this archaeal group (Guy and
Ettema, 2011), though it includes additional phyla for which there
are no fully sequenced genomes. Although belonging to the same
phylogenetic group, each of these four phyla lives in different
environmental conditions (Spang et al., 2017). We also found
that almost all proteobacterial phyla cluster near each other in the
PCA plot (Figure 6; numbers 1-3 and 5-7). As it is shown, this
cluster also seems to include non-proteobacterial phyla, which
we think might be due to the great physiological diversity found
within the Proteobacteria as a single group (Woese, 1987), as well
as the sharing of environmental conditions with other phyla like
Actinobacteria and Verrucomicrobia, particularly regarding soil
bacteria (Janssen et al., 2002). The only proteobacteria phylum
that is far from this cluster is the Epsilonproteobacteria (Figure 6;
no. 4). Recently, it has been proposed that this phylum might
not be related to the other proteobacteria but constitutes an
independent, monophyletic group (Waite et al, 2017). This
might be reflected in genomic and biochemical traits, as our
analysis suggests.

CONCLUSION

In this study, we analyzed the ratio of paralogous enzymes
according to the EC classification system established by the
IUBMB almost 60 years ago, and that had remained without
major changes until the second half of the year 2018. Around
this time, a new enzymatic class was added, the translocases,
consisting of enzymes previously assigned to other classes.
Taking this as a starting point, we found that the number of
paralogs within each enzymatic class does not always depend on
the number of enzymes. Oxidoreductases are the second class
with the most entries and contain many paralogous enzymes,
most of which are likely to be NAD(P)H dehydrogenases that
adopt the Rossmann fold. On the other hand, isomerases and
translocases have, on average, the lowest number of entries but
show a high ratio of paralogous enzymes. For translocases, we
identified that many paralogous enzymes could be involved in
ATP biosynthesis or belong to the ABC transporter superfamily.
These influx/efflux systems are critical in several environmental
conditions, and their diversification could be a way of adapting
to new environments.

Isomerases represent a unique case for which it has been quite
difficult to explain their high paralogs’ ratio. One possibility is
that several paralogous sequences are not even isomerases at
all but belong to other enzymatic classes (such as chemically
different enzymes that are part of the SDR subfamily), as has
been identified elsewhere (Martinez Cuesta et al., 2014, 2015).
Additional analyses beyond the subclass level could shed more
light on why isomerases have a high ratio of paralogs.

The lifestyle of organisms also seems to be related to the
content of paralogous enzymes. Free-living organisms have the
highest ratio of paralogs for all enzymatic classes, whereas
extremophiles and pathogens have similar ratios, and for certain
classes, they do not differ significantly. On the other hand,
intracellular organisms show the lowest ratios. However, this
trend could be due to other variables like genome size or the
number of proteins. Further statistical analysis could help to
identify the most important factors determining the prevalence
of a high ratio of paralogous enzymes in different organisms.

By considering the ratios of paralogous enzymes and other
aspects of the genome, we found a clustering of several phyla
not only in a phylogenetic but also in a similar-lifestyle context.
The most striking example was a group of different phyla
whose members share a hyperthermophilic lifestyle. Thus, it
seems that a high ratio of certain paralogous enzymes could
be useful to cope with this extreme environment. Whether it
is due to the same enzymes, or different enzymes belonging
to the same class, it is something that our current analysis
did not reveal. However, evidence suggests that parts of the
biochemical repertoire, like several amino acid biosynthetic
pathways, could have evolved independently in different lineages
(Herndndez-Montes et al., 2008).

To our concern, this study is the first to analyze the content
and ratio of paralogous enzymes both in terms of the EC number
(considering its recent major update) and taking into account
the lifestyle of organisms. Our results support the idea that gene
duplication in prokaryotes is a fundamental process to cope with
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new environmental conditions (Gevers et al, 2004;
Bratlie et al., 2010; Copley, 2020), regardless of organisms’

lifestyles.
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Abstract

The isomerases are a unique enzymatic class of enzymes that carry out a great diversity of chemical reactions at the intramo-
lecular level. This class comprises about 300 members, most of which are involved in carbohydrate and terpenoid/polyketide
metabolism. Along with oxidoreductases and translocases, isomerases are one of the classes with the highest ratio of paralo-
gous enzymes. Due to its relatively small number of members, it is plausible to explore it in greater detail to identify specific
cases of gene duplication. Here, we present an analysis at the level of individual isomerases and identify different members
that seem to be involved in duplication events in prokaryotes. As was suggested in a previous study, there is no homogene-
ous distribution of paralogs, but rather they accumulate into a few subcategories, some of which differ between Archaea and
Bacteria. As expected, the metabolic processes with more paralogous isomerases have to do with carbohydrate metabolism
but also with RNA modification (a particular case involving an rRNA-modifying isomerase is thoroughly discussed and
analyzed in detail). Overall, our findings suggest that the most common fate for paralogous enzymes is the retention of the
original enzymatic function, either associated with a dosage effect or with differential expression in response to changing
environments, followed by subfunctionalization and, to a much lesser degree, neofunctionalization, which is consistent with
what has been reported elsewhere.

Keywords Gene duplication - Isomerases - Paralogous enzymes - Archaea - Bacteria

Introduction

Enzymes are the workforce that allows life’s sustenance by
means of chemical reactions that constitute metabolism.
They are classified into a system established in the early
60 s by the International Commission on Enzymes from the
International Union of Biochemistry and Molecular Biol-
ogy (Tipton & Boyce 2000). Commonly referred to as the
Enzyme Commission (EC) System, it groups enzymes in
terms of reaction similarity (McDonald et al. 2015) and not
by evolutionary-related members. It includes seven classes
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of enzymes which are further divided into subclasses and
sub-subclasses.

Within the EC System it is not uncommon to find evo-
lutionary-related enzymes in different sub-subclasses,
subclasses, and classes (which reflect divergent evolution)
(Furnham et al. 2012; Martinez-Cuesta et al. 2015). Simi-
larly, enzymes performing remarkably similar biochemical
activities without an evolutionary relationship can be found
within the same sub-subclass (suggesting evolutionary con-
vergence). This illustrates the complexity within the EC Sys-
tem and highlights the need to address the problem from an
evolutionary perspective, which could help to understand
certain aspects of enzyme function classification.

De novo enzyme-coding genes can be originated through
different processes (Neme & Tautz 2014), but perhaps the
most important is gene duplication, i.e., the process through
which a preexisting gene can give rise to a new one, leading
to two copies known as paralogous genes (Ohno 1970).

It is now widely acknowledged that gene duplication has
played a significant role in the evolution of new enzymatic
functions (Copley 2020), which has led to the expansion
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of metabolism (Jensen 1976; Diaz-Mejia et al. 2007). In a
previous study (Alvarez-Lugo & Becerra 2021), we found
that the oxidoreductases, isomerases, and the most recently
recognized enzyme class, the translocases, have the high-
est ratios of duplicated enzymes, and these are concen-
trated into a few subclasses within each class. This does
not exclusively depend on the total number of enzymes
identified for each of them: whereas oxidoreductases have
many entries, isomerases and translocases are among the
enzymatic classes with the fewest number of described
enzymes (McDonald et al. 2009).

Together with ligases and translocases, isomerases are
one of the enzymatic classes with the lowest number of
members. Besides, except for translocases, they are the
less abundant type of enzymes in prokaryotes, no matter
their lifestyle (Alvarez-Lugo & Becerra 2021), and their
functional diversity is relatively low. Three sub-subclasses
stand out because they perform reactions that are chemi-
cally identical to those of the oxidoreductases (EC 5.3),
transferases (EC 5.4), and lyases (EC 5.5). The only dif-
ference is that these reactions are performed intramolecu-
larly. One example is the enzyme sterol A**-isomerase
(241IS0), involved in the biosynthesis of a kind of plant
steroid called withanolides. This enzyme catalyzes a reac-
tion similar to that of sterol side chain reductases (SSR)
1 and 2, also involved in the same metabolic pathway. By
phylogenetic analysis, it has been shown that the former
enzyme arose from a duplication event of SSR1. Although
241S0 still requires the cofactor NADPH, there is no net
consumption of it (Knoch et al. 2018).

In the current study we focus on the isomerases, analyze
them at the third level of the EC number (the sub-subclass),
and further break them down to the individual enzyme level.
They comprise about 300 enzymes grouped into seven sub-
classes and 19 sub-subclasses, catalyze around 4% of the
biochemical reactions of central metabolism (Martinez-
Cuesta et al. 2014; 2016), and are mainly involved in carbo-
hydrate and terpenoids/polyketides metabolism, but also in
lipid and amino acid metabolism to a lesser degree (Fig. 1).
Therefore, by analyzing them at the third level of the enzy-
matic code (which refers to the sub-subclass), we can further
identify which individual enzymes have more paralogs and
figure out possible scenarios that may have facilitated the
fixation of these duplicates.

Materials and Methods

The proteomes of a representative prokaryotic sample com-
prising 745 organisms (655 bacteria and 90 archaea) were
downloaded from the KEGG Database (Kanehisa & Goto
2000). Paralogous sequences were identified with the pro-
gram BlastP (Altschul et al. 1997) using the same criteria
reported elsewhere (Alvarez-Lugo & Becerra 2021). Result-
ing files were then parsed with ad hoc Perl scripts.

To identify enzymes for both the proteomes and the
paralogous-sequences datasets we employed the online tool
db2db, which is part of the bioDBnet resource (Mudunuri
et al. 2009), and the FTP files provided with the proteomes
from the KEGG Database (Kanehisa & Goto 2000). We kept
only those sequences for which we knew at least the nature

Fig. 1 Distribution of isomer-
ases in metabolism. Here, we
only report those metabolic
processes within which there is
at least one isomerase involved,
according to the KEGG
database. The “unassigned”
category includes isomerases
whose function has been
described, but that currently
are not placed within a specific
metabolic pathway
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of the substrate involved in the enzymatic reaction, defined
by the first three digits of the Enzyme Commission number
(EC number). All sequences corresponding to enzymes were
then grouped according to their respective subclass and sub-
subclass, using the latest version of the ExplorEnz database
(McDonald et al. 2009).

KEGG IDs from all bacterial rRNA pseudouridine syn-
thases that had at least one paralog, both those that modify
23S and 16S rRNA (RIuE, RIuF, RIuB, RluD, RluC, RIuA,
and RsuA, respectively), were searched against the Uni-
ProtKB Database to obtain the corresponding sequences.
We then grouped the sequences into seven different groups,
which correspond to each of the enzymes that we consid-
ered. Multiple sequence alignments (MSA) for each group
of sequences were performed with the MAFFT software
(Katoh & Standley 2013). Output files were given to the
trimAl program (Capella-Gutiérrez et al. 2009) to remove
gaps and other uninformative sites (gap threshold =0.9, and
conserved at least 60% of positions in the original align-
ment). We then calculated the best evolutionary model
for each pruned alignment with the program IQ-TREE
(Nguyen et al. 2015). For RsuA (EC 5.4.99.19) and RIuE
(EC 5.4.99.20), the best-fitted model was LG+G4. RluB (EC
5.4.99.22), RluD (EC 5.4.99.23), RIuC (EC 5.4.99.24), and
RIuA (EC 5.4.9.29) fit better with the LG+I+G4 model,

whereas model JTTDCMut+G4 was the best for RIuF (EC
5.4.99.21). IQ-TREE was also used to construct the corre-
sponding maximum likelihood (ML) phylogenetic trees by
tree reconstruction-ultrafast bootstrap with 1000 replicates
(Hoang et al. 2018) for each set of enzymes. All phyloge-
netic trees were visualized and annotated with iTOL (Letu-
nic & Bork 2021).

To display the relationships among protein sequences, a
sequence similarity network (SSN) and neighborhood con-
nectivity (NC) were then calculated with 1944 isomerases
sequences, using the Enzyme Similarity Tool (EFI-EST, Zal-
lot et al. 2019). Transitivity clustering was performed and
visualized using Cytoscape (Shannon et al. 2003).

Results

To find out why there is a high ratio of paralogs within the
isomerases, we identified the number of paralogs for each
subclass and sub-subclass across the whole sample (Fig. 2).
However, for a more general picture, we only considered the
average values for each phylum. At the subclass level, the
category with the highest number of paralogs is “intramo-

lecular transferases” (EC 5.4), followed by “racemases and
Firmicutes - Others

epimerases” (EC 5.1) (Fig. 2A). Then, at the sub-subclass
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Fig.2 Ratio of paralogous enzymes within the Isomerases. (A) Aver-
age ratio of the number of paralogous isomerases, grouped by sub-
classes. (B) Average ratio of the number of paralogous isomerases,

grouped by sub-subclasses. The color scale indicates the absolute
number of paralogs, which is the average for each phylum (Color fig-
ure online)
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level, we distinguished six categories with a high ratio of
paralogs, which belong to five different subclasses (Fig. 2B
and Table 1). From these, “intramolecular transferases trans-
ferring other groups” (EC 5.4.99) stands out.

Table 1 shows that sub-subclasses EC 5.4.99 and EC
5.1.3 contain the highest number of both paralogs and
entries, according to the ExplorEnz database (McDonald
et al. 2009). The former is an interesting case because it
comprises a wide diversity of enzymes acting upon different
substrates (unlike the other sub-subclasses). However, most
paralogs within this category are RNA-modifying enzymes
known as pseudouridine synthases, which convert uridine
into pseudouridine in different tRNA and rRNA positions.

One could argue that the reason why subclasses EC 5.4.99
and EC 5.1.3 have a greater average number of duplicates
is because they both contain many entries. To further inves-
tigate this, we performed a correlational analysis between
the number of entries identified for each sub-subclass and
the number of paralogs that belong to each of them (Supple-
mentary Table 1). Regarding the average number of paralogs
of the whole sample, we find a positive but not strong cor-
relation between this variable and the number of described
enzymes in each sub-subclass (r=0.67). This is also the case
when we only consider bacterial paralogs (r=0.63). On the
other hand, we found a weak correlation when considering
archaeal paralogs (0.44).

For bacteria, EC 5.4.99 and EC 5.1.3 are the classes
with the highest average number of paralogs per organism
(approximately four) (Fig. 3). On the other hand, we found
that three sub-subclasses with very similar values within the
archaea are the ones with the highest number of paralogs
(around two), so we considered all three (EC 5.1.3, EC 5.3.1,
and EC 5.4.2) (Fig. 3).

We then identified which enzymes within each of these
sub-subclasses were the ones associated with the highest
number of paralogs. For this, we also splitted our sample
into Bacterial (655; ng) and archaeal (90; ng) proteomes
and then counted how many times each enzymatic number
appeared within each sub-subclass (x).
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Fig.3 Average number of paralogous isomerases in Archaea and
Bacteria. Each sub-subclass is indicated on the x axis. The dots rep-
resent the average number of paralogs found for each sub-subclass in
Bacteria (blue dots) and Archaea (red dots). Sub-subclasses in which
the average number of paralogs is less than 0.5 for both domains are
excluded (Color figure online)

We found several organisms without a single paralog
belonging to the specific sub-subclass for each one. This
number differs between each of them and between Bacteria
and Archaea. To make an appropriate comparison between
all sub-subclasses, we made a slight correction for this issue
and excluded all those organisms in which there was not a
single paralog belonging to each sub-subclass (a). Thus, we
calculated the ratio of occurrence (O) with the following
formula:

O=x/n—a

Such a ratio was obtained for every enzymatic number
within each sub-subclass.

For simplicity, Fig. 4 depicts the presence of each enzyme
with an O value of 0.3 or higher (for a complete depiction
of all enzymes for which we identified at least one paralog,
please check Supplementary Figure S1). When the corre-
sponding enzyme was present in every organism of a par-
ticular phylum, we assigned a ratio of one (indicated by

Table 1 Isomerases’ sub-subclasses that contain the highest ratio of paralogs, without distinguishing between Archaea and Bacteria

Subclass Sub-subclass EC code No. paralogs No. entries
(average)

Intramolecular transferases Transferring other groups EC 5.4.99 4.04 67
Racemases and epimerases Acting on carbohydrates and derivatives EC5.1.3 3.38 43
Intramolecular transferases Phosphomutases EC5.4.2 3.02 13
Altering macromolecular conformation Altering nucleic acid conformation EC5.6.2 2.76 2
cis—trans isomerases cis—trans isomerases EC5.2.1 2.64 14
Intramolecular oxidoreductases Interconverting aldoses and ketoses, and EC5.3.1 2.2 31

related compounds

@ Springer

36



Journal of Molecular Evolution
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the color scale at the right of the heatmap). On the other
hand, its ratio was zero if it was not present in any organ-
ism. Large blank areas correspond to the sub-subclasses that
were not considered for Bacteria (EC 5.3.1 and EC 5.4.2)
and Archaea (EC 5.4.99).

Enzymes with an O value of 0.3 or higher (as in Fig. 4)
are listed in Table 2. We also indicate the pathway in which
each enzyme takes part. Finally, in the last column of the
table we suggest the scenario that we consider most likely
to explain the retention of each set of duplicates, according
to what is reported about such enzymes in the literature (see
Discussion section).

One limitation of the above results is that they may not be
directly comparable because the sub-subclasses with more
paralogs are not the same for Archaea and Bacteria, except
for EC 5.1.3. Therefore, to evaluate the content of duplicates
within different metabolic processes so that they are com-
parable to each other, we considered the same subclasses
for both cellular domains (EC 5.1.3, EC 5.3.1, EC 5.4.2,

2'66'%'5°03
61667603
02'66'+'G'03
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and EC 5.4.99). In addition, we identified each enzyme's
biochemical function according to the BRENDA database
(Schomburg et al. 2004).

To define how representative each process was, we iden-
tified the number of times that each EC number appeared
within each sample (x; ... x,). Dividing each value by the
sum of them all (X) gives us the representativeness percent-
age (%R) per function. In cases where two or more enzymes
had the same assigned role, we grouped them into a single
value, so each function was considered only once.

Figure 5 compares the abundance of duplicates within
different metabolic and cellular processes in Archaea and
Bacteria. Paralogs are not equally distributed throughout
all metabolic processes. Most of them concentrate less
than 1% of paralogous isomerases, whereas several others
accumulate around 20% of them (for example, “23S rRNA
modification” in Bacteria and “Degradation of hexoses”
in both Archaea and Bacteria). A striking case is that of
“23S rRNA modification”. This process is also present in
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Table 2 Isomerases with the highest number of paralogs

No. paralogs EC number Enzyme name Pathway Abundance (%) Probable scenario(s) for
paralogs’ retention
Bacteria
903 EC5.1.3.2 UDP-glucose 4-epimerase Galactose metabolism 23.44 Subfunctionalization
783 EC 5.4.99.23 23S rRNA pseudou- 23S rRNA modification 20.32 Molecular backup* and
ridine1911/1915/1917 subfunctionalization
synthase
310 EC 5.4.99.28; EC 5.4.99.29 tRNA pseudouridine32 tRNA modification 8.05 -
synthase
308 EC 5.4.99.19 16S rRNA pseudouridine516  16S rRNA modification 7.99 -
synthase
298 EC 5.4.99.24 23S rRNA pseudouri- 23S rRNA modification 7.73 Subfunctionalization
dine955/2504/2580 synthase
292 EC 5.4.99.2 methylmalonyl-CoA mutase ~ Propanoate metabolism 7.58 Conservation of enzyme
function**
210 EC 5.4.99.22 23S rRNA pseudouridine2605 23S rRNA modification 5.45
synthase
210 EC5.1.3.6 UDP-glucuronate 4-epimerase  Ascorbate metabolism 5.45 Sub/neofunctionalization
185 EC5.1.3.14 UDP-N-acetylglucosamine Polysaccharide biosynthesis 4.8 Conservationof enzyme
2-epimerase (non-hydro- function™* / Subfunction-
lyzing) alization
181 EC5.1.3.13 dTDP-4-dehydrorhamnose Biosynthesis of cell wall 4.7 Conservation of enzyme
3,5-epimerase function®*
173 EC 5.4.99.20 23S rRNA pseudouridine2457 23S rRNA modification 4.49 -
synthase
Archaea
124 EC5.1.3.2 UDP-glucose 4-epimerase Galactose metabolism 27.02 Subfunctionalization/
conservation of enzyme
function**
81 EC5.3.1.16 1-(5-phosphoribosyl)-5-[(5- Histidine metabolism 17.65 Neofunctionalization
phosphoribosylamino)meth-
ylideneamino]imidazole-
4-carboxamide isomerase
63 EC54.2.12 phosphoglycerate mutase Glycolysis 13.73 -
(2,3-diphosphoglycerate-
independent)
45 EC5.4.2.10 phosphoglucosamine mutase  Protein N-glycosylation 9.8 Conservation of enzyme
Sfunction®*
40 EC5.3.1.29 ribose 1,5-bisphosphate AMP metabolism 8.71 Conservation of enzyme
isomerase function**
38 EC5.3.1.23 S-methyl-5-thioribose-1-phos- Cysteine and methionine 8.28 -
phate isomerase metabolism
24 EC5.1.3.14 UDP-N-acetylglucosamine Polysaccharide biosyntheses 5.23 Conservation of enzyme
2-epimerase (non-hydro- function®*
lyzing)
22 EC54.28 phosphomannomutase D-mannose degradation 4.79 -
22 EC5422;EC5428 phosphoglucomutase (alpha-  Glycogenolysis 4.79 -

D-glucose-1,6-bisphos-
phate-dependent)

The first column indicates the number of copies with the corresponding EC number that we identified, which is also reflected in the Abundance
column, in terms of percentages. In the last column, based on our results and research reported in the literature, we indicate the probable sce-
narios that could be involved in paralogs’ retention

Those in italics indicate that this scenario needs to be further investigated, whereas a dash (—) indicates that the corresponding enzyme was not

analyzed. Information from the “Pathway” column was obtained from the KEGG Database (Kanehisa & Goto 2000)

(*)Refers to RluD (EC 5.4.99.23) copies with the same function

(**)In this work, conservation of enzyme function indicates that duplicates perform the same enzymatic reaction although the cellular context
may be different
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Pathway

Ethylmalonyl-CoA pathway
O-antigen biosynthesis
L-pyrrolysine biosynthesis
Isoleucine metabolism
D-mannose degradation
L-rhamnose degradation
Sesquiterpenoid and triterpenoid biosynthesis
L-fucose degradation
Myo-inositol biosynthesis
Degradation of sugar acids
D-xylose degradation
Polyketide sugar unit biosynthesis
Vitamin B12 metabolism
CMP-KDO biosynthesis
Phenylalanine metabolism
Entner Doudoroff pathway
Metabolism of disaccharids
Tryptophan metabolism
Lipopolysaccharide biosynthesis
dTDP-L-rhamnose biosynthesis
Starch degradation
Metabolism of amino sugars and derivatives
Degradation of pentoses
Ascorbate metabolism
16S rRNA modification
Methylaspartate cycle
Pentose phosphate pathway
tRNA modification
Glyoxylate and dicarboxylate metabolism
Amino sugar and nucleotide sugar metabolism
Methionine metabolism
UDP-GIcNAc biosynthesis
Purine metabolism
Histidine metabolism
23S rRNA modification
Glycolysis/Gluconeogenesis
Degradation of hexoses

Bacteria

Fig.5 Abundance of paralogous isomerases within different metabolic and cellular processes. Functions comprising higher numbers of paralogs
appear at the bottom of the figure, and their %R is indicated next to each horizontal bar

Archaea, and enzymes associated with it are homologous
to bacterial ones. However, according to our analyses,
paralogs could not be identified for any archaeal enzymes
involved in this post-transcriptional modification process.
Similar situations, although to a much lesser degree, occur
for the “Methylaspartate cycle” (paralogs are only found
within the archaeal genomes) and for “Glyoxylate and
dicarboxylate metabolism”, “Degradation of pentoses”,

and “Metabolism of amino sugars and derivatives”, pro-
cesses in which we only find paralogs within Bacteria.
Several processes identified in both cellular domains
have a similar parlog’s abundance, like “Glycolysis/Glu-
coneogenesis”, “UDP-GIcNAc biosynthesis”, and “tRNA
modification” whereas others, like “Degradation of hex-
oses” and “Purine metabolism”, show more remarkable
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differences between domains (in these cases, a higher ratio
of paralogs is found within Archaea) (Fig. 5).

We identified many paralogs related to rRNA modi-
fication, all belonging to the superfamily of pseudou-
ridine synthases. Phylogenetic analyses reveal large
differences in the number of paralogs for each analyzed
enzyme (Fig. 6 and Supplementary Figure S2). For some,
most identified paralogs correspond to an enzyme with a

Fig.6 Phylogenetic distribu-
tion of rRNA pseudouridine
synthases RluD (A) and RIuC
(B) in our bacterial sample.

All sequences in our sample

for which at least one paralog
was detected (regardless of its
function) were included in the
phylogenetic analysis. Blue bars
from the outer circles indicate
the number of paralogous
enzymes with the same assigned
function for each of the
sequences that were considered
to build the phylogenies. The
absence of a blue bar indicates
that paralogs have different
functions. Red dots indicate
bootstrap values of 90 or higher,
and their size is proportional to
their value (Color figure online)

A\ Y
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different EC number, whereas others possess one or more
paralogs that share the same one. The enzyme 23S rRNA
pseudouridine(1911/1915/1917) synthase (RluD, EC
5.4.99.23) (Fig. 6A) is the one with the highest number of
copies in many organisms. In contrast, its closest paralog,
RluC (EC 5.4.99.24), which modifies uridines at posi-
tions 955/2504/2580 of the 23S rRNA, is almost always
found once, and in no case did we find a single organism

Phylum

[[] Acidobacteria

[ Actinobacteria

B Aquificae

. Bacteroidetes

! Chlamydiae

. Chloroflexi

I:‘ Cyanobacteria

. Deferribacteres
Deinococcus-Thermus
[] pictyoglomi

[ Fibrobacteres

|:| Firmicutes-Bacilli
Firmicutes-Clostridia
. Firmicutes-Others
[] Fusobacteria

[] Gemmatimonadetes
[ Alphaproteobacteria
[] Betaproteobacteria
. Gammaproteobacteria
[] peltaproteobacteria
[ Epsilonproteobacteria
[] other Proteobacteria
[] Planctomyces

[ spirochaetes

[ Tenericutes

[] Thermotogae

u

Phylum

. Actinobacteria

[ Bacteroidetes

[ chlamydiae

[ Firmicutes-Bacili

Firmicutes-Clostridia

[ Fimicutes-Others

[ ] Fusobacteria

[ Aiphaproteobacteria

D Betaproteobacteria

. Gammaproteobacteria

[] Deltaproteobacteria

. Epsilonproteobacteria

I:I Other Proteobacteria
' [] spirochaetes

. Synergistetes

B Tenericutes

D Thermotogae

40



Journal of Molecular Evolution

that had more than two copies of this enzyme (Fig. 6B).
The other pseudouridine synthases have a pattern similar
to that of R1uC, except for RluB (EC 5.4.99.22) and RIuA
(EC 5.4.99.29) (Supplementary Figure S2).

The SSN was calculated for the 1944 isomerase
sequences using the Enzyme Similarity Tool (see Mate-
rial and Methods section) networks shown in Fig. 7. The
network statistics displayed 1944 nodes, and 181,265
edges, with a clustering coefficient of 0.973. The tran-
sitivity clustering was performed by Cytoscape and is
displayed in Fig. 7A, where all sequences included in
each cluster have a high similarity value and the same
assigned function (i.e., 5.4.99.23). Furthermore, Fig. 7B
shows the neighborhood connectivity distribution, where
RluD and RIuC have the largest connectivity values. Each
of the two major clusters corresponds to two of the four
families belonging to the Pseudouridine Synthase Super-
family: RIuA and RsuA. The former includes subfami-
lies RIuA, RluC, and RluD (left cluster), whereas RluB,
RIuE, RIuF and RsuA belong to the later (right clus-
ter). This is in agreement with what has been reported
elsewhere.

Fig.7 Sequence similarity
network (SSN) for members

of the Pseudouridine Synthase
superfamily that are found in
our sample. Part a shows a
similarity network built with
the transitivity algorithm. Color
code indicates that despite the
presence of multiple clusters,
most of these are exclusively
made up of a single enzymatic
subfamily. Part b depicts a
network built with the neighbor-
hood algorithm. Here, most
clusters of the same color in
part a group together into a -
single one, which in turn is

well separated from the others
(except only for RluB, RIuF and
RsuA). Nodes with a diamond
and a rectangle correspond to
RluD and RIuC, respectively.
All other nodes, representing
the rest of rRNA-modifying
pseudouridine synthases, are
depicted with an ellipse. Nodes
are colored according to the
number of connections in the
cluster to which they belong
(Color figure online)

@ RsuA @ RIE
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Discussion

A plausible explanation for the high ratio of duplicates
within the isomerases may lie in the fate of such enzymes.
It has been reported that, throughout its evolutionary history,
only around 20% of the changes in activity remain within
the isomerization category, whereas the other 80% involves
a huge functional change from the isomerases to another
enzymatic class (Furnham et al. 2012; Martinez-Cuesta et al.
2014; 2015). One of the reasons behind this could be the
catalytic capabilities of certain folds. For example, in the
archaea, Pyrococcus furiosus, it has been shown that the
Triosephosphate isomerase (EC 5.3.1.1), which belongs to
the (B/at)g-barrel (TIM barrel) fold superfamily, also exhibits
an endoglucanase/cellulase activity (EC 3.2.1.4) at differ-
ent temperature maximums (Sharma & Guptasarma 2017).
This is further supported by the tremendous functional
diversity found within TIM barrel proteins, among which
many isomerases and many other enzymes encompass all
general enzymatic functions (Goldman et al. 2016). This vast
functional diversity could provide the raw material for the
evolution of new enzymes and functions, and gene duplica-
tion seems to play an essential role in this process (Lang
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et al. 2000; Hocker et al. 2001; Sterner & Hocker 2006;
Goldman et al. 2016).

Before we go on, it is important to clarify what we mean
by “retention of the original function” in the context of
this study. Here, the concept covers only those paralogous
enzymes that after a duplication event still catalyze the
same enzymatic reaction on the same positions of the same
substrate in contrast to, for example, some tyrosine phos-
phatases (which share the same EC number) that modify
different protein parts despite being homologous and per-
forming the same overall reaction (Sweeney et al. 2005).

Bacterial Pseudouridine Synthases

By analyzing the ratio of paralogs within the isomerases
notable differences between Bacteria and Archaea can be
found. This is illustrated by the fact that sub-subclasses with
the highest number of paralogs differ between both cellular
domains (Fig. 3).

As it was noted previously, most paralogs belonging to
the intramolecular transferases transferring other groups are
pseudouridine synthases involved in tRNA or rRNA modi-
fication (sometimes both, but under very specific circum-
stances). All of these are stand-alone enzymes that perform
the same overall reaction: the conversion of uridine to pseu-
douridine (¥) by means of the same chemical mechanism
(Hamma & Ferré D’Amaré, 2006).

In terms of the number of paralogs and phylogenetic dis-
tribution, RluD is quite different from the other pseudouri-
dine synthases: it is the enzyme with more duplicates and
the broadest phylogenetic distribution (Fig. 6a). A plausi-
ble explanation for the presence of multiple copies in many
organisms may have to do with the importance of the ribo-
somal region that contains the uridine residues modified
by this enzyme. Such uridines are in positions 1911, 1915,
and 1917 of 23S rRNA, in a region known as helix-loop 69
(HL69) (Leppik et al. 2007). This structure constitutes a
bridge between ribosomal subunits and ensures translation
fidelity (Jiang et al. 2014), which makes it very important
for translation to take place. It has been shown that, at least
in vitro, mutations at ¥1917 inhibit translation (Liiv et al.
2005), and this could represent a strongly deleterious effect
in vivo (Gutgsell et al. 2001; Ofengand et al. 2001). This
might explain why many bacteria have this enzyme and why
it is found in more than one copy in multiple organisms. The
extra copies could provide robustness (i.e.,the ability for the
phenotype to remain unchanged despite genotypic changes)
by means of genetic redundancy, as some sort of molecular
backup for this vital function, so that if one of the copies is
mutated or gets compromised another can rescue the func-
tion and thus ensure translation.

One possible caveat from our study has to do with the
sequences that we considered for each of the phylogenetic
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analyzes. Functional annotation was the inclusion criteria, so
we grouped each sequence into one of the seven sub-families
of rRNA-modifying pseudouridine synthases. This raises the
possibility of including wrongly annotated sequences even
after checking the MSA. To corroborate that this was not the
case, we performed a sequence similarity network analysis
(Fig. 7) in which we included all 1944 sequences consid-
ered for tree construction. Color homogeneity in the different
clusters in Fig. 7a indicates that all sequences included in
each one have a high similarity value and the same assigned
function, which suggests that annotations in the KEGG data-
base are correct. If they were not, we would expect to see
a mixture of enzymes with different annotations in more
than one of the clusters generated in the transitivity cluster-
ing analysis, which is not the case (although we find a few
exceptions). Besides, network topology in Fig. 7b shows that
the neighborhood connectivity distribution correlates with
the enzyme function (EC code). Here, most enzymes that
are scattered in different clusters in Fig. 7a are grouped into
a single one. This indicates that sequences annotated with
the same EC number are more similar to each other than
enzymes with different annotations.

Furthermore, the fact that all RIuD similarity clusters are
made up exclusively (with only a few exceptions) of cor-
rectly annotated enzymes further suggests that many organ-
isms from different phylogenetic groups have multiple cop-
ies of this enzyme and that all of them still perform the
same overall reaction. It is important to note that the concept
of “molecular backup” is substantially different from the
classical scenario of the requirement of an additional gene-
dosage, which can be the primary selective pressure for the
duplicated gene to conserve the original function after being
fixed. Therefore, we consider Kafri et al. (2005) definition in
which molecular backup refers to those scenarios in which
a requirement for additional dosage is not the reason for
retaining the extra copies.

It was previously thought that divergence after gene
duplication events would be so fast that most paralogs would
rarely provide backup to the other copy due to the acquisi-
tion of a new function (Wagner 2005). However, most recent
evidence suggests that if a gene is going to rescue the func-
tion of its paralog, it may not be necessary that both share
high sequence or regulation similarity (they could be very
divergent) (Ihmels et al. 2007). This could occur with RluD
and its paralogs with the same EC number: most sequences
show high similarity scores (red and pink diamonds in
Fig. 7b) but there are others that lie outside the main cluster
(blue and gray diamonds), which indicates a lower similarity
value. In many cases, these belong to organisms that have
three or more RluD copies.

Most genes associated with translation almost always
occur as singletons (Jordan et al. 2004; Bratlie et al. 2010a;
2010b), but RluD seems to be a notable exception. Given
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the cellular context in which this enzyme takes part, it is
likely that the extra copies are only expressed under situa-
tions in which the original one is compromised, so as not to
disrupt the balance of the other components of the transla-
tion machinery.

Despite many organisms having several RluD copies, it
is unlikely that most of them, if not all, survive in the long
term. Krakauer and Plotkin (2002) have suggested that natu-
ral selection in small populations would favor robustness
mechanisms but this may not happen in large ones, such as
those of many bacteria. This prediction is supported by in
silico experiments where the mutational robustness tends
to increase with mutation rate and decrease with popula-
tion size (Elena et al. 2007). Likewise, an interplay between
genetic drift and a mutational bias toward the deletion of
redundant copies usually shapes bacterial genomes (Bobay
& Ochman 2017). For these copies to be preserved after
many generations, they would have to acquire some level of
distinct or independent activity on which selection could act
and not serve merely as a backup copy (Ghosh & O’Connor
2017; Putty et al. 2013). Consequently, more analysis and
experiments are needed to explain why we detected several
RluD copies in many organisms.

Other Bacterial Isomerases

Besides the high amount of paralogs associated with RNA
modification we also found a high number related to propi-
onate metabolism (Fig. 5 & Table 2). These correspond to
a single enzyme, methylmalonyl-coenzyme A (methylmal-
onyl-CoA) mutase (MCM) (EC 5.4.99.2), which catalyzes
the reversible isomerization of (R)-methylmalonyl-CoA
into succinyl-coenzyme A (succinyl-CoA). This enzyme
has several essential roles in bacterial cells. For example, it
is crucial for the biosynthesis of complex polyketides, a vast
category of diverse natural products that comprise pigments,
antibiotics, and immunosuppressants, among others (Dona-
dio et al. 1991). Perhaps even more important is its role in
the glyoxylate cycle (GC). This is an essential mechanism
for converting acetyl-CoA to succinate which can be used
for carbohydrate biosynthesis (Kondrashov et al. 2006). This
pathway is mainly found in methylotrophic organisms but is
also suggested to be more widely distributed in other kinds
of bacteria (Korotkova et al. 2002), specifically those with
aerobic metabolisms (Ahn et al. 2016). Consistent with this
point, we found MCM in different phyla from our sample,
but we could not identify it in most phyla that include anaer-
obic organisms; we also detected that there is more than one
copy of this enzyme for many organisms (data not shown).
Since GC has a significant role as a carbon assimilation strat-
egy in the absence of typical carbon sources such as glu-
cose (Chew et al. 2019) and given the importance of MCM
in polyketide biosynthesis, we suggest that a gene-dosage

effect could be responsible for maintaining paralogs with the
same function in many different organisms. The extra cop-
ies could enable the constant production of succinyl-CoA,
which could go to polyketide-synthetizing pathways or the
glyoxylate cycle, especially when typical carbon sources
are scarce. Recently, it has been demonstrated that activat-
ing this pathway is a crucial acclimation strategy in marine
bacteria subjected to iron limitation (Koedooder et al. 2018),
which further highlights its importance in coping with
changing environments.

In different pathogenic bacteria, the nucleotide sugar
precursor dTDP-Rhamnose is a crucial component of the
cell wall polysaccharides (Tsukioka et al. 1997). One of the
enzymes involved in its biosynthesis, dTDP-4-dehydror-
hamnose 3,5-epimerase (EC 5.1.3.13), was found among
the isomerases with the highest number of paralogs. It
catalyzes the conversion of dTDP-4-dehydro-6-deoxy-a-
D-glucopyranose to dTDP-4-dehydro-p-L-rhamnose and is
typically associated with another enzyme, dTDP-4-keto-L-
rhamnose reductase (EC 1.1.1.133), which catalyzes the last
step of the pathway leading to dTDP-L-rhamnose. It has
been shown that this molecule is essential for the growth of
bacteria from the genus Mycobacterium (Ma et al. 2002) and
that disruption of this pathway leads to pleiotropic effects
in Azospirillum brasilense (Jofré et al. 2004). We found that
most organisms with paralogous dTDP-4-dehydrorhamnose
3,5-epimerase, have two or more enzymes with the same
EC number. This suggests that a gene-dosage effect could
be the reason for having two or more redundant copies of
this enzyme, perhaps to satisfy the right dTDP-rhamnose
amount to ensure pathogenic viability and virulence given
the pivotal role of this molecule. Because of this pathway's
importance, all its enzymes have been proposed as targets of
a new class of antibiotics that can inhibit dTDP-Rhamnose
biosynthesis (van der Beek et al. 2019).

UDP-glucuronate 4-epimerase (EC 5.1.3.6), like UDP-
glucose 4-epimerase, is an isomerase that plays an important
role in nucleotide diphosphate (NDP) sugars biosynthesis.
It converts UDP-glucuronate to UDP-D-galacturonate,
which is a pivotal molecule for moenomycin biosynthesis, a
class of natural antibiotics that disrupts cell wall formation
through the inhibition of peptidoglycan glycosyltransferases
(PGTs) (Ostash & Walker 2010). This enzyme, along with
other eight that also act upon NDP-sugars, belongs to the
short-chain dehydrogenases/reductases (SDR) superfam-
ily, shares common features in terms of bond change and
reaction center similarity, and has the same domain com-
position (Martinez-Cuesta et al. 2014), which suggests a
possible origin by gene duplication and later divergence
of some of its members. Four of this superfamily mem-
bers are also isomerases, and two of them, UDP-glucose
4-epimerase (EC 5.1.3.2) and ADP-glyceromanno-heptose
6-epimerase (EC 5.1.3.20) have also an important number
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of paralogs in our bacterial sample. This suggests that these
three enzymes could share a common origin and may have
originated via gene duplication. The fact that UDP-glucu-
ronate 4-epimerase is highly specific (Broach et al. 2012;
Sun et al. 2020) further suggests a relatively recent origin
through duplication and further specialization of another
member of the superfamily, representing a possible case of
sub/neofunctionalization.

Archaeal Isomerases

Unlike bacteria, archaea use a ribonucleoprotein complex
to convert uridine residues into pseudouridine ones (Liang
et al. 2009), which includes a pseudouridine synthase, a
guide RNA, and several auxiliary proteins. Despite archaeal
pseudouridine synthases being homologous to bacterial ones
(Fitzek et al. 2018) and performing the same reaction in
equivalent positions, we found no duplication signals for
any of these enzymes.

We identified different duplicated enzymes involved in
protein glycosylation (Fig. 5 and Table 2). One of these,
UDP-glucose-4-epimerase (EC 5.1.3.2) has the largest num-
ber of paralogs (Table 2). This enzyme takes part in galac-
tose metabolism, specifically in the Leloir pathway, which
goes from P-D-galactose to glucose 1-phosphate (Holden
et al. 2003). The main role of this enzyme seems to be the
biosynthesis of different kinds of carbohydrates in glycopro-
teins, glycolipids, and cell walls through the production of
galactosyl units (Frey 1996). Analyses in bacteria show that
mutants for this enzyme produce different glycoforms which
are not found in wild-type cells (Lee et al. 1999). As for
the archaea, variations in glycosylation patterns, especially
N-glycosylation, are thought to be associated with adapta-
tions to different environments (Calo et al. 2010; Jarrell et al.
2014), so it seems likely that UDP-glucose-4-epimerase,
as well as phosphoglucosamine mutase (EC 5.4.2.10) and
UDP-N-acetylglucosamine 2-epimerase (EC 5.1.3.14), for
which we also found many duplicates, contribute in some
degree to glycan diversity. Some of their corresponding par-
alogs might be able to synthesize slightly different glycans,
or be expressed under different environmental conditions.

The enzyme 1-(5-phosphoribosyl)-5-[(5-phosphoribo-
sylamino) methylideneamino] imidazole-4-carboxamide
isomerase, better known as HisA (EC 5.3.1.16) is the sec-
ond one with the highest number of paralogs identified for
Archaea (Table 2). It is involved in histidine biosynthesis
and produces the substrate PRFAR, which in turn is taken
by another enzyme, HisF (EC 4.3.2.10), to synthesize the
molecule AICAR, a pivotal molecule that connects histi-
dine and purine biosynthesis besides having other important
roles in cell’s biochemistry (Vazquez-Salazar et al. 2018).
HisA and HisF are paralogous enzymes (members of the
(Ba)g superfamily of proteins). It has been proposed that
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they arose by a combination of gene duplication followed by
gene elongation of an ancestral enzyme that was half the size
((Bov),) of extant (Ba)g barrels (Fani et al. 1994; Lang et al.
2000). Despite being universally distributed, there is a het-
erogeneous organization and distribution of Ais genes within
the archaea, which suggests that the arrangement typically
found in bacteria could have been absent in the Archaeal
ancestor and also in the Last Universal Common Ancestor
(LUCA) (Fondi et al. 2009). Of all enzymes that participate
in histidine biosynthesis, HisA and HisF are the only ones
whose ancient gene fusion is universally conserved (Fani
et al. 2007). Given this, one would expect that when finding
one of them within an organism, the other would almost
certainly be there too. Additionally, given the functional
diversity throughout (Ba)g proteins (Nagano et al. 2002),
enzymes with this fold seem to be candidates in which a
different or novel function could arise. This has been shown
for (Bo)g barrels evolved from the combination of two differ-
ent halves (or (Ba), barrels) performing different functions
(Hocker et al. 2004), and also for the hisA gene of Salmo-
nella enterica which, after being amplified to a high copy
number, acquired several advantageous mutations (Nasvall
et al. 2012). This study was performed in vitro but could
resemble a mechanism that can also occur in vivo, lead-
ing to the evolution of new enzymes and functions through
duplication and divergence (Francino 2005).

Regarding central metabolism there are notable differ-
ences between Archaea and Bacteria. One of them is found
in glycolysis, which is thought to be an ancient metabolic
pathway (Fothergill-Gilmore 1986). Although its outcome is
the same in both groups of organisms, there are striking vari-
ations specific to each cellular domain (Verhees et al. 2003).
Additionally, the oxidative pentose phosphate pathway
(OPPP), which operates parallel with glycolysis to synthe-
size ribulose-5-phosphate and is needed for nucleotide bio-
synthesis, was thought to be absent in Archaea, though it was
recently reported in the archaeon Haloferax volcanii (Pickl
& Schonheit 2015). An alternative pathway involved in
AMP metabolism, known as pentose bisphosphate pathway
(PBP), generates the intermediates needed for nucleotide
biosynthesis (ribose 1,5-bisphosphate (R15P) and ribulose
1,5-bisphosphate). It has been identified in Thermococcus
kodakarensis (Aono et al. 2015) and seems to be quite famil-
iar to many archaea (Finn & Tabita 2004). The interme-
diate ribulose 1,5-bisphosphate is the substrate of ribulose
1,5-bisphosphate carboxylase/oxygenase (RuBisCO), an
enzyme considered exclusive of the Calvin-Benson cycle of
photosynthetic bacteria, but that is also part of the archaeal
pathway previously mentioned (Kono et al. 2017). Our
analysis identified a relatively high number of paralogs for
another enzyme of this pathway: ribose 1,5-bisphosphate
isomerase (EC 5.3.1.29), which catalyzes the conversion of
a-D-ribose 1,5-bisphosphate to D-ribulose 1,5-bisphosphate,
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and its activity is greatly enhanced in the presence of AMP
(Aono et al. 2012). It is striking that another enzyme with
a high ratio of duplicates, phosphoglycerate mutase (PGM)
(EC 5.4.2.12), is related to the activity of R15P isomerase.
PGM is a glycolytic enzyme that catalyzes the conversion of
3-phosphoglycerate (3PGA) to 2-phosphoglycerate (2PGA).

The archaeal AMP degradation pathway, which com-
prises R15P isomerase, RuBisCo and AMP phosphorylase,
generates 3PGA as the product, which will ultimately be
directed to glycolysis and converted into 2PGA by PGM
(Aono et al. 2012). However, it is unclear if there is a
dependence between the high ratio of paralogs of R15P and
PGM. We suggest that for the case of R15P isomerase such
a ratio might be associated with energetic metabolism. An
ADP-dependent phosphofructokinase that produces AMP
has been found in many archaea (Kengen et al. 2001). This
generates large concentrations of intracellular AMP, leading
to a higher amount of 3PGA via PBP. Subsequently, 3PGA
can fuel ATP production, which would be very useful for the
cell's bioenergetics if there are low energy levels (Sato et al.
2007). Thus, paralogs of R15P isomerase could be associ-
ated with dosage effects that could enable some archaea to
thrive in environments where ATP production is limited, as
in anaerobic environments.

In this study, we identify several cases in which the reten-
tion of duplicates is likely to be related to a dosage effect
(i.e., a need to increase the metabolic flux of a specific reac-
tion). This is perhaps the simplest conservation-of-function
scenario because it only requires an additional gene copy
that is expressed under similar conditions as the original
one (instead of upregulating a single copy and enhancing the
production of its product, a similar effect could be obtained
if its paralog is retained and expressed simultaneously).

However, another scenario could be equally likely. Paral-
ogs may still perform the same enzymatic reaction although
their expression may not be simultaneous but dependent on
environmental fluctuations, which is why they are known
as ecoparalogs (Sanchez-Perez et al. 2008). For example,
in Lactobacillus johnsonii, three enolase copies have been
identified but only two of them are expressed under the same
culture conditions (Antikainen et al. 2007). The halophilic
bacterium Salinibacter ruber has several pairs of paralogs
whose members differ in their electrostatic potential, both
on the surface and on the active site, resulting in different
halophillicity (Sanchez-Perez et al. 2008). And there are
cases in which the expression of one member of a pair of
paralogous genes associated with pathogenesis (and with the
same function and biological role) depends on the extracel-
lular concentration of certain ions (Mouammine et al. 2014,
Fortuna et al. 2022).

Examples of ecoparalogs are also found in Archaea.
Haloferax volcanii has three copies of group II chaperonin
whose differential expression depends on salt concentrations

and temperature (Kapatai et al. 2006). In Haloarcula maris-
mortui paralogs FlaA2 and FlaB, involved in the biosyn-
thesis of the archaellum (the archaeal flagellum), are well
adapted to changing environments and not expressed simul-
taneously. As in H. volcanii, their expression is dependent
on temperature and salt concentration (Syutkin et al. 2014;
2019). H. marismortui has also three copies of rRNA oper-
ons of which two are almost identical at the sequence level
(operons A and C). The other, identified as operon B, has
more than 130 polymorphisms compared to operons A
and C, even in the promoter region, and is overexpressed
at higher temperatures and underexpressed at lower ones
(Lopez-Lopez et al. 2007).

It could be argued that the examples mentioned above
represent cases of neo or subfunctionalization because
such paralogs are not expressed under the same conditions.
Besides, mutational analyses reveal that some genes can
not provide a backup function if one or more paralogs are
inactivated, which leads to phenotypic differences (Kapatai
et al. 2006; Lopez-Lopez et al. 2007; Tripepi et al. 2013).
As previously mentioned, when we say that two paralogous
genes have the same function we are referring only to the
enzymatic reaction as defined by the EC number. Whether
those copies fulfill or not the same cellular role is something
that can not be identified with our current analyses.

Concluding Remarks

The relatively small number of isomerases allowed us to
analyze their paralogs’ content in deeper detail at the levels
of sub and sub-subclasses. We found a great heterogeneity
at both levels, that is, only a few subclasses and sub-sub-
classes have a high ratio of paralogs, whereas the majority
are underrepresented.

Interestingly, many enzymes and functions associated
with a high number of duplicates are involved in the biosyn-
thesis of several antibiotics, molecules required for patho-
genicity, and processes involving RNA and/or modified ribo-
nucleotides. An important example was the enzyme RluD,
which modifies the 23S rRNA at positions crucial for proper
ribosome assembly, and in many organisms, more than one
paralog performs the same function. This might represent a
case of molecular backup that could rescue RluD’s essential
function if the original enzyme gets compromised. However,
additional studies are needed to identify if such copies serve
a redundant role or if they are in the pseudogenization pro-
cess for their subsequent removal from the genome.

Although Bacteria and Archaea share many enzymes,
as indicated by the presence of the same EC numbers in
different bacterial and archaeal proteomes, there are nota-
ble differences in retention of duplicates. Sub-subclasses
with more paralogs differ between both domains, except
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for the racemases and epimerases acting on carbohydrates
and derivatives (EC 5.1.3). Moreover, even when the same
enzymes are identified for both domains, different reasons
are likely to explain the high number of duplicates. The most
striking example corresponds to the UDP-glucose 4-epime-
rase, for which the highest number of copies was found
in bacteria and archaea. However, the reasons behind this
may be different for each domain. Whereas in Archaea the
paralogs of this enzyme could be related to the production
of a wider glycan diversity, as well as with a differential
dosage requirement according to specific environments, for
Bacteria it seems more likely that subfunctionalization was
involved. An example is UDP-glucuronate 4-epimerase, an
enzyme that belongs to the same superfamily as UDP-glu-
cose 4-epimerase but is involved in the biosynthesis of the
antibiotic moenomycin.

Our findings suggest that conservation of the same enzy-
matic reaction, either associated with fixation due to addi-
tional dose requirement or differential expression in response
to environmental fluctuations, could be the most common
fate for duplicated genes. It is likely that some of these extra
copies would be able to accumulate mutations that in the
long term could bestow them the ability to perform low lev-
els of secondary activities (i.e., making them promiscuous),
which could be the starting point for the evolution of new
functions or the optimization of the ancestral ones (Copley
2020). Further phylogenetic and functional analyses of the
isomerases may help to explain why there is a high ratio of
paralogs within this enzymatic class.
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DISCUSION GENERAL

Consideraciones acerca del genomay el nivel de ploidia en organismos procariontes

A diferencia de lo que ha ocurrido a lo largo de la evolucion de distintos linajes eucariontes, la
duplicacién a nivel de genomas completos no parece haber jugado un papel tan importante en
procariontes. Hace algunas décadas, antes de que se secuenciara el primer genoma
procarionte, se observé que habia cierta relacién, en términos de la posicion en el genoma, de
algunos genes funcionalmente similares y que eran producto de una duplicacién, tanto en
Escherichia coli (Zikas & Riley 1975) como en Streptomyces coelicolor (Hopwood 1967). Esto
sugeria que la duplicacién del genoma completo en los respectivos ancestros podria haber
estado relacionada con la evolucion de estos organismos. Afios mas tarde, y basandose en
datos gendémicos de mas de 50 organismos, Herdman (1985) propuso que incluso varias
rondas de WGD habrian ocurrido a lo largo de la evolucién de los procariontes, por lo que los
organismos mas recientes tendrian los genomas mas grandes. Sin embargo, estudios mas
recientes con una muestra mas grande y de mejor calidad no apoyan esta hipotesis. Muchos de
los organismos con los genomas mas pequefios no son antiguos sino que han pasado por
procesos de reduccién de su genoma, lo cual se observa a lo largo de diferentes clados (Islas
et al. 2000).

Existe una diferencia conceptual muy importante con respecto a la duplicacion del
genoma completo en eucariontes y procariontes. En los primeros, la linealidad de los
cromosomas permite que estos puedan incorporar cantidades importantes de material genético
sin que haya grandes restricciones de por medio, lo cual queda de manifiesto en muchos
organismos diferentes cuyos genomas presentan evidencia de haber pasado por una o mas
rondas de duplicacién del genoma completo en el pasado (van de Peer 2004; Wolfe 2001). Por
el contrario, los procariontes poseen cromosomas circulares sobre los cuales intervienen
diversos factores que modulan y mantienen relativamente constante el tamafio y organizacion
de su genoma, tales como su posicion filogenética (Maistrenko et al. 2020; Martinez-Gutiérrez
& Aylward 2022), la tasa de mutacion (Marais et al. 2020), el ambiente en el que habitan
(Maistrenko et al. 2020), su potencial metabdlico (Rodriguez-Gijon et al. 2023) e incluso el
namero de virus, plasmidos y sistemas CRISPR con los que estén asociados (los dos primeros

se asocian con la expansién del genoma mientras que el ultimo favorece la reduccion) (Gao et
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al. 2019). Una excepcién importante son las bacterias del género Streptomyces, las cuales
poseen tanto cromosomas (Leblond & Decaris 1999) como plasmidos (Chater & Kinashi 2007)
lineales. Estas bacterias poseen un porcentaje importante de genes duplicados (alrededor del
10%), mismos que se originaron a traves de duplicaciones de uno 0 unos cuantos genes y no

mediante la duplicacion de todo el genoma (Zhou et al. 2012).

Estrictamente hablando si existe la poliploidia en procariontes, aunque no en el mismo
sentido que en los eucariontes. Por ejemplo, en la bacteria Achromatium oxaliferum se ha
observado que existen multiples copias del genoma, separadas fisicamente una de otra, las
cuales no son idénticas. Una vez que ocurre la division celular, cada una de las células hijas
adquirira copias diferentes, algunas de las cuales podrian estar ausentes en la otra (Soppa
2022). En ocasiones, la diversidad genética entre dos células hermanas es tal que podria
pensarse que se trata de especies diferentes que pertenecen al mismo género (lonescu et al.
2017).

De manera general, la presencia de muchas copias del genoma en procariontes parece
ser un fenbmeno mas comun de lo que originalmente se pensaba y puede representar una
ventaja en ciertos casos. Por ejemplo, para ayudar a reducir la tasa de mutaciones
espontaneas (muta un gen o genes determinados en una de las copias solamente) (Pecoraro et
al. 2011), como reservorios de fosfato o0 un mecanismo de proteccién contra el rompimiento del
DNA (seria improbable que todas las copias sufrieran dafio simultdneamente) (van de Peer et
al. 2017), para optimizar la expresion de proteinas especificas en alguna regién celular (como
proteinas asociadas al transporte celular en regiones cercanas a la membrana plasmatica)
sobre todo en bacterias de gran tamafio (Angert 2012) o como un mecanismo de resistencia a
condiciones adversas que pudieran provocar el rompimiento de las hebras de DNA como la
desecacion o los rayos X (Kottemann et al. 2005).

Ademas de los puntos mencionados previamente, se ha observado que distintas
especies de procariontes pueden modificar su nivel de ploidia a lo largo de su ciclo de vida. En
las arqueas haldfilas Halobacterium salinarum y Haloferax volcanii el nidmero de copias
cromosOomicas aumenta durante la fase de crecimiento exponencial y disminuye cuando
regresan a la fase estacionaria (Breuert et al. 2006). Y en cultivos de Escherichia coli que se
reproducen a velocidades diferentes se ha observado que esta bacteria es monoploide si su

crecimiento es lento y poliploide cuando este es rapido (Pecoraro et al. 2011).
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Todo lo anterior sugiere que la duplicacion de genomas en procariontes tiene que ver
mas con una serie de estrategias fisiolégicas que parecen estar muy relacionadas con la
variacion de distintas condiciones en el medio que rodea a estos organismos, y no tanto con la

diversificacion de linajes como ocurre en eucariontes (Crow & Wagner 2005).

Prevalencia de la duplicacion de genes en los genomas procariontes

Desde hace varios afios se sabe que la evolucién de los genomas procariontes es un proceso
dindmico que consta basicamente de dos etapas: la adquisicion de nuevos genes y nuevas
funciones y la pérdida de estos. El incremento en el contenido génico esta determinado por dos
procesos: la duplicacién y el transporte horizontal de genes, mientras que la pérdida de genes
puede darse de manera directa o pasar por un proceso mas largo que involucra la formacion de
pseudogenes (Mira et al. 2001). Ahora bien, con respecto a la ganancia de genes, aln existe
un amplio debate acerca de si lo que predomina en procariontes es la duplicacién o la
transferencia horizontal. Inicialmente se pensaba que la duplicaciéon génica en pequefia escala
era el mecanismo principal para explicar la enorme diversidad funcional que observamos en
procariontes (Serres et al. 2009). Por otra parte, trabajos mas recientes sugieren lo contrario,
es decir, que el transporte horizontal es bastante mas comuin en arqueas y bacterias (Treangen
& Rocha 2011) y que las duplicaciones podrian ser hasta 100 veces menos comunes (Tria &
Martin 2021).

El transporte horizontal de genes muchas veces es mediado por vectores de material
genético extracromosomico como los plasmidos (Harrison & Brockhusrst 2012; Rodriguez-
Beltran et al. 2021). Por ello, con el fin de evitar que nuestros resultados se vieran afectados
por los genes originados por este mecanismo, decidimos excluir del andlisis todos aquellos
genes que estuvieran presentes en plasmidos. Esto no garantiza que no incluyamos genes
xenologos (aquellos originados por transferencia horizontal), pero si reduce bastante la
probabilidad de que esto ocurra. Se ha demostrado que en muchas especies de bacterias de
diferentes phyla Unicamente alrededor del 1% de los genes localizados en el cromosoma

principal se originaron por transferencia horizontal (Oliveira et al. 2017).
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Para evitar sesgos asociados con la sobrerrepresentacion de algun grupo particular de
organismos y con la redundancia en el caso de aquellos cuya posicion filogenética fuera muy
cercana, decidimos utilizar una muestra representativa reportada previamente por Martinez-
Nufiez et al. (2013). Esta se construyé a partir de la concatenacién de 23 proteinas que se
encuentran conservadas en los tres dominios celulares, las cuales tienen que ver, en su
mayoria, con el proceso de traduccion, y unas pocas con transcripcion, replicacion del DNA y
metabolismo celular (Brown et al. 2001). Se construydé una filogenia basada en méaxima
verosimilitud, utilizando todos los genomas completamente secuenciados disponibles hasta ese
momento y, posteriormente, se conservaron Unicamente aquellos que fueran filogenéticamente
distantes. De los 745 proteomas resultantes, solo en 221 identificamos la presencia de
plasmidos (datos no mostrados). De estos, la mayoria posee dos plasmidos y solo un pequefio
porcentaje de organismos posee mas de cuatro (Figura 1). Asimismo, en la mayoria de estos

organismos el porcentaje de genes localizados en plasmidos es menor al 5% (Figura 1).
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Figura 1. Relacién entre el nUmero de plasmidos y el porcentaje de genes que se encuentran en estos.
A pesar de que el porcentaje de genes en plasmidos va de poco mas de 0 hasta mas de 50%, la

mediana corresponde a menos del 5%.
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Uno de los puntos fundamentales de este trabajo fue el establecimiento de los criterios a
utilizar para que un par de secuencias se consideraran paralogas. Para ello nos basamos en
diferentes estudios previos que cumplieran con las dos siguientes condiciones: i) que hicieran
una busqueda de secuencias duplicadas en genomas procariontes y ii) que dicha blusqueda
fuera intragendémica. En la Tabla 3 se enlistan los estudios en cuestion. Después de contrastar
dicha informacién, elegimos los parametros siguientes: un valor e de 10%, un porcentaje de
identidad de 20% o superior y una cobertura de la secuencia query en la que, por lo menos, el
75% de los residuos estuvieran alineados. En el caso del porcentaje de identidad, elegimos
dicho valor porque, como se ha propuesto previamente (Rost 1997; 1999) por debajo de este
valor es muy probable hallar un gran nimero de secuencias cuya identidad se deba al azar y
no a homologia. Para la busqueda de homélogos, cada una de las secuencias de un genoma

se consideré como un query y se busco contra el resto de las secuencias de dicho genoma.

Tabla 3. Pardmetros de busqueda identificados en estudios previos en los que se llevé a cabo una

basqueda de paralogos intragenémica en procariontes.

Valor e Porcentaje de identidad Cobertura de la secuencia Referencia
query
100° >30% >150 residuos alineados Gevers et al. 2004
10% >15% — Tekaia & Dujon 1999
107 >40% >70 residuos alineados Conant & Wagner 2002
10°0° >75% — Bratlie et al. 2010

Se ha sugerido previamente que podria existir una relacion entre la frecuencia de los
eventos de duplicacion de genes y el estilo de vida procarionte. Por ejemplo, la prevalencia de
enzimas promiscuas duplicadas es relativamente alta en organismos de vida libre tanto
mesofilos como extremofilos, los cuales poseen alrededor de tres veces mas enzimas de este
tipo que los organismos intracelulares (Martinez-Nafiez et al. 2015; Martinez-Nufiez & Pérez-
Rueda 2016). Basandonos en ambos trabajos, clasificamos a los organismos de nuestra
muestra en uno de cuatro estilos de vida diferentes: vida libre (que habiten en condiciones
mesofilas), extremdfilo, patdbgeno e intracelular (que incluye tanto endosimbiontes como
patdégenos intracelulares). De estos cuatro grupos de organismos, el Unico que podria resultar
un tanto problematico es el de los patdgenos. A diferencia de lo que ocurre en los otros tres

grupos, existe cierta ambigiedad en lo que abarca el término “patdégeno” debido a que, en
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muchas ocasiones, estos organismos no se comportan de la misma manera en todos y cada
uno de sus hospederos naturales. Por ejemplo, organismos como Aspergillus fumigatus que
solo provoca enfermedad en personas inmunodeprimidas o Staphylococcus aureus que en una
tercera parte de los hospederos no provoca dafio alguno (Casadevall & Pirofski 2014). Por ello,
es importante aclarar que en esta submuestra incluimos a todos aquellos organismos no
intracelulares que se sabe que, al menos bajo ciertas condiciones, infectan a uno o mas

hospederos.

Una funcion de poder (y = 0.004x°°; R? = 0.95) es la que mejor describe la relacion
entre el nimero de proteinas y el tamafo de los genomas procariontes (Figura 2A). Esto nos
dice que, a diferencia de los eucariontes, quienes poseen grandes cantidades de DNA,
conforme aumenta el tamafio del genoma procarionte, también lo hara el nUmero de proteinas
de manera proporcional (Figura 2A). Indirectamente, esto confirma que los genomas de
arqueas Yy bacterias poseen, en su mayoria, DNA codificante (Koonin & Wolf 2008). Pero esto
no significa que el incremento en el nimero de enzimas siga la misma tendencia. De hecho,
como se aprecia en la Figura 2B, ocurre algo bastante diferente. Si bien en los genomas mas
grandes aumenta el nimero de proteinas cuasilinealmente, en la mayoria de ellos el nimero de
enzimas suele ser de alrededor de 1,000. Evidentemente, una posibilidad es que haya
bastantes mas enzimas que no han sido identificadas por métodos bioinformaticos. Pero lo que
parece mas probable es que si exista un incremento significativo en el nimero de proteinas no
enzimaticas. Por ejemplo, se ha encontrado que existe un incremento exponencial en el
namero de factores de transcripcion a medida que aumenta el tamafio de los genomas
procariontes (van Nimwegen 2003). Esto parece tener que ver con el hecho de que un pequefio
incremento en el nimero de enzimas metabdlicas parece requerir de un gran incremento en el
namero de proteinas reguladoras (Martinez-Nufiez et al. 2013; Sanchez et al. 2020),
probablemente para mantener en equilibrio los flujos metabdlicos centrales.

La proporcion de enzimas con por lo menos un paralogo también se ajusta a una
funcion de poder (y = 0.003x%¢’; R> = 0.68) y solo en 7 organismos de nuestra muestra
detectamos una proporcion superior a 0.6. Como se muestra en la Figura 2C, la mayoria de los
organismos posee entre un 20 y 40 % de enzimas duplicadas. Dicha proporciéon no parece
depender del estilo de vida de los organismos, salvo en la mayoria de los casos en que esta es

menor a 0.2, en los que observamos que esos organismos tienen un estilo de vida intracelular.
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La relacion entre el tamafio del genoma y el nimero de enzimas y proteinas varia
considerablemente cuando separamos a los organismos de nuestra muestra de acuerdo con su
estilo de vida. Solamente en los organismos de vida libre (Figura S1A-S1C) y en los patégenos
(Figura S1G-S1l) la relaciéon entre estas variables se ajusta a una funcion de poder. Por su
parte, para los organismos extremofilos, la relacion entre el nimero de enzimas y proteinas
(Figura S1D), numero de enzimas y tamafio de genoma (Figura S1E) y nimero de enzimas y
tamafno de genoma (Figura S1F) es de tipo lineal. Finalmente, en los organismos intracelulares
también hallamos que una regresion lineal es la que mejor explica la relacion entre el nimero
de enzimas y el nimero de proteinas (y=0.25x + 95; R?=0.84; Figura S1J) y entre el niUmero de
enzimas y el tamafio del genoma (y=1.54e%x + 180; R?=0.71; Figura S1K). En cambio, la
relacion entre el nimero de proteinas y el tamafio del genoma se ajusta mejor a una funcion
de poder (y=0.02x>"°; R2=0.88; Figura S1L). Cabe aclarar que, en algunos casos, los
coeficientes de determinacién correspondientes a un modelo lineal y a una funcién de poder
son muy similares, por lo que no siempre es posible identificar visualmente la tendencia. En la

Tabla S1 se indican dichos coeficientes para cada una de las correlaciones en la Figura S1.

En general, consideramos tres escenarios posibles que podrian explicar que la
proporcion de enzimas paralogas no aumente linealmente con respecto al namero total de
enzimas en el genoma:

a) Si existen mas enzimas duplicadas pero, dados los filtros que consideramos para definir
las secuencias parélogas, no nos es posible detectarlas todas.
b) No todos los genes poseen la misma probabilidad de ser retenidos en el genoma

después de un evento de duplicacién; esto podria tener que ver con qué tan esencial o

no es cada gen (Woods et al. 2013).

c) Es probable que haya varios casos en los que si se identifican paralogos pero estos no
llevan a cabo funciéon enzimatica alguna a pesar de poseer uno 0 mas dominios
tipicamente asociados a enzimas. A estos se les conoce comUnmente como

pseudoenzimas (Jeffrey 2020).
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Figura 2. Relacion entre distintos aspectos del genoma y proteoma procariontes. (A) Existe una relacion
casi lineal, aunque definida por una funcién de poder, entre el nUmero de proteinas y el tamafio de los
genomas procariontes (y = 0.004x°% R? = 0.95). (B) Conforme crecen los genomas, a pesar de que el
ndamero de proteinas aumenta a una razon cercana a 1Mb : 1,000 proteinas, no ocurre un incremento
similar en cuanto al nimero de enzimas (y = 2.51x%7%;, R? = 0.79). (C) Para la enorme mayoria de los
proteomas analizados, la proporcion de enzimas paralogas es menor que 0.6 (y = 0.003x%57; R? = 0.68)

(Figura modificada a partir de Alvarez-Lugo & Becerra 2021).
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Proporcion de enzimas paralogas y su relacién con el estilo de vida de los organismos

Al agrupar las enzimas de acuerdo con su clase enzimatica (Tipton & Boyce 2000; McDonald &
Tipton 2014) y compararlas entre si, podemos observar que su distribucién es muy similar a lo
gue se ha reportado en las bases de datos. Es decir, para aquellas clases que presentan una
alta representacion en cuanto al niumero de enzimas segun lo que se ha reportado en la
literatura desde hace varias décadas (oxidorreductasas, transferasas e hidrolasas) (ver, por
ejemplo, McDonald et al. 2009), ocurre lo mismo a nivel proteoma, y algo similar sucede con las
menos representadas (liasas, isomerasas, ligasas y translocasas) (Figura 3A). Este mismo
patrén lo observamos también en la distribucion de enzimas paralogas (Figura 3B). Sin
embargo, esto no se observa al analizar la proporcién de dichas enzimas. En este caso, las
clases enzimaticas con una mayor proporcion de duplicados son las translocasas, seguidas de
las oxidorreductasas y las isomerasas. Ademas, la proporcion de paralogos en estas tres
clases es significativamente diferente a las de las otras cuatro. Esto se corroboré inicialmente
con la prueba de Kruskall-Wallis (P < 2.2e1%) y, posteriormente, por medio de la prueba de

Dunn con un ajuste de Bonferroni.

El siguiente paso fue comparar la proporciéon de enzimas duplicadas pero tomando en
cuenta el estilo de vida de los organismos de la muestra (vida libre, extreméfilos, patégenos e
intracelulares) (Figura 4). De manera general, hallamos que los organismos de vida libre son
los que poseen una mayor proporcion de pardlogos pertenecientes a todas las clases
enzimaticas. Solo para las oxidorreductasas (P=1; a=0.25) y las ligasas (P=1; a=0.25)
presentan valores que no difieren significativamente de los organismos extremofilos (Tabla S2).
Por su parte, los extremofilos y los patdgenos presentan proporciones de enzimas paralogas
gue no difieren significativamente en tres clases: hidrolasas (P=1; a=0.25), isomerasas
(P=0.074; a=0.25) y translocasas (P=0.645; a=0.25) (Tabla S2). Finalmente, el grupo de los
intracelulares, el cual incluye tanto a endosimbiontes como a parasitos obligadamente
intracelulares, posee la menor proporcion de paralogos para todas las clases enziméticas, la
cual es significativamente diferente en todos los casos. En la Tabla S2 se presentan los valores
P de la prueba de Dunn de las comparaciones pareadas entre proporciones de enzimas
paralogas. Estas se hicieron por cada clase enzimatica, comparando los distintos estilos de
vida. Sin embargo, en la mayoria de estas la diferencia fue significativa (los Unicos valores no

significativos son los que se mencionaron previamente).
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Figura 3. Numero y proporcién de enzimas paralogas en organismos procariontes. El valor que se
encuentra al interior de cada celda corresponde al promedio de cierta clase enzimatica en cada uno de
los cuatro estilos de vida considerados y en la muestra total (fila superior en cada heatmap). (A) Numero
promedio de enzimas totales para cada clase enzimatica. (B) NUmero promedio de enzimas paralogas
para cada clase enzimatica. (C) Proporcién promedio de enzimas paralogas para cada clase enzimatica.

Una de las preguntas centrales de este trabajo fue si existia una relacion entre el
contenido de enzimas paralogas y el estilo de vida y/o posicion filogenética de los organismos.
Para abordarla, realizamos un andlisis de componentes principales (PCA) en el que
consideramos una serie de aspectos que tienen que ver con caracteristicas genomicas y
enzimaticas (tamafo del genoma, nimero de proteinas, nimero de enzimas totales y paralogas
y la proporcién de enzimas paralogas para cada una de las clases enzimaticas). A partir de
esto, pudimos identificar que distintos phyla de organismos con un estilo de vida similar, o que
son filogenéticamente cercanos, aparecen muy cercanos uno de otro, lo cual indica similitud a
nivel de las diferentes variables que consideramos.
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Figura 4. Comparacion de la proporcion de duplicados en cada clase enzimatica, entre los cuatro estilos
de vida diferentes que consideramos en el presente andlisis. Las barras arriba y debajo de cada caja
corresponden a la desviacién estdndar. Los puntos negros arriba y debajo de las cajas corresponden a

los outliers (Figura modificada de Alvarez-Lugo & Becerra 2021).

Los phyla Deinococcus-Thermus, Chlorobi, Aquifecae, Thermotogae, Dictyoglomi y
Euryarchaeota aparecen muy cercanos en la representacion grafica del PCA (elipse color
verde), como puede observarse en la parte central de la Figura 5. En este caso, la mayoria de
ellos son filogenéticamente distantes, salvo Thermotogae y Aquifecae, los cuales, ademas, son
dos phyla considerados como tempranamente divergentes (Ciccarelli et al. 2006). Pero a nivel
de estilo de vida, todos ellos poseen un gran numero de extremofilos, particularmente
termdfilos (datos no mostrados). Esto sugiere que, en este tipo de organismos, existen

estrategias similares para prosperar en ambientes con temperaturas altas.

Un caso adicional de agrupamiento de phyla en los que muchos de sus miembros
comparten estilo de vida lo vemos en la parte inferior derecha de la Figura 5. Dentro de los

phyla Tenericutes, Chlamydia y Elusimicrobia (elipse color anaranjado) hay un gran nimero de
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especies intracelulares, las cuales comparten ciertas caracteristicas como genomas reducidos,
pérdida de genes, rutas metabdlicas incompletas, etc. (Merhej et al. 2009). Ademas, se ha
observado que la retencion de proteinas especificas, como aquellas que tienen que ver con la
ingesta de nutrientes (Saier & Paulsen 1999; Wandersman & Delepelaire 2004) es algo comun
en distintos grupos de este tipo de organismos. Por su parte, otros phyla que poseen un gran
namero de representantes intracelulares, como es el caso de las Alphproteoba (parte central de
la Figura 5), quedan relativamente alejados del clister Tenericutes-Chlamydia-Elusimicrobia.
La explicacion mas probable podria tener que ver con el hecho de que, dentro de este grupo de
proteobacterias, también consideramos a una gran cantidad de organismos con otros estilos de
vida. Es probable que, de haber considerado exclusivamente a los organismos intracelulares de
este grupo y otros con una situacion similar, habrian quedado muy cercanos a otros que en su

mayoria estan conformados por intracelulares.

En la parte superior derecha de la Figura 5 (elipse color azul) se encuentran
Crenarchaeota y Thaumarchaeota, ademas de otros dos phyla arqueanos que fueron
descubiertos recientemente y para los que hay muy pocos miembros con su genoma
completamente secuenciado: Korarchaeota y Bathyarchaeota. A pesar de que habitan en
ambientes muy diferentes (Spang et al. 2017), todos ellos son filogenéticamente cercanos y
pertenecen al mismo grupo, denominado TACK o Proteoarchaeota (Guy & Ettema 2011; Spang
et al. 2017). Sin embargo, este resultado es poco informativo y deberia considerarse preliminar
dado el reducido nimero de genomas disponibles y el hecho de que algunos de ellos poseen

un gran numero de proteinas pobremente anotadas.
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Figura 5. Andlisis de componentes principales en el que se evalla la similitud genémica y enzimética de
los phyla procariontes. Por cada phylum, se considerd el valor promedio de 11 variables: tamafio del
genoma, nuamero de proteinas, nimero de enzimas, nimero de proteinas paralogas y la proporcién de
paralogos para cada clase enzimatica. Cada circulo representa a un phylum y aquellos que pertenecen
al mismo superphylum se indican con el mismo color. Las excepciones son Aquifecae, Thermotogae y
Spirochaetes, los cuales no pertenecen a un superphylum definido. (1) Gammaproteobacteria-
Enterobacteria, (2) Gammaproteobacteria-Others, (3) Betaproteobacteria, (4) Epsilonproteobacteria, (5)
Deltaproteobacteria, (6) Alphaproteobacteria, (7) Other proteobacteria, (8) Firmicutes-Bacilli, (9)
Firmicutes-Clostridia, (10) Firmicutes-Others, (11) Tenericutes, (12) Actinobacteria, (13) Cyanobacteria,
(14) Chloroflexi, (15) Deinococcus-Thermus, (16) Unclassified Terrabacteria Group, (17)Verrucomicrobia,
(18) Spirochaetes, (19) Synergistetes, (20) Acidobacteria, (21) Fibrobacteres, (22) Fusobacteria, (23)
Gemmatimonadetes, (24) Planctomyces, (25) Chlamydia, (26) Elusimicrobia, (27) Bacteroidetes, (28)
Chlorobi, (29) Aquificae, (30) Thermotogae, (31) Deferribacteres, (32) Dictyoglomi, (33) Nitrospirae, (34)
Euryarchaeota, (35) Crenarchaeota, (36) Thaumarchaeota, (37) Korarchaeota, (38) Nanoarchaeota, (39)
Bathyarchaeota. Las elipses engloban a cuatro phyla de arqueas del frupo TACK (color azul), seis phyla
en donde predominan organismos termdfilos (color verde) y tres phyla con un gran ndmero de

organismos intracelulares (color anaranjado). (Figura modificada de Alvarez-Lugo & Becerra 2021).
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Finalmente esta el cluster de las proteobacterias (parte izquierda del PCA). Para este
analisis, dividimos a las y-proteobacterias en los mismos dos grupos que aparecen en la base
de datos KEGG (Kanehisa & Goto 2000): enterobacterias y otras; el resto de los phyla se
consideraron sin subdivisiones. Como era de esperarse, las y-proteobacterias aparecen juntas
en el PCA (n.°* 1 y 2 en la Figura 5). Por el contrario, las B-proteobacteria, mismas que se
consideran el grupo hermano de las y-proteobacteria debido a su posicion en distintas
filogenias (Gupta 2000; Jun et al. 2010), aparecen bastante alejadas (n.° 3 en la Figura 5). La
ubicacién de las e-protebacteria en el PCA (n.° 6 en la Figura 5; parte derecha) también refleja
su posicion filogenética con respecto a las otras proteobacterias. Este grupo se considera como
el mas filogenéticamente distante entre los distintos grupos de proteobacterias (Gupta 2000;
Jun et al. 2010), y recientemente se ha propuesto que, dadas las grandes diferencias en ciertos
aspectos genéticos y metabdlicos (Waite et al. 2017), asi como el hecho de que no siempre
conforma un grupo monofilético con el resto de las proteobacterias (Hug et al. 2016; Rinke et al.

2013; Zhang & Sievert 2014) deberia ser reclasificado como un grupo independiente.

Oxidorreductasas y promiscuidad enzimatica

Las oxidorreductasas son enzimas que, como su hombre lo indica, llevan a cabo reacciones de
oxidacion-reduccioén, en las cuales una molécula donadora cede un par de electrones a una

aceptora.

Esta clase enzimatica es la segunda con un mayor nimero de enzimas descritas. Sin
embargo, es aquella dentro de la cual existe la mayor diversidad en términos de funcionales;
prueba de ello es que no hay otra clase enzimética con un nimero mayor de subclases y sub-

subclases.

Las oxidorreductasas paralogas no se distribuyen de manera homogénea en las
diferentes subclases sino que predominan en solo unas cuantas de ellas (Figura 6). Estas se
distinguen por el grupo de donadores sobre los que actdan, los cuales son: grupo Ch-OH (EC
1.1), grupo aldehido u oxo (EC 1.2), grupo CH-CH (EC 1.3) y grupo sulfuro (EC 1.8). A pesar
de que el Sistema de Clasificacién Enzimatica agrupe a las enzimas con base en similitud de

reacciones y no bajo una Optica evolutiva, resulta interesante que, dentro de las cuatro
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subclases previamente mencionadas, se encuentren muchas enzimas con el mismo
plegamiento y que, por lo tanto, estarian relacionadas evolutivamente: el plegamiento
Rossmann, mismo que podria haber estado presente desde etapas tempranas de la vida,
incluso antes del Ultimo Ancestro Comun (Laurino et al. 2016). Ademas, practicamente todas

las enzimas con este plegamiento utilizan al NAD(P)H como cofactor (Fischer et al. 2010).

Un aspecto peculiar de las oxidorreductasas, particularmente de aquellas que adoptan
el plegamiento Rossmann, es su habilidad de llevar a cabo reacciones adicionales (tanto
similares como diferentes) a la reaccion o actividad nativa. Cuando la reaccion es basicamente
la misma pero cambia la molécula que modifica la enzima, hablamos de promiscuidad a nivel
de sustrato. Un ejemplo es la alcohol deshidrogenasa Il (ADHII) presente en la bacteria
Zymomonas mobilis, la cual puede catalizar la misma reaccion sobre tres alcoholes diferentes
(Kinoshita et al. 1985). Por otra parte, existen enzimas que pueden llevar a cabo dos o mas
reacciones quimicas diferentes, ya sea sobre el mismo sustrato o, en ciertos casos, sobre
sustratos diferentes, lo cual se conoce como promiscuidad catalitica. Ciertas alcohol
deshidrogenasas, tanto de bacterias como de algunos eucariontes, no solo oxidan alcoholes a
su respectivo aldehido sino que, ademas, pueden catalizar la oxidacion de oximas (compuestos
con una estructura quimica similar a la de los alcoholes pero con un atomo de nitrégeno unido
al grupo hidroxilo) a su respectivo alcohol (Arora et al. 2014). Y finalmente, existen otras
oxidorreductasas que presentan ambos tipos de promiscuidad enzimatica, como es el caso de
la alcohol deshidrogenasa de Thermus sp. ATN1, la cual puede oxidar alcoholes diferentes
pero también sintetizar acidos carboxilicos a partir de la dismutacion de aldehidos (Héllrigl et al.
2008).
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Los altos niveles de promiscuidad en muchas de las oxidorreductasas con plegamiento
Rossmann podrian ser ventajosos para algunos organismos bajo ciertas condiciones. Pero es
probable que este no sea el Unico factor que propicie la gran diversidad de funciones que existe
en estas oxidorreductasas. La evolucionabilidad, definida como la capacidad de cambio a lo
largo del tiempo, es otro aspecto muy importante. Esta se encuentra determinada por la
capacidad de un plegamiento para acumular mutaciones que practicamente no afecten la
funcién y la estructura (robustez), asi como por la habilidad para adquirir nuevas funciones
enzimaticas en términos de reaccion y/o sustrato (innovabilidad) (Toth-Petroczy & Tawfik 2014).
En conjunto, la promiscuidad enzimética, de la mano con una propension a ser mas
evolucionables, podrian ser la razén por la que vemos una gran proporcion de duplicados que
presentan el plegamiento Rossmann. Analisis adicionales en los que se contraste el nimero de
pardlogos con el nimero de sustratos y reacciones diferentes en las enzimas con este

plegamiento podrian ser Utiles para extender nuestras conclusiones.

Un punto importante a tener en cuenta es que las subclases para las que hallamos un
mayor nimero de paralogos se encuentran entre aquellas para las que se ha descrito un mayor
numero de enzimas. Debido a esto, existe la posibilidad de que el gran nimero de paralogos
dentro de ellas se deba meramente a este factor, por lo que resulta un poco engafioso trabajar
con los valores absolutos del nimero de paralogos. Para corroborar este punto, en un analisis
subsecuente normalizamos dichos valores, lo cual se puede observar en la Figura 6A. De
manera general, podemos considerar que nuestra interpretacion previa se mantiene para las
oxidorreductasas que acttan en los grupos Ch-OH (EC 1.1), aldehido u oxo (EC 1.2), CH-CH
(EC 1.3) y sulfuro (EC 1.8) de los donadores de electrones, aunque otras como las que actian
sobre grupos CN-NH (EC 1.5), NAD/P (EC 1.6), otros compuestos nitrogenados (EC 1.7) e
hidrogeno (EC 1.12) también presentan valores altos. Este analisis también nos permitio
identificar que grupos como la mayoria de las proteobacterias (principalmente
Betaproteobacteria), Actinobacteria, Acidobacteria y Planctomyces suelen tener una mayor
proporcion de oxidorreductasas paralogas en comparacion de los otros phyla bacterianos.
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Translocasas y su relacién con el ATP

Las translocasas constituyen la clase enzimatica mas reciente; fue propuesta y definida hace
poco mas de cuatro afios, después de mas de 60 afios en que el sistema de clasificacién

enzimética habia permanecido sin cambios, en términos de las clases que lo conformaban.

La clasificacion de estas enzimas resulta un tanto problematica debido a que, a
diferencia de las otras clases, la reaccion quimica que llevan a cabo no es el criterio de
agrupacién. De hecho, practicamente todas las enzimas que integran este nuevo grupo (poco
menos de 100), pertenecian originalmente a otra clase enzimatica, principalmente a las
hidrolasas. En este caso, la caracteristica que comparten todas las enzimas que fueron
reubicadas a esta nueva clase es su capacidad para transportar sustratos (desde iones hasta
moléculas grandes) de un lado de la membrana al otro. Asi, este se vuelve el factor principal,
mientras que el tipo de reaccion quimica necesaria para lograr el transporte pasa a segundo

plano.

Tomando en cuenta lo anterior, no sorprende que un gran namero paralogos dentro de
esta clase pertenezcan a la superfamilia de los transportadores dependientes de ATP, también
llamados transportadores ABC. Esta superfamilia es una de las mas antiguas, presenta una
distribucion universal en procariontes y eucariontes y se sabe que muchos de sus miembros
han pasado por varios eventos de duplicacién (Higgins 2001; Saier & Paulsen 1999; Saurin et
al. 1999). Que hayamos encontrado un gran namero de transportadores ABC paralogos a lo
largo de distintas subclases en la mayoria de los organismos, sin importar su estilo de vida, nos
habla de la importancia que tienen estas proteinas tanto en la internalizacion de nutrientes

como en la expulsion de sustancias toxicas o de desecho.

Hallamos bastantes paralogos relacionados con la enzima ATP sintasa y movimiento de
protones a través de la membrana (la mayoria de los cuales pertenecen a la subclase EC 7.1),
la cual es crucial en el metabolismo energético. Esta enzima (0 mejor dicho, complejo o
maquina molecular), al igual que los transportadores ABC, también estd ampliamente
distribuida en procariontes. Ademas, distintos eventos de duplicacion génica parecen formar
parte de su historia evolutiva, y es comun hallar organismos que presenten mas de una copia
(Cross & Taiz 1990; Klenk et al. 1997; Ruppert et al. 2001). Sin embargo, al ser un complejo

molecular conformado por varias subunidades, es muy probable que las secuencias paralogas
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anotadas con el mismo numero enzimético no sean copias de la enzima completa sino que
correspondan a varias de las subunidades que la conforman. Esto mismo podria ocurrir con

otras maquinas moleculares para las que se halle una gran cantidad de paralogos.

Al igual que con las oxidorreductasas, normalizamos los valores absolutos del nimero
promedio de translocasas por phylum para evitar sesgos relacionados con el numero total de
enzimas por cada subclase (Figura 6B). Es interesante observar que la subclase relacionada
con el movimiento de protones (EC 7.1) ya no es la Unica que posee un numero alto de
duplicados, salvo por algunos phyla. Adicionalmente, las translocasas involucradas en el
movimiento de aminoacidos y péptidos (EC 7.4), subclase a la que pertenece un gran numero
de transportadores ABC, también tienen un gran namero de paralogos. En cambio, la subclase
gue engloba a las translocasas que catalizan el transporte de iones inorganicos (EC 7.2), que a
su vez es la que posee el mayor nimero de enzimas descritas, presenta un numero de
pardlogos similar al de otras subclases. Esto podria deberse a que en esta categoria hay
relativamente pocos transportadores ABC que, como se ha mencionado previamente,
constituyen una de las superfamilias con mas duplicados, por lo que casi no aportarian al
numero de paralogos de este grupo de enzimas. Y en términos de grupos de organismos, es en
las Gamma, Beta, Delta y Alphaproteobacteria en donde observamos, de manera general, el

mayor nimero de translocasas duplicadas.

El destino de las enzimas paralogas en procariontes: las isomerasas como una clase

modelo

El enfoque que se ha presentado hasta el momento presenta ciertas limitaciones. A pesar de
gue nos revela un panorama general acerca de grupos especificos de enzimas que podrian
tener bastantes paralogos entre sus representantes, nada nos dice acerca de los casos
puntuales. Tomando en cuenta esto, decidimos expandir el alcance de nuestra metodologia
hasta llegar al nivel de enzimas individuales en una de las clases enziméticas para la que

identificamos una alta proporcién de paralogos: las isomerasas.

Evidentemente, es necesario desglosar poco a poco los diferentes niveles antes de
llegar al de enzimas individuales. Asi como ocurre con las oxidorreductasas y las transferasas,

la mayoria de las isomerasas pardlogas se distribuyen en unas cuantas subclases,
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especificamente las transferasas intramoleculares (EC 5.4) y las racemasas y epimerasas (EC
5.1) (Alvarez-Lugo & Becerra 2023).

Ahora bien, si seguimos al nivel inferior del nimero enzimatico, el de la sub-subclase,
observamos algo similar a lo que ocurre con las subclases: la distribucion de enzimas
duplicadas no es homogénea sino que se restringe a unas pocas categorias (Alvarez-Lugo &
Becerra 2023). En este caso, la que mas resalta es la de las transferasas intramoleculares que

transfieren “otros” grupos.
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Figura 7. Nimero de enzimas paralogas en las diferentes (A) subclases y (B) sub-subclases de
isomerasas. El valor absoluto correspondiente a cada se normalizé por medio de la férmula z=(x - u) / s,
en la que x corresponde al ndmero total de enzimas paralogas, u es el valor promedio para cada

columnay s es la desviacion estandar para esa misma columna.

Lo anterior podria sugerir que el gran nimero de enzimas duplicadas que hallamos en
algunas subcategorias se debe a que en el proteoma encontramos, a su vez, muchas enzimas
descritas para dicha subcategoria (mientras mayor sea el nimero de enzimas totales, mas
paralogos). Sin embargo, a pesar de que existe una correlacién positiva entre el nimero total
de enzimas para cada subcategoria y el nimero promedio de paralogos, esta no es muy fuerte

(r = 0.67), y disminuye ain mas al considerar por separado bacterias (r = 0.63) y arqueas (r =
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0.44) (Tabla S3). Adicionalmente, al normalizar el numero de enzimas parélogas en las
distintas subclases (Figura 7A) y sub-subclases de isomerasas (Figura 7B) obtenemos un
panorama muy diferente al que resulta de considerar Unicamente el nimero total de paralogos
en cada una de ellas. De esta forma, ya no se observa una o0 mas subclases y sub-subclases
dominantes sino que, de hecho, en varias de ellas vemos una distribucién similar en cuanto al
numero de duplicados. En algunos grupos de organismos encontramos un nimero alto de
paralogos de ciertas subcategorias mientras que, en la mayoria, el nUmero es bajo. Y al
analizarlo en términos phyla vemos que, de manera general, son las Gamma, Beta y
Deltaproteobacteria las que poseen el mayor nimero de isomerasas duplicadas, asi como las

Actinobacteria y Chloroflexi, aunque en menor medida.

Antes de continuar, me parece necesario aclarar un punto en particular, a fin de evitar
una futura confusién. De las siete subclases de isomerasas, hay tres que destacan debido a
gue su nombre corresponde al de tres clases enzimaticas: oxidorreductasas, transferasas y
liasas intramoleculares (EC 5.3, EC 5.4 y EC 5.5, respectivamente). Como su nombre lo
sugiere, estos grupos de enzimas llevan a cabo reacciones que son quimicamente idénticas a
las que catalizan sus contrapartes de otras clases enzimaticas, con la salvedad de que todos
los pasos ocurren intramolecularmente. En algunos casos, ambas enzimas pueden ser
homologas y requerir del mismo cofactor; la diferencia es que en la isomerasa no habra

consumo neto de este (ver, por ejemplo, Knoch et al. 2018).

Ahora bien, lo que se observa en la Figura 7 resulta poco informativo en términos de
distribucion en el metabolismo. Debido a ello, en un analisis posterior consideramos a todas las
isomerasas con por lo menos un paralogo que logramos identificar al interior de las clases
enzimaticas con una mayor representacion absoluta en bacterias (EC 5.4.99 (Transferasas
intramoleculares que transfieren otros grupos) y EC 5.1.3 (Racemasas y epimerasas que
actuan sobre carbohidratos y derivados)) y arqueas (EC 5.1.3 (Racemasas y epimerasas que
actuan sobre carbohidratos y derivados), EC 5.3.1 (Oxidorreductasas intramoleculares que
interconvierten aldosas, cetosas y compuestos afines) y EC 5.4.2 (Fosfomutasas)). Al analizar
la distribucion de estos paralogos en el metabolismo, identificamos que la mayoria de ellos
estan involucrados en el metabolismo de carbohidratos, modificacion de acidos nucleicos y
modificacion de aminoacidos especificos (Figura 8). Esto coincide, en gran parte, con la
abundancia de isomerasas en los distintos procesos metabdlicos (Alvarez-Lugo & Becerra

2023; Martinez Cuesta et al. 2014). Una diferencia importante es que, a pesar de que la
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categoria “metabolismo de terpenos y policétidos” es la segunda en la que estan involucradas
un mayor numero de isomerasas, a nivel de paralogos casi no identificamos rutas metabdlicas

especificas comprendidas dentro de dicha categoria.

A partir del andlisis anterior pudimos identificar que la mayoria de las isomerasas
paralogas en el dominio Bacteria tienen que ver con modificaciones al 23S rRNA (parte inferior
de la Figura 8). Estas enzimas, conocidas como rRNA pseudouridina sintasas, se encuentran
presentes en los tres dominios de la vida (Spenkuch et al. 2014). EI hecho de que conviertan
residuos de uridina en pseudouridina por medio del mismo mecanismo (Ge & Yu 2013; Hamma
& Ferré-D’Amaré 2006), asi como su similitud a nivel de secuencia (Xie et al. 2022) y
estructural (Mueller 2002) indica que todas ellas poseen un origen comun y que pudieron haber

evolucionado a partir de divergencia funcional después de eventos de duplicacion génica.

De las siete 23S rRNA pseudouridina sintasas que identificamos, destacan dos en
particular: RluD (EC 5.4.99.23) y RIuC (EC 5.4.99.24). La primera modifica las uridinas que se
encuentran en las posiciones 1911, 1915 y 1917 (Leppik et al. 2007) mientras que la segunda
actla sobre las posiciones 955, 2504 y 2580 (Conrad et al. 1998). A pesar de que la
modificacion de uridina a pseudouridina se considera un paso fundamental para la maduracién
del ribosoma, la inactivacién de la enzima RIuC no parece tener ningun efecto in vivo (Conrad
et al. 1998; Huang et al. 1998). En cambio, si se inactiva la enzima RluD, se observa un efecto
deletéreo que se refleja en una drastica reduccién en la tasa de crecimiento (Huang et al.
1998). Andlisis mas especificos revelan que la falta de isomerizacion en U1917 es la
responsable de los efectos deletéreos (Liiv et al. 2005). En cambio, que si la posicién 1911 y/o

1915 no son isomerizadas, la viabilidad celular no se afecta.
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Figura 8. Distribucion metabdlica de las isomerasas con por lo menos un paralogo. En cada grupo de
organismos, la suma de los diferentes valores equivale al 100% para ese dominio en particular (Figura

modificada de Alvarez-Lugo & Becerra 2023).



En nuestro andlisis pudimos identificar que en muchos organismos las enzimas RIuD y
RIuC se encuentran mutuamente al momento de hacer la blusqueda de parélogos, y solo en
muy pocos casos aparece como ‘hit’ alguna otra pseudouridina sintasa. Esto sugiere que RluD
y RIuC podrian representar un caso de paralogos que divergieron hace poco, probablemente a
partir de un ancestro mas generalista en términos del nimero de residuos en posiciones
diferentes que pudiera modificar. Adicionalmente, identificamos bastantes organismos que
presentaban dos o mas copias de la enzima RluD con la misma funcion asignada, pero solo

unos cuantos con mas de una copia de RIuC y nunca con mas de dos.

Los analisis filogenéticos revelan que RIuD se encuentra distribuida no solo en un mayor
numero de organismos que RIuC sino también en un mayor nimero de phyla (Figura 9). Esto
es un punto a favor del grado de importancia de cada una de estas enzimas. En la Figura 9 se
presentan las filogenias de ambas enzimas y, ademas, se indica el nUmero de copias con la
misma funcién asignada (barras azules en la parte externa de cada filogenia). Como puede
observarse, no en todos los casos se hallan pardlogos con estas caracteristicas. Por ejemplo,
en el caso de las Gammaproteobacteria no identificamos a un solo organismo con mas de una

enzima anotada como RIuD, pero si con un paralogo cuya anotacion correspondia a RIuC.

Esta enorme disparidad en cuanto al nimero de paralogos que identificamos para cada
enzima nos hizo suponer inicialmente que, probablemente, se trataba de un artefacto
relacionado con problemas en la anotacion de las secuencias, la cual se hace automéaticamente
en la mayoria de los casos. Un problema adicional fue que no se hizo una nueva blasqueda de
ortélogos cuyo resultado sirviera como input para la construccion de las filogenias, sino que nos
basamos en la presencia de determinada enzima en los proteomas que conformaban la

muestra.

Para tratar de subsanar los puntos anteriores, decidimos hacer un analisis basado en
redes de similitud de secuencias en el cual incluimos a las siete rRNA pseudouridina sintasas
gue identificamos en nuestra muestra de proteomas (seis modifican 23S rRNA y una 16S
rRNA) (Figura 10). En total se consideraron 1944 secuencias, mismas que se utilizaron como
input en el software Enzyme Similarity Tool (Zallot et al. 2019) para construir la red de similitud
de secuencias (SSN). Este archivo de salida se le dio al programa Cytoscape (Shannon et al.

2003) para poder visualizar las relaciones entre los distintos grupos de secuencias.
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Figura 9. Analisis de la distribucion filogenética de las rRNA pseudouridina sintasas bacterianas RIuD (A)
y RIuC (B). Para cada una de las filogenias consideramos aquellas secuencias que tuvieran por lo menos
un paralogo en el genoma del que provienen, sin importar que tuviera la misma u otra funcion. Las barras
azules externas indican el niumero de paralogos que poseen la misma funcion asignada. Por el contrario,
la ausencia de estas barras indica que los paralogos de la secuencia en cuestién llevan a cabo una
funcién diferente. Los puntos rojos en las diferentes ramas representan valores de Bootstrap de 90 o
superiores y su tamafio es proporcional a dicho valor (Figura modificada de Alvarez-Lugo & Becerra
2023).
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En la Figura 10A se observa un gran numero de cumulos en los que cada nodo
corresponde a una secuencia. Esta SSN fue construida por medio del algoritmo de
transitividad. Es claramente notoria la homogeneidad en cuanto al color de cada cumulo: la
gran mayoria de ellos estdn conformados por secuencias que estan anotadas de la misma
manera. De cierta forma, esto nos ayuda a descartar que estuviéramos mezclando secuencias
de dos o mas enzimas diferentes en nuestro andlisis filogenético. Sin embargo, surge una
pregunta adicional. ¢Qué relacion existe entre los diferentes cimulos del mismo color? Esto es
algo que el algoritmo de transitividad no nos permite identificar, y fue la razén por la cual
hicimos un segundo analisis pero esta vez utilizamos el algoritmo de vecindad (Figura 10B). De
esta forma, pudimos comprobar que los distintos cumulos pertenecientes a la misma enzima
gue se observan en la Figura 10A se agrupan en un solo camulo principal en la Figura 10B.
Existen algunas excepciones que quedan fuera de los dos grandes grupos de nodos (parte
derecha de la figura), pero esto no necesariamente querria decir que esas secuencias estan
mal anotadas sino que, probablemente, hayan divergido bastante. Ademas, los dos grandes
cumulos corresponden a dos de las familias de pseudouridina sintasas, segun se ha reportado

en otros lados (Tabla 4).
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Figura 10. Redes de similitud de secuencias (SSN) para las pseudouridina sintasas presentes en
nuestra muestra. (A) Red construida mediante el algoritmo de transitividad. La enorme mayoria de los
clusters estan conformados por secuencias que corresponden a la misma pseudouridina sintasa, lo cual
esta indicado por la homogeneidad a nivel de colores. Debajo de cada cluster de cuatro o mas
secuencias se indica el nimero de nodos (n) y el nimero de aristas (a) que lo componen. (B) En este
caso, la red se construyd por medio del algoritmo de vecindad. La tonalidad de cada nodo depende del
namero de conexiones con otros nodos. Casi todos los nodos de la misma enzima que estaban
dispersos en distintos clusters en (A) quedan unidos entre si en (B), y estos a su vez estan bien
separados de los clusters de enzimas diferentes. Los nodos representados por diamantes y rectangulos
corresponden a las enzimas RIuD y RIuC respectivamente (Figura modificada de Alvarez-Lugo & Becerra
2023).
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Tabla 4. Clasificacion de las diferentes familias de RNA pseuduridina sintasa. En italicas y negritas se

indican las enzimas de esta familia que consideramos para nuestro analisis.

Familia Enzimas Sustrato
Pseudouridina sintasa | TruA tRNA
Pseudouridina sintasa Il TruB tRNA

Pseudouridina sintasa RSuA Rsua, RluB, RIUE, RIuUF  rRNA
Pseudouridina sintasa RIUA RIUA, TruC, RIuC, RluD  rRNA (RIuC y RIuD)
tRNA (solo TruC)
tRNA y rRNA (solo RIUA)
Pseudouridina sintasa TruD TruD tRNA

El posible papel de la duplicacion de genes en el origen y evolucién del metabolismo

aerobio

Como hemos visto hasta el momento, la retencién de uno o mas genes duplicados es un
mecanismo que puede favorecer la adaptacion de los organismos a ambientes con condiciones
cambiantes (Bratlie et al. 2010; Gevers et al. 2004; Kondrashov, 2012). Tomando esto en
cuenta, decidimos ahondar un poco mas acerca del posible papel que pudo haber jugado la
duplicacién génica en respuesta a uno de los cambios ambientales mas drasticos de los que se

tiene registro: la transicion de una atmdésfera anoxigénica a una oxidante.

La rapida oxigenacion de la atmodsfera primitiva, conocida como “el Gran Evento
Oxidativo”, fue un proceso que tuvo lugar hace aproximadamente 2.5 Ga, aunque parece ser
gue comenz6 lentamente unos 500 ma antes, durante el edn Arqueano, y culminé hace casi 2
Ga en el edn Proterozoico (Canfield 2005; Holland 2006; Lyons et al. 2014). Este
importantisimo cambio ambiental se debidé, en gran parte, a la liberacion de enormes
cantidades de oxigeno molecular a la atmésfera como resultado de la fotosintesis oxigénica, la

cual tuvo su origen en el linaje de las cianobacterias (Schirrmeister et al. 2013; 2015).

La evidencia sugiere que la fotosintesis oxigénica en cianobacterias evolucioné a partir
de componentes mas antiguos que muy posiblemente estaban involucrados en un tipo de
fotosintesis anoxigénica basada en &cido sulfhidrico (H2S) (Martin et al. 2018; Hamilton 2019).

Eventualmente se agotaria el azufre como fuente de electrones, lo cual pudo haber
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representado una presion selectiva que llevara al uso del agua como un sustituto para la
obtencién de electrones (Saito 2012). Andlisis filogenéticos sugieren que algunos de los
componentes fotosintéticos parecen haber evolucionado a partir de mas de un evento de
duplicacién génica (Cardona 2015), antes de que las moléculas de agua se usaran como fuente

de electrones (Ben-Shem et al. 2004).

David y Alm (2011) identificaron que, entre hace 3.3 y 2.8 Ga, durante el edn Arqueano,
hubo un breve periodo de rapida innovacion a nivel metabdlico durante el cual se originaron
poco mas del 25% de las familias de genes actuales, lo cual también coincidié con una gran
diversificacion de linajes bacterianos. Y aunque la duplicacion génica y la transferencia
horizontal de genes no parecen haber sido tan relevantes en esta pequefia ventana de tiempo,
la tasa de ambos eventos, en especial la duplicacion, se fue incrementando poco a poco. Ahora
bien, a partir de este trabajo podemos identificar dos puntos relevantes: 1) ese periodo de
rapida innovacion genética y metabdlica concluyd entre 200 y 300 Ma antes del GEO y 2) fue
posteriormente a este cuando la tasa de duplicacion génica comenz6 a aumentar
considerablemente. ElI hecho de que muchos de los genes que surgieron después de la
expansion durante el Arqueano requieran de oxigeno molecular (David & Alm 2011) sugiere
gue la duplicacion génica pudo haber jugado un papel fundamental en la diversificacién

metabdlica y en la adaptacién de los organismos a condiciones cada vez mas oxidantes.

El uso del oxigeno como una herramienta de datacion relativa

Utilizar al oxigeno como un marcador molecular nos permite datar relativamente ciertas
enzimas y procesos metabdlicos. De manera general, podemos considerar que aquellas
enzimas y rutas que dependen del oxigeno debieron surgir una vez que la concentracion de
este gas en la atmosfera alcanzé niveles bastante altos, hace poco méas de 2 Ga. Aun asi,
existen ciertas enzimas oxigeno-dependientes cuyo origen parece remontarse a por lo menos
400 Ma antes del GEO, cuando los niveles de oxigeno atmosférico comenzaban a aumentar
muy lentamente (Wang et al. 2011).

La oxigenacion de la atmésfera dio pie a una enorme expansion y diversificacion de las
capacidades metabdlicas de los seres vivos (Jiang et al. 2012; Raymond & Segré 2006). No

solo permiti6 la aparicion de reacciones que serian termodindmicamente desfavorables en
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ausencia de oxigeno molecular (Jabtohska & Tawfik 2022) sino que, ademas, dio lugar a que
muchas enzimas Og-independientes fueran reemplazadas por una versién O»-dependiente,
mismas que poseen la ventaja de ser mas eficientes y llevar a cabo reacciones irreversibles
(Raymond & Blankenship 2006).

Recientemente, Jabtonska & Tawfik (2022) identificaron tres posibles origenes para las
enzimas O;-dependientes: 1) a partir de una familia de oxidorreductasas O.-independientes; 2)
a partir de enzimas pertenecientes a otra clase enzimatica y 3) a partir de precursores no
enzimaticos, como ciertas proteinas que se unen a un ligando especifico. Para ello
consideraron 54 pares de reacciones analogas (es decir, versiones aerobias y anaerobias de la
misma reaccion), basandose en la clasificacion de la base de datos Pfam. El resultado mas
revelador de este trabajo es que, de 136 familias de proteinas que contienen por lo menos una
enzima Oz-dependiente, en 81 de ellas (60%) el ancestro parece haber sido una enzima de la
misma naturaleza, mientras que las 55 restantes (40%) podrian haber divergido a partir de

enzimas que no tenian que ver con el oxigeno, las cuales probablemente precedieron al GEO.

A partir del punto anterior surge la siguiente pregunta: ¢cdémo se originaron las enzimas
O.-dependientes para las cuales aun es posible identificar una versién anaerobia de la reaccion
gue catalizan? Es probable que algunas de estas sean producto de un evento de duplicacién
ancestral, el cual pudo haberse dado a partir de la enzima analoga o de una cuya actividad no

tuviera relacion alguna. Precisamente, este fue el punto que decidimos investigar.

Comparacion entre reacciones dependientes e independientes de oxigeno

Es innegable que el trabajo de Jabtonska & Tawfik, publicado hace menos de un afio, abarca
ciertos puntos de esta segunda parte del presente proyecto. A pesar de ello, existen resultados

y diferencias notables que se desarrollaran a continuacion.

En primer lugar, Jabtonska & Tawfik (2022) consideran unicamente a las enzimas que
parecen haber surgido a partir de un ancestro cuya actividad no dependiera del oxigeno,
mientras que nosotros incluimos también al otro grupo de enzimas, es decir, aquellas cuyo
ancestro también fuera una enzima O-dependiente. En segundo lugar, mientras que Jabtonska

& Tawfik establecen 54 pares de reacciones analogas, nosotros logramos identificar 99. Para
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ello, revisamos manualmente todas las reacciones de oxidorreduccién (EC 1.-.-.-) presentes en
la base de datos MetaCyc (Caspi et al. 2020). Como puede observarse en la Tabla 4, este
namero no coincide con el total de cddigos enzimaticos para cada tipo de enzima (O--
dependiente y O.-independiente). Esto se debe a que puede haber mas de una enzima que
lleve a cabo la misma reaccion, lo cual ocurre con mayor frecuencia para las O»-

independientes.

En términos de diversidad funcional, las enzimas O;-dependientes se distribuyen a lo
largo de 11 subclases enzimaticas diferentes, mientras que las O»-independientes abarcan 12
subclases (Tabla 5 y Figura 11A-B). Sin embargo, la razén a nivel de sub-subclases es casi
2:1. En este caso, 38 sub-subclases agrupan a las enzimas que no requieren oxigeno, en

comparacion de las 20 que comprenden al otro grupo de enzimas (Tabla 5 y Figura 11C-D).

Tabla 5. Distribucién funcional y estructural de los pares de reacciones analogas que identificamos en
este trabajo. La informacion contenida fue tomada de las bases de datos MetaCyc (Caspi et al. 2020),
ExplorEnz (McDonald et al. 2009); CATH (Sillitoe et al. 2021) y Mechanism and Catalytic Site Atlas (M-
CSA) (Ribeiro et al. 2018).

Oz-dependientes Oz-independientes

Pares de reacciones anélogas 99

No. Cédigos EC 101 161
No. Reacciones 103 169
No. Cdédigos incompletos 11 23
Diversidad de subclases 11 12
Diversidad de sub-subclases 20 38
Pares de reacciones con estructura terciaria disponible 26

Superfamilias exclusivas 9 13

Superfamilias compartidas

Mecanismos de reaccién para ambos miembros del par

80



‘ouabixo ap sajuaipuadap sewizua Se| e uapuodsallod Saplan Seuwn|od uod sealelb se
"asB|ogns-qns ap |[aAIU e elouandaly e] uedipul (Q) A (D) anb sesiuaiw ‘sase|ogns se| e ajualajal 0] eisanw as (g) A (v) u3g x ale |9 ua seliobares
Se| ap 'uN eped ap oJquap (eIDUaNJal)) Sewizua ap olJawnu [ edlpul ealelb eped ap A ale |3 ejansal eleI21a] BIN1ONJSa ou 0 uaasod IS ap
aluawaiuaipuadapul ‘seiqoiareue A seiqolae SauoISIaA uaasod anb sauolooeal sejjanbe ap sewizus se| ered sowedynuapi anb (i ejgel) D3 soiswnu

ap [e101 |2 aAn|oul 8s Inby "ouabixo ap sajualpuadapul 3 sajualpuadap SewIzua se| ap Sase|IqnNs-qns A sase|oqns ap [aAIU B ugidnguasig "TT einbi4

m m
m O mmimmy O m m m m m m
OL 0000 RLOOmMmMmMmmMMmMmMMmmMOommmMmMmmMmMmMmMmMmMMmMMmauMmMmMmMmMmMmOooOommmO O mmmm m m m m m
PR R QL RO O00 L0000 R0O0N0 L L0000 L L0000 O O O OO MM MM mMmMMmMmMmMmMm
T_RT-TT,.HT,_LT._LT._L_L,S_LT._L_LT._LT.T,_LT._LT.T_T,T._LWLT.,L_L_LT_L B R R ol o, OO0 0 0 0 00
WP NNRE L P®0O NN rrsb bbby NNppR PR R O N I N S S I U N
Moo bhbkEr T ONUOUBRNRPNRPRPORRWERERURANET RUNRODODNUEOCOWLONIE 0 W b - b B o~ W N R
- EEEEN L L - = - - . - mom - .
u jreage=eg=ji —— . -— - . omow - ™ 0
S
0T
0ot
ST 0¢
0c¢
o€
S¢
0¢ ov
SE 05
ov
09
St
0§ (074
m m m m m m m m m
ﬂ333333333ﬂ333333333 m m m m
e U S e e e 0O 0O 0o o0 o o0 o0 o o o 0o o o m m m m m m m
P R R R R R R R R R = B R R, R, OO0 0O 0 0O 00
R R B B B B B B W W R BPRPERERERER R R RE k :
N b bbb bE L L bR ®NU R BN R R N T T T
Vo I T R T e T o B - . . K b b . . ] 'S w [N 00 Ny w o w N Y
w v U o U A W R O P P WW W W WP, W w PP,
0 0
9
S
0T
o1 et
o¢
ST
Sc
0¢
0€
S¢ S€

81



‘'sodnib soquwe e Saunwod uos
anb g A sawualpuadap-z0 se| eled g ‘odnib a1sa ap sajualpuadapul-zO sewlizua Se| eled seAlsn|oxa seljiwepadns £T ualsIX3 ‘a|giuodsip elLeldia]

©INONNSS 31SIXd anb se| eied Jenodajow ouabixo ap saualpuadapul 8 saualpuadap sewizus se| uadauauad anb se| e seljiweadns ‘g1 einbi4

Ajlwejiadns a)j1-aseuadolpAyap |oyoaje uiaroidouind
35819NPaJopIX0 JUapuadap-davN
ulewo( jl|-uuewssoy Sulpulq-(d)avN
Z Ulewop
‘aseuadoupAya auljeatou-|-(|Ay1sjAxeqiea-p-T)-N
g uieyd ‘aseuadoipAys( |oueyla|y

¥ ulewop ‘y uley) ‘asepixQ |oyodje-jAjjiuep
7 Ulewop ‘y uley) :asepixQ au4ng

. ¥ uleyd ‘aseweloe|-e1ag-oj||e1a |\ uixopalpinio £ UjewWOp ‘Y UIRY ‘aseusolpAyaq S1eWeIn|o
T ulewop ‘1ojiqIyu| uonedossiq mn_wom_u:z aujueng T upwiop : : sseuuks auisndAyAxoaq
€ Ulewop ‘asepIxQ 2s02n|9 ‘v yungns ‘aspuabolpAyaqg po)-jAiAing u.mEoEuou\G
ulewop sulpulg-(d)avnN/av4 ulpwop dpa Z uewop  11ungns
Z UleWop ‘¥ 1ungns -mm_m_o_xo PRV oulwy-d ‘asppixo ajpydsoydoiasrf|b-oyd|y W1P1014 2521NPAIOPIXG c_xo_omtw“_.wgcmb_,q
¢ LIBHLIOP “BSEPIXO 1212159101 | 3012 25Bjoplv .:_mEo ‘v ule "m.mmcmwo_ Ayaq apAya
T Ulewop ‘y uley) ‘||dy asejeje) uipwop Buipuig-[sz-a4Z] ¢ tiewiop v UIEY) PAUSA SPAYSPIY

T ulewop ‘v ujey) ‘aseuadolpAysq apAyap|v
asewadel aulue|y

T utewop ‘y 1ungns ‘sseusgolpAyaqg eo)-|AiAing

wapuadap-‘0 juapuadapui-Q

82



Con respecto a la estructura terciaria, ésta solamente se encuentra reportada para el 26%
de los pares de reacciones. En este caso, la diversidad a nivel de superfamilias resulta similar en
ambos grupos de enzimas: hay 10 exclusivas para las enzimas O;-dependientes, 12 para las
O2-independientes y cinco mas que incluyen miembros de ambos grupos de enzimas, de acuerdo
con la base de datos CATH (Sillitoe et al. 2021). (Tabla 4 y Figura 12). Y en cuanto al mecanismo
de reaccién, unicamente hallamos tres casos en los que estd descrito tanto para la reaccion

aerobia como para la anaerobia, de acuerdo con la base de datos M-CSA (Ribeiro et al. 2018).

La superfamilia NAD/P-Rossman fold es la que concentra un mayor nimero de las
enzimas O:-independientes, seguida de “Aldehido deshidrogenasa” y “Dominio de union [2Fe-
28]’ (Figura 13A). El resto de las superfamilias solamente poseen 1 6 2 miembros. Por su parte,
para las enzimas O.-dependientes, las superfamilias “dominio de union [2Fe-2S]”, “Butiril-CoA
deshidrogenasa” y “Vanilil-alcohol oxidasa” son las que contienen mas miembros, mientras que

las demas solo incluyen 1 6 2 enzimas (Figura 13B).

En las reacciones aerobias (O2-dependientes) de oxidorreduccién, el oxigeno molecular
actia como aceptor de electrones. En cambio, la transferencia de electrones en las
oxidorreductasas Oz-independientes es posible gracias a una gran diversidad de cofactores, en
su mayoria organicos (Fischer et al. 2010). Esta misma tendencia la observamos también en
nuestra muestra de 161 reacciones redox que poseen una version analoga dependiente de
oxigeno: el 90% de ellas requiere de un cofactor organico (Figura 14A). Entre los cofactores
organicos involucrados destacan aquellos derivados de ribonucleétidos (72% del total), seguidos
de las quinonas y de los derivados de tetrapirroles (Figura 14B). Llama la atencion que, de las
145 enzimas que utilizan cofactores organicos, la gran mayoria de ellas utiliza al NAD* 0 a su
forma fosforilada (NADP) (Figura 14C). Esto podria representar una evidencia indirecta de que
este tipo de enzimas son bastante antiguas y, casi seguramente, mucho mas viejas que sus
contrapartes O»-dependientes. Se han identificado distintas enzimas putativamente ancestrales
cuyos residuos de aminoacidos (neutros en su mayoria) en los sitios de unién a ligandos estan
mucho mas asociados a moléculas organicas que a metales de transicion y pequefias moléculas
inorganicas (Ji et al. 2008). Al igual que las reacciones en nuestra muestra, la mayoria de las que

Ji et al. consideran como “ancestrales” también requieren del cofactor NAD*/NADP.
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Figura 13. Distribucion a nivel de superfamilias de las enzimas dependientes (A) e independientes (B) de

oxigeno para las cuales existe estructura terciaria resuelta.
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Figura 14. Uso de cofactores en nuestra muestra de enzimas dependientes e independientes de oxigeno
molecular. (A) Tipo de cofactor que participa en cada reaccion diferente. (B) Tipo de cofactor organico
utilizado por las 145 enzimas identificadas en (A). (C) Frecuencia de los cofactores organicos involucrados
en las reacciones tipo redox de nuestra muestra. La informacioén con respecto al uso de cofactores la

obtuvimos a partir de la base de datos CoFactor (Fischer et al. 2010)

A partir de nuestra muestra de 26 pares de reacciones analogas en los que para cada
miembro del par existe una estructura terciara resuelta, pudimos identificar tres casos en los que
ambos miembros del par son homdlogos y pertenecen a la misma superfamilia. Estos
corresponden a las enzimas L-lactato oxidasa (EC 1.1.3.2) - L-lactato deshidrogenasa (EC
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1.1.2.3), acil-CoA oxidasa (EC 1.3.3.6) - acil-CoA deshidrogenasa de cadena media (EC 1.3.8.7)
y glicerol 3-fosfato oxidasa (EC 1.1.3.21) — glicerol 3-fosfato deshidrogenasa (EC 1.1.5.3) (Figura
15). En este ultimo caso, identificamos otras dos enzimas que llevan a cabo la misma reaccion

(sn-glicerol 3-fosfato = glicerona fosfato) pero que poseen una estructura terciaria no-homaéloga.

La xantina oxidasa/deshidrogenasa representa un caso Unico debido a que se trata de
una misma enzima gue es capaz de llevar a cabo tanto la version aerobia (Figura 16A) como la
anaerobia (la cual es dependiente de NAD*; Hellsten 2000; Figura 16B) de la misma reaccion: la
oxidacion de hipoxantina a acido Urico. Dicha reaccién ocurre en dos pasos; primeramente se
oxida la hipoxantina a xantina y, posteriormente, la xantina se oxida para dar lugar al &cido Urico.
Para que esto pueda ocurrir, es necesario que la enzima pase por un proceso de transformacion
(Nishino et al. 1998) que puede ser reversible o irreversible. La transformacion reversible se logra
de distintas maneras como el someter a la enzima a una temperatura de -20°C (Della Corte &
Stirpe 1968), ponerla en una disolucion junto con la enzima sulfhidrilo oxidasa (Clare et al. 1981)
0 en presencia de reactivos con grupos tiol como el sulfato de cobre, 5,5-Ditiobis(acido 2-
nitrobenzoico), la N-etilmaleimida, entre otros (Della Corte & Stirpe 1972). Por su parte, la
transformacion irreversible solo parece obtenerse en presencia de ciertas enzimas proteoliticas

presentes en el higado (Saksela et al. 1999) y en el intestino de mamiferos (Battelli et al. 1972).
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Figura 15. Superposicién estructural de las enzimas homoélogas que llevan a cabo versiones analogas de
la misma reaccién. (A) L-lactato oxidasa (LOX), L-lactato deshidrogenasa (LDH) y oxidacién de lactato a
piruvato (B) Acil-CoA oxidasa (AOX), acil-CoA deshidrogenasa de cadena media (ACAD) y oxidacién de
octanoil-CoA a (2E)-oct-e-enoil-CoA. (C) Glicerol-3-fosfato oxidasa (GPO), glicerol-3-fosfato
deshidrogenasa (GPDH) y oxidacién de glicerol 3-fosfato a dihidroxiacetona fosfato. Las enzimas Oo2-
dependientes se representan en color azul. Codigos PDB: 2J6X (LOX), 1FCB (LDH), 1W07 (AOX), 6KPT
(ACAD), 2RGH (GPO) y 2QCU (GPDH).
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Figura 16. Oxidacién de la xantina, la cual ocurre en dos pasos: primero a partir de la oxidaciéon de la

hipoxantina a xantina para que, posteriormente, esta se oxide y de lugar a acido Urico. (A) Version aerobia;

(B) versién anaerobia, dependiente del cofactor NAD*.

Perspectivas finales

Con los resultados obtenidos hasta el momento no nos es posible establecer el papel que la

duplic

aerob

acion génica pudo haber jugado en la expansion del metabolismo, particularmente el

io, como consecuencia del GEO. Aun asi, existen varios puntos interesantes que pueden

desarrollarse mas y/o dar lugar a futuros analisis que nos permitan responder, aunque quiza de

manera parcial, nuestra pregunta inicial. Dichos puntos son:

1)

2)

3)

Para la mayoria de los pares de reacciones analogas no existe por lo menos una
estructura terciaria disponible para ambos miembros del par. En la mayoria de los casos,
sin embargo, al menos uno de los miembros posee una estructura asociada. Tomando
esto en cuenta, analisis filogenéticos a nivel de estructura primaria parecen ser la opcion
mas viable para tratar de dilucidar parte de la historia evolutiva de cada una de estas
enzimas.

De los 26 pares de reacciones en las que existe estructura terciaria para ambos miembros
de cada par, en mas de 20 no parece haber homologia dado que cada enzima pertenece
a una superfamilia diferente. Esto sugiere que las enzimas aerobias tuvieron un origen
independiente (y probablemente posterior) al de las anaerobias, representando asi casos
de evolucion convergente.

Aunado al punto anterior, existen ejemplos en los cuales una enzima que no requiere

oxigeno (un miembro del par A) es parte de una superfamilia a la cual también pertenece
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4)

5)

una enzima O,-dependiente pero que cataliza una reaccion completamente diferente (un
miembro del par B). Este tipo de ejemplos son de los més relevantes en nuestra opinion
dado que nos hablan acerca de la diversidad funcional que existe dentro de esas
superfamilias.

Otro tipo de ejemplos de superfamilias con gran versatilidad funcional son los tres que
involucran a dos enzimas que catalizan la versién aerobia y anaerobia de la misma
reaccion y que, ademas, pertenecen a la misma superfamilia. En estos casos, seria
posible llevar a cabo distintos analisis filogenéticos a partir de los cuéles podriamos
identificar con relativa facilidad (a) cual de las dos enzimas surgié primero y (b) si la
enzima dependiente de oxigeno se origind a partir de un evento de duplicacion, el cual
podria involucrar a su contraparte anaerobia o, quiz4, a alguna otra de las enzimas de
esa superfamilia.

Finalmente, valdria la pena llevar a cabo andlisis filogenéticos basados en estructura
terciaria para los casos en que dicha estructura esté resuelta para ambos miembros de
un par de reacciones. Particularmente, varias de las enzimas anaerobias podrian haber
surgido hace mas de 2Ga, por lo que es probable que en algunos casos no sea posible
detectar homologia entre estas y otros miembros de sus respectivas superfamilias si nos

limitamos Unicamente a analisis basados en estructura primaria.
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CONCLUSION GENERAL

El estilo de vida de los organismos parece tener cierta relacion con la proporciéon de genes
duplicados que hallamos en ellos, siendo los de vida libre quienes, en general, poseen los valores
mas altos, seguidos de los patégenos y extremdfilos y, finalmente, de los intracelulares. Analisis
estadisticos mas finos podrian ayudarnos a identificar las variables mas importantes para esta

tendencia que observamos.

Asimismo, hallamos que distintos grupos de organismos filogenéticamente distantes pero
con estilos de vida similares (como algunos termdfilos e intracelulares) poseen aspectos
genomicos y metabdlicos en comun. Esto sugiere que podrian compartir ciertas estrategias
relacionadas con la adaptacion a condiciones ambientales comunes, mismas que podrian recaer
en funciones relacionadas evolutivamente (genes homaologos) o que sean producto de evolucion

convergente (genes analogos).

A nivel del Sistema de Clasificacion Enzimatica, las Translocasas (EC 7),
Oxidorreductasas (EC 1) e Isomerasas (EC 5) son, en ese orden, las clases de enzimas que
presentan las proporciones de paralogos mas altas. Tales proporciones difieren

significativamente entre si y con respecto al resto de las clases enzimaticas.

El numero relativamente bajo de isomerasas nos permitié analizar esta clase a un detalle
mucho mayor. Asi, pudimos identificar que, en procariontes, hay un gran nimero de isomerasas
duplicadas que participan en los procesos de patogenicidad, biosintesis de antibidticos y otros
que involucran directamente al RNA y/o a ribonucleétidos modificados, como es el caso de la
pseudouridina sintasa RluD. Ademas, casos como el de esta y otras enzimas nos indican que, a
pesar de que arqueas y bacterias comparten muchas isomerasas, esto no significa que en ambos
grupos de organismos hallemos proporciones similares de duplicados y, mas aun, aunque dos
enzimas presenten un numero similar de paralogos tanto en arqueas como en bacterias, la razén

detras de su retencion podria ser muy diferente en cada uno.
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Figura S1. Relacion entre el nimero de enzimas, numero de proteinas y tamafio del genoma en los
diferentes grupos de organismos que consideramos en nuestro estudio. En organismos de vida libre, una
funcion de poder explica la distribucion de los datos (A) y=3.02x%7; R2=0.7; B) y=0.07x%63; R?=0.65; C)
y=0.005x%8%;, R?=0.94). Los extremdfilos son el Unico grupo de organismos en los que la relaciéon entre
las tres variables que consideramos es de tipo lineal (D) y=0.18x + 247; R?=0.72, E) y=1.46e%x + 306;
R?=0.78; F) y=7.65e"%x + 457; R?=0.96). En los patégenos, al igual que en los de vida libre, la relacién
entre cada par de variables se ajusta mejor a una funcion de poder (G) y=2.39x%73; R?=0.83; H)
y=0.02x%71; R2=0.82; 1) y=0.002x%%; R2=0.97). Y en los organismos intracelulares, una funcion lineal es la
que explica mejor la relaciéon entre el numero de enzimas y proteinas (J) y=0.25x + 95; R?=0.84) y entre
el nimero de enzimas y el tamafio del genoma (K) y=1.54e%* x + 180; R2 =0.71). Por el contrario, la
relacion entre el nimero de proteinas y el tamafio del genoma se ajusta a una funcién de poder (L)
y=0.02x07%; R2 =0.88). (Figura modificada de Alvarez-Lugo & Becerra 2021).
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Tabla S2. Valores de P resultantes de la prueba de Dunn para las comparaciones pareadas entre
proporciones de enzimas paralogas. Las comparaciones se hicieron por cada clase enzimatica. En este
caso, el valor P fue definido como a/2, lo cual equivale a 0.025. Aquellos valores que no fueron

significativos estan sombreados en gris.

Clase enzimatica

Estilo de vida

Extremdfilos Vida libre Intracelulares

Vida libre 1.0000

Oxidorreductadas Intracelulares 0.0000 0.0000
Patdgenos 0.0000 0.0000 0.0000
Vida libre 0.0052

Transferasas Intracelulares 0.0000 0.0000
Patdgenos 0.0074 0.0000 0.0000
Vida libre 0.0005

Hidrolasas Intracelulares 0.0000 0.0000
Patégenos 1.0000 0.0007 0.0000
Vida libre 0.0164

Liasas Intracelulares 0.0000 0.0000
Patdgenos 0.0193 0.0000 0.0000
Vida libre 0.0000

Isomerasas Intracelulares 0.0000 0.0000
Patégenos 0.0738 0.0036 0.0000
Vida libre 1.0000

Ligasas Intracelulares 0.0000 0.0000
Patégenos 0.0000 0.0000 0.0000
Vida libre 0.0002

Translocasas Intracelulares 0.0000 0.0000
Patégenos 0.6449 0.0000 0.0000
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Tabla S3. Andlisis de correlacion entre el numero promedio deisomerasas duplicadas y el numero de
enzimas descritas para cada sub-subclase. Las columnas, de izquierda a derecha en la parte superior de
la tabla, indican: sub-subclases de isomerasas, nimero de enzimas para cada una de ellas y numero
promedio de duplicados en la muestra completa, en bacterias y en arqueas. En la parte inferior se
muestra la matriz de correlacion, la cual se coloreé automaticamente con el Complemento de Analisis de
Datos de Microsoft Excel 365.

Numero promedio de duplicados

Sub-subclase No.Enzimas Muestra completa Bacteria Archaea

EC 5.1.1 24 0.7964 1.1954 0.1MM1
EC5.1.2 7 0.0332 0.0916 0.0000
EC5.1.3 43 3.2445 3.5756 1.9667
EC 5.1.99 8 0.1028 0.2794 0.0111
EC 5.2.1 12 1.8057 2.8885 0.8222
EC 5.3.1 32 1.8152 2.1850 2.2778
EC5.3.2 8 0.1082 0.1147 0.0556
EC5.3.3 19 0.2840 0.6529 0.2222
EC5.34 1 0.0348 0.0736 0.0000
EC 5.3.99 10 0.0035 0.0137 0.0000
EC 5.4.1 3 0.0200 0.0366 0.0000
EC5.4.2 12 2.5852 3.1282 2.21M1
EC54.3 9 1.0397 0.9160 0.9889
EC5.4.4 8 0.0418 0.1101 0.1000
EC 5.4.99 67 3.1797 4.4687 0.9111
EC 5.5.1 34 0.1791 0.2508 0.2111
EC 5.6.1 9 0.0009 0.0046 0.0000
EC5.6.2 2 1.5916 3.0214 0.8667
EC 5.99.1 2 0.0030 0.0138 0.0111
Muestra
No. Enzimas completa Bacteria Archaea

No. Enzimas 1

Muestra

completa 0.671011129 1

Bacteria 0.634349048 0.973838414 1

Archaea 0.436054724 @ 0.846041252 0.76777397 1

105



	The Role of Gene Duplication in the Divergence of Enzyme Function: A Comparative Approach
	Introduction
	Materials and Methods
	Proteomes Analyzed
	Identification of Within-Genome Paralogous Sequences
	Identification of Enzymes
	Ratio of Paralogous Enzymes
	Statistical Analysis
	Lifestyles Identification

	Results
	The Relationship Between Enzymes, Proteins, and Genome Size Follows a Power-Law Distribution
	The Ratio of Paralogous Enzymes Also Follows a Power-Law Distribution
	The Ratio of Paralogous Enzymes Differs Between the Different Enzymatic Classes
	The Ratio of Paralogous Enzymes Differs Among Lifestyles
	Detailed Exploration of the Parologous Enzymes Ratio
	Phylogenetically and Lifestyle-Related Phyla Share Similar Genomic and Biochemical Traits

	Discussion
	Most Paralogous Genes in Prokaryotes Are Likely to Arise by SSD Events
	A Power-Law Function Explains the Relationship Between Proteins, Enzymes and Genome Size
	High Levels of Promiscuity and Evolvability Within Oxidoreductases May Explain Their High Ratio of Paralogs
	Unique Paralogous-Gene Retention Patterns Within the Isomerases
	Paralogous Translocases Reflect Adaptation to Different Environmental Conditions
	Phylogenetic Proximity and Lifestyle Are Reflected in the Content of Paralogous Enzymes

	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	The Fate of Duplicated Enzymes in Prokaryotes: The Case of Isomerases
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Bacterial Pseudouridine Synthases
	Other Bacterial Isomerases
	Archaeal Isomerases

	Concluding Remarks
	Acknowledgements 
	References


