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RESUMO

Cruz, DCB. Diversidade e evolucdo do nono e décimo passos da via

biossintética de purinas em procariotos

A via biossintética de purinas (VBP) inicia a partir do fosforibosil pirofosfato
(PRPP) que é convertido a inosina monofosfato (IMP) em 10 etapas enziméticas,
em 4 dessas etapas as enzimas envolvidas podem variar de acordo com o grupo
taxonémico. Nas bactérias e eucariotos 0 nono e décimo passo sao realizados
preferencialmente pela enzima PurH e nas archaeas pela PurP e PurO
respectivamente. A PurH tem dois dominios, o AICARFT que realiza 0 nono
passo e o IMPCH que realiza o decimo passo, esses dominios recentemente
foram encontrados em espécies do Dominio Archaea como genes independentes
nao fusionados. A PurP e PurO sao analogas aos dominios da PurH e até entdo
consideradas assinaturas do Dominio Archaea. No primeiro capitulo desse
trabalho foi realizada um estudo da distribuicdo dos genes relacionados com 0s
ultimos passos da VBP (purH, purP, purO e os genes que codificam AICARFT e
IMPCH nomeados de purV e purd, respectivamente) em 1405 genomas
completamente sequenciados dos Dominios Archaea e Bacteria. As analises de
gendmica comparativa indicaram que a PurH foi preferencialmente a solucdo
evolutiva do Dominio Bacteria para catalisar as reacdes enzimaticas das ultimas
etapas da VBP. Homodlogos dos genes purO, purV e purJ foram encontrados em
genomas bacterianos indicando que esse genes nao sao exclusivos do dominio
Archaea. Também foi observado que existe padrdo taxondmico para ocorréncia
desses genes e que em algumas espécies eles estdo no mesmo contexto
gendmico que outros genes da VBP. Apesar de apresentarem o mesmo padrao
de conservacdo da estrutura primaria, os homodlogos da PurO do Dominio
Archaea e Bacteria ndo estéo relacionados e formaram grupos distintos na arvore
filogenética, devido a isso podemos inferir que a PurO j& existia no ancestral



comum de todos os seres vivos. Por outro lado a PurP parece ter surgido apos a
divergéncia das archaeas, e suas isoformas foram originadas a partir de eventos
de duplicacdo génica. O objetivo do trabalho apresentado no segundo capitulo foi
compreender a histéria evolutiva das PurVs e PurJs e suas relacfes evolutivas
com os dominios AICARFT e IMPCH das PurHs. A genbmica comparativa foi
realizada com 2735 genomas, apesar do nimero de genomas analisados ser
quase o dobro, os resultados observados para a distribuicdo de purH, purV, purJ,
purP e purO nas linhagens procariéticas foram similares aos apresentados no
primeiro capitulo. A analise dos aminoacidos do sitio ativo mostrou que apesar de
algumas variacdes, existem aminoacidos conservados entre AICARFTs/PurVs e
IMPCHSs/PurJs, inclusive aminoacidos que foram descritos como essenciais para
a atividade do AICARFT. De acordo com a literatura a maioria dessas variagdes
sao possiveis do ponto de vista fisico-quimico, além disso, elas sdo equivalentes
entre AICARFTs/PurVs e IMPCHs/PurJs. A topologia da arvore filogenética das
PurHs mostra uma clara separacdo entre Gram positivas e Gram Negativas
sugerindo que as PurHs atuais originaram de um Unico evento de fusdo génica.
As analises filogenéticas indicaram que as PurHs das archaeas sé&o
filogeneticamente relacionadas com as PurHs de Gram Negativas o que indica
que elas foram adquiridas por transferéncia horizontal. Esse resultado é coerente
com a hipdtese de que o evento de fusdo génica que originou a PurH ocorreu no
Dominio Bacteria. A partir da filogenia podemos inferir que a PurV provavelmente
tenha sido originada a partir do dominio ancestral que originou a PurH e a PurJ a
partir de quebras do gene da PurH ao longo da evolucdo e diversificacdo das

linhagens procaridticas.

Palavras-chave: IMP, PRPP, nucleotideos, filogenia, genémica comparativa.



ABSTRACT

Cruz, DCB. Diversity and evolution of the ninth and tenth steps of the purine
biosynthetic pathway in prokaryotes

The purine biosynthetic pathway (PBP) starts from phosphoribosyl pyrophosphate
(PRPP) which is converted to Inosine monophosphate (IMP) in 10 enzymatic
steps, in 4 of these steps the enzymes involved may vary according to the
taxonomic group. In Bacteria and eukaryotes the ninth and tenth steps are
performed by the PurH enzyme and in the archaeas by the PurP and PurO
respectively. PurH has two domains, the AICARFT that performs the ninth step
and the IMPCH that performs the tenth step, these domains have recently been
found in species of the Archaea Domain as independent unfused genes. The PurP
and PurO are analogous to the PurH domains and until then considered
signatures of the Archaea Domain. In the first chapter of this work a study of the
distribution of the genes related to the last steps of the PBP (purH, purP, purO and
the genes coding for AICARFT and IMPCH named purV and purJ, respectively)
was carried out on 1405 completely sequenced genomes of the Domains Archaea
and Bacteria. Analyzes of comparative genomics indicated that PurH was the
evolutionary solution of the Bacteria Domain to catalyze the enzymatic reactions of
the last stages of PBP. Homologues of the purO, purV and purJ genes were found
in bacterial genomes indicating that these genes are not exclusive to the Archaea
Domain. It was also observed that there is a taxonomic pattern for the occurrence
of these genes and that in some species they are in the same genomic context as
other genes of the PBP. In spite of presenting the same conservation pattern of
the primary structure, the PurO homologs of the Domains Archaea and Bacteria
are not related and formed distinct groups in the phylogenetic tree, due to this we
can infer that the PurO already existed in the common ancestor of all living beings.
On the other hand the PurP seems to have arisen after the divergence of

archaeas, and its isoforms were originated from events of gene duplication. The



objective of the work presented in the second chapter was to understand the
evolutionary history of the PurVs and PurJs and their evolutionary relations with
the AICARFT and IMPCH domains of PurHs. The comparative genomics were
performed with 2735 genomes, although the number of analyzed genomes was
almost double, the results observed for the distribution of purH, purV, purd, purP
and purO in the prokaryotic lines were similar to those presented in the first
chapter. The amino acid analysis of the active site showed that despite some
variations, there are conserved amino acids between AICARFTs/PurVs and
IMPCHs/PurJs, including amino acids which have been described as essential for
AICARFT activity. According to the literature most of these variations are
physically-chemically possible, in addition, they are equivalent between
AICARFTs/PurVs and IMPCHs/PurJs. The topology of the phylogenetic tree of the
PurHs shows a clear separation between Gram positive and Gram negative
suggesting that the current PurHs originated from a single event of gene fusion.
Phylogenetic analyzes indicated that archaeal PurHs are phylogenetically related
to Gram Negative PurHs, indicating that they were acquired by horizontal transfer.
This result is consistent with the hypothesis that the event of gene fusion that
originated the PurH occurred in the Bacteria Domain. From the phylogeny we can
infer that the PurV probably originated from the ancestral domain that originated
PurH and PurJ from breaks of the PurH gene along the evolution and

diversification of prokaryotic lines.

Key words: IMP, PRPP, nucleotides, phylogeny, comparative genomics.
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INTRODUCAO

Nas ultimas décadas o estudo de vias biossintéticas, seja voltado para a
biotecnologia quanto para a evolucao, tém assumido papel relevante na biologia.
As vias biossintéticas sdo ricas fontes informacionais e devido a isso, sao
atualmente bem exploradas em diversos aspectos, fazendo com que essa seja
uma area promissora e de muitas possibilidades. A evolucédo e diversificacdo das
vias biossintéticas estdo intimamente relacionadas com a evolugdo e
diversificacdo dos seres vivos. Segundo Caetano-Anollés et al. 2007, a maioria
das vias, principalmente aquelas que produzem moléculas fundamentais aos
organismos, como nucleotideos, carboidratos, aminoacidos, sdo de origem antiga
e provavelmente surgiram nas primeiras formas de vida. Sendo assim estudar a
evolucao e diversidade das vias biossintéticas, € também estudar a composicéo

metabdlica e génica dos primeiros seres Vvivos.

O estudo das vias biossintéticas tem auxiliado no desenvolvimento e
producdo em escala industrial de compostos de importancia médica, alimentar e
agricola, assim como na prospeccdo de novos compostos bioativos. Hoje a
manipulacdo genética de uma via biossintética possibilita, por exemplo, que uma
bactéria produza quantidades comerciais de substancias como o succinato que
tem alto valor comercial (Zhu et al. 2016). Nesse cenario a via biossintética de
purinas (VBP) se destaca por ser uma das mais antigas na histéria evolutiva dos
seres Vvivos, por estar presente na grande maioria dos organismos celulares
produzindo compostos precursores dos acidos nucléicos e de outras moléculas
essenciais para o funcionamento celular (Xu et al. 2007), e também pela

relevancia das suas enzimas e intermediarios.

As enzimas e intermediarios da VBP sao alvos potenciais para o
desenvolvimento de farmacos anticAncer e antimicrobianos e ja apresentam
resultados satisfatérios nesse sentido (Xu et al. 2007; Firestine et al. 2009; Nours
et al. 2011; Tranchimand et al. 2011; Baggott & Tamura 2015). As enzimas da
VBP também sdo comumente relacionadas com o crescimento e viruléncia de

bactérias fitopatogéncias, bem como desempenham papel fundamental nas
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interacBes simbidticas entre microrganismos e plantas (Xie et al. 2005; Park et al.
2007; Yan & Wang 2012; Yuan et al. 2013).

A VBP tem como precursor o fosforribosil-pirofosfato (PRPP), que através
de 10 passos enzimaticos € convertido a inosina-monofosfato (IMP).
Originalmente existem 15 enzimas distintas que podem estar envolvidas nesse
processo (PurF, PurD, PurN, PurT, PurL, PurLQS, PurM, PurEll, PurK, PurEl,
PurC, PurB, PurH, PurP e PurO) (Zhang et al. 2008-a) O terceiro passo da VBP
pode ser desempenhado pela PurN ou PurT, o quarto pela PurL ou pelo complexo
PurLQS, o sexto pela PurEll ou pela PurK e PurEl e o nono e décimo passo pela
PurH, ou pela PurP e PurO respectivamente. Essa variagdo enzimatica citada
ocorre em grupos taxondmicos distintos, eucariotos, bactérias e archaeas
geralmente utilizam enzimas diferentes para realizar o0s mesmos passos da via
(Zhang et al. 2008-a, Zhang et al. 2008-b, Brown et al. 2011).

Em 2011 Brown e Colaboradores fizeram uma abordagem da distribuicéo
dos genes da VBP no Dominio Archaea, algo que ainda néo foi realizado para o
Dominio Bacteria. Nesse trabalho eles descreveram a existéncia de mais duas
variacdes na VBP. A PurH enzima responsavel pelos dois Ultimos passos da via,
€ uma enzima bifuncional que apresenta dois dominios o IMPCH e o AICARFT,
Brown e Colaboradores relataram a existéncia dos dominios da PurH de forma
nao fusionada no Dominio Archaea, cada um como um gene independente e que
possivelmente também teriam atividade na via, entretanto eles ndo estudaram
qual seria a origem desses novos genes e se eles também ocorriam no Dominio

Bacteria.

Devido a isso o principal objetivo desse trabalho foi estudar a diversidade e
evolucdo das enzimas nono e décimo passos da VBP nos genomas procariéticos
dos Dominios Archaea e Bacteria. Além disso, entender a origem desses novos
genes descritos por Brown e Colaboradores 2011, e saber se eles realmente

ocorrem apenas nas archaeas.
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CAPITULO 1

Different ways of doing the same: variations in the two last steps

of the purine biosynthetic pathway in prokaryotes.

Artigo submetido a revista Genome Biology and Evolution (GBE)
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Abstract

Cruz, DCB. Different ways of doing the same: variations in the two last steps

of the purine biosynthetic pathway in prokaryotes

The last two steps of the purine biosynthetic pathway may be catalysed by
different enzymes in prokaryotes. The genes that encode these enzymes include
homologs of purH, purP, purO and those encoding the AICARFT and IMPCH
domains of PurH, here named purV and purd, respectively. In Bacteria these
reactions are mainly catalysed by the domains AICARFT and IMPCH of PurH. In
Archaea these reactions may be carried out by PurH and also by PurP and PurO,
both considered signatures of this domain and analogous to the AICARFT and
IMPCH domains of PurH, respectively. These genes were searched for in 1,405
completely sequenced prokaryotic genomes publicly available. Our analyses
revealed taxonomic patterns for the distribution of these genes and anti-
correlations in their occurrence. The analyses of bacterial genomes revealed the
existence of genes coding for PurV, PurJ and PurO, which may no longer be
considered signatures of the domain Archaea. Although genetically unrelated, the
PurOs of Archaea and Bacteria show a high level of conservation in the amino
acids of the active sites of the protein, allowing us to conclude that these enzymes
are analogs. The gene purO was present in the common ancestor of all living
beings, whereas the gene encoding PurP emerged after the divergence of
Archaea and Bacteria and their isoforms originated in duplication events in the
common ancestor of phyla Crenarchaeota and Euryarchaeota. The results
reported here expand our understanding of the diversity and evolution of the last

two steps of the purine biosynthetic pathway in prokaryotes.

Key words: Archaea, Bacteria, bioinformatics, comparative genomics, evolution,

phylogeny.
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Introduction

Purines and their derivatives are biomolecules essential to all living
organisms as they play important roles in signalling pathways, carbohydrate
metabolism and as precursors of nucleic acids (Smith and Atkins 2002).
Additionally, the enzymes that catalyse their synthesis are important targets for
antimicrobial and anticancer compounds (Kirsch and Whitney 1991). The
enzymatic reactions involved in the de novo biosynthesis of purines were
elucidated in the 1950's (Buchanan and Hartman 1959) and all genes that encode
these enzymes were identified and their products biochemically characterized by
the year 2000 (Zalkin 1983; Parker 1984; Schrimsher et al. 1986; Watanabe et al.
1989; Aiba and Mizobuchi 1989; Cheng et al. 1990; Inglese et al. 1990; He et al.
1992; Gu et al. 1993; Marolewski et al. 1994; Graupner et al. 2002; Hoskins et al.
2004; Ownby et al. 2005).

There are generally ten pur genes in the following order: purF, purD, purN,
purl, purM, purE, purK, purC, purB and purH, each encoding an enzyme
responsible for a step in the purine biosynthetic pathway (PBP). The majority of
the pur genes were initially described in Escherichia coli and later, orthologs were
found in other prokaryotes and eukaryotes, suggesting that these are the
canonical genes encoding enzymes of the PBP in different evolutionary lineages
(Chopra et al. 1991; Ni et al. 1991; Gu et al. 1992; Rayl et al. 1996; Nilsson and
Kilstrup 1998; Peltonen and Mantsala 1999; Sampei et al. 2010; Liu et al. 2014).
This scenario changed when some authors showed that the enzymatic reactions
of three of the 10-11 steps of the PBP may be catalysed by different non-
homologous enzymes in distinct microorganisms. For example, PurT, a novel
enzyme involved in the PBP was described in 1994 as an analog of the already
known PurN that catalyses the third step of the PBP (Marolewski et al. 1994). Two
new enzymes, PurP and PurO were later described in the PBP of Archaea as
analogs of PurH, until then considered as the canonical enzyme catalysing the two
last steps of the PBP (Ownby et al. 2005; Graupner et al. 2002). PurP and PurO
are currently considered signatures of the Archaea domain (Graupner et al. 2002;
Ownby et al. 2005; Zhang et al. 2008-1; Zhang et al. 2008-1I; Armenta-Medina et
al. 2014). These two separate enzymes are analogous to the domains AICARFT
and IMPCH of PurH, which contains them fused (fig. 1). The domain AICARFT
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catalyses the penultimate reaction of the PBP, converting AICAR in FAICAR and
the domain IMPCH catalyses the last reaction of the PBP, converting FAICAR into
IMP, the final product of the pathway (Zhang et al. 2008-1).

Step 9 Step 10
PurH
AT Y
- -

Fig. 1. Nomenclature and homology/analogy relationships among the proteins
involved in the last two steps of the purine biosynthetic pathway. PurH is
composed of two domains, IMPCH and AICARFT. The relationships of homology
and analogy among the domains of PurH and other proteins are shown. PurH is
shown in an inverted position to match the steps of the purine biosynthetic
pathway.

A recent comparative genomic analysis of the Archaea domain showed that
in some free-living species of the phylum Euryarchaeota the domains AICARFT
and IMPCH of PurH are encoded by distinct genes. These archaeal species do not
contain genes encoding PurH nor its analogs PurP and PurO (Brown et al. 2011).
In this study, the authors also showed that species of the phylum Crenarchaeota
do not possess the genes coding for PurH, nor homologs of its domains found in
Euryarchaeota or its analogs PurP and PurO (Brown et al. 2011). This study
indicates that the diversity of enzymes involved in the PBP of Archaea is higher
than previously thought. In their study, Brown et al. (2011) did not include the
domain Bacteria, where most of the prokaryotic diversity resides.

Purine biosynthesis is among the most ancient metabolic pathways and
probably evolved in the LUCA (Caetano-Anollés et al. 2007). According to the
hypothesis of Horowitz (1945), enzymes in the last steps of biosynthetic pathways
are the first to be recruited. Curiously, the last two steps of the PBP show the
highest variation.
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Nowadays, the availability of completely sequenced genomes in public
databases representing most of the diversity of prokaryotic higher taxa potentially
provide a comprehensive picture of the diversity and evolution of biological
processes. In this study, we report on a genomic analysis concerning the diversity
and evolution of the two last steps of the PBP in prokaryotic lineages. The results
are presented in a taxonomical framework that includes the currently accepted
phylogenetic classification of the prokaryotes.

Material and Methods
Searches for purine biosynthetic genes (pur) in prokaryotic genomes

A total of 1,405 completely sequenced prokaryotic genomes deposited in
the NCBI (National Centre for Biotechnology Information) database were used in
this study. Bacterial and archaeal strains identified at the genus or species levels
were treated as distinct Operational Taxonomical Units (OTUSs) in the analyses.
The program TBLASTN were used to perform searches for purH, purP and purO
and for genes that code for the domains AICARFT and IMPCH in the nucleotide
collection (nrint), RefSeq Representative genomes
(refseq_representative_genomes) and ReFseq Genome (refseq_genomes)
databases. The genes that code for the domains AICARFT and IMPCH were
named hereafter as purV and purJ, respectively (fig. 1). Additionally, the program
BLASTP was used to perform searches for PurH, PurP, PurO, PurV and PurJ in

the non-redundant protein sequences (nr) database.

BLAST searches were done individually in each completely sequenced
genome and the presence of conserved domains typical of the searched proteins
were used as criteria of homology to recover the sequences. Aminoacid
sequences of PurH (GI:16131836) of Escherichia coli and PurP (Gl: 15668306)
and PurO (G1:34588137) of Methanocaldococcus jannaschii were used as queries.
The aminoacid sequence of PurH was used as query to perform searches for

PurH, PurV and PurJ and for the genes that encode these proteins.
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Diversity of the last two steps of the purine biosynthetic pathway (PBP)

During the BLAST searches, the presence or absence and the number of
copies of purH, purV, purd, purP and purO in all the genomes analysed and the
genomic context in relation to the other genes of the PBP were registered. The
search for taxonomic patterns and the occurrence of these genes in prokaryotic

genomes were done in all taxonomic categories, from domain to species.

Multiple alignments and phylogeny of PurP and PurO

The aminoacid sequences of the genes purH, purV, purd, purP and purO
recovered in the BLAST searches were code-aligned in the guidance server with
the MAFFT algorithm (Penn et al. 2010). The program MEGA 6 (Tamura et al.
2013) was used to edit the multiple alignments of the proteins PurP and PurO,
choose the substitution matrix, and to perform the phylogenetic analyses with the
maximum likelihood (ML) method. The phylogenetic trees were visualized and

edited in the program Archaeopterix (Han and Zmasek 2009).

Aminoacid sequence analyses

Sliding window plot analyses were done with the program SWAAP 1.0.2
(Pride 2000) using the multiple alignment of proteins. The average identity of the
sequences was calculated with the model K2P in a sampling window of 10
aminoacids with only one aminoacid displaced along the multiple alignments. The
logos were produced in the program Web Logo (Crooks et al. 2004) only with the
positions of the active sites of the proteins PurP and PurO.

Results
Comparative genomics

The comparative genomic analysis was carried out with a total of 1,405
completely sequenced genomes available in the NCBI database, representing
1,268 OTUs of the domain Bacteria and 137 OTUs of the domain Archaea. These
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OTUs represent 26 out of the 33 described phyla of the domain Bacteria and all
five phyla of the domain Archaea according to LPSN (Euzéby 1997). From the
1,405 analysed genomes, 135 did not have genes coding for PurH, PurO, purP,
PurV and PurJ (fig. 2; supplementary table S1).
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Fig. 2. Comparative genomic analysis of genes coding for the ninth and tenth
steps of the purine biosynthetic pathway in 1,405 prokaryote complete genomes.
Coloured boxes represent presence of the gene and smaller black boxes inside
the coloured ones represent the cases in which purH is replaced by a combination
of genes that are functionally equivalent to purH. The numbers below each
taxonomical category indicate the number of genera and OTUs analysed. None
indicates the number of OTUs that do not contain any of the genes encoding the
last two steps of the PBP.

PurH-coding genes were found in genomes of 23 OTUs of the domain
Archaea, all of which are in the class Methanomicrobia and in the families
Methanoregulaceae, Methanocorpusculaceae, Methanomicrobiaceae,
Methanospirillaceae and Methanosarcinaceae and in the class Thermoplasmata,
families Ferroplasmaceae, Picrophilaceae and Thermoplasmataceae of the
phylum Euryarchaeota (fig. 2; supplementary table S1). In contrast, PurH-coding
genes were found in 1,081 OTUs of the domain Bacteria distributed in most phyla

of this domain (fig. 2; supplementary table S1).

Genes that code for proteins homologous to the domains AICARFT and
IMPCH of PurH were found in OTUs of the domains Archaea and Bacteria (fig. 2;
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supplementary table S1). The name purJ was used to designate the domain
IMPCH of the PurH of Salmonella typhymurium, when it was incorrectly identified
as a gene (Gots et al. 1969). Therefore, from this point on we will use the name
purJ for the gene encoding the domain IMPCH in accordance with its original
nomenclature (Gots et al. 1969). For the domain AICARFT we propose the name
purV (fig. 1). The majority of the purV and purJ were recovered from bacterial
genomes: 109 purVs, 28 from the domain Archaea and 81 from domain Bacteria,;
and 55 purJs, 4 from the domain Archaea and 51 from domain Bacteria (table 1;
supplementary table S1). The genes purV and/or purJ were found in 10 of the 26
bacterial phyla analysed, including gram-positive and gram-negative OTUS,

indicating that they are widely distributed.

Table 1. Occurrence and co-occurrence of the genes encoding the last two steps
of the purine biosynthetic pathway in Bacteria and Archaea and the genomic
context they are found. Genes in genomic context are together with other genes of
the PBP.

Occurrence per OTU Co-occurrence per OTU In context with other pur  Not in context with other
genes pur genes

Genes Archaea Bacteria Total [Genes Archaea Bacteria|Genes Archaea Bacteria Archaea Bacteria
purH 23 1081 1103 |purH/purV - 17 |purV 28 26 - 55
purV 28 81 109 |purH/purd - 4 purd - 16 4 34
purd 4 50 54 |purH/purO - 2 purO 6 13 53 9
purO 59 22 81 |purV/purd - 44 |purP | - - 25 -
purP | 25 - - purV/purO 25 19  |purP Il 25 - 37
purP Il 62 - - purH/purV/purO - 1 purP Il 32 - 29
purP I 61 - - purP l/purP 11l 37 - purP IV 6 -
purP IV 6 - - purP 1l/purP 11l/purd 4 -

purP I/purO 24

purP I/purP [I/purP 1ll/purO 1

purP 11/ purP [lI/purV/purO 3

purP Il/purP 11l/purH 10

purP 1I/purP [1I/purP IV/purO 6

The gene purO was until now considered a signature of the domain
Archaea (Graupner et al. 2002; Ownby et al. 2005; Zhang et al. 2008-1; Zhang et
al. 2008-1I; Armenta-Medina et al. 2014). Surprisingly, 22 homologs of purO were
found in bacterial genomes, whereas 59 purOs were found in archaeal genomes
(table 1; fig. 2). Genes that code for homologs of PurP were only found in
genomes of OTUs of the domain Archaea, a total of 154, with the number of
copies varying from one to four per genome (fig. 2). Homologs of PurH, PurO,
PurV and PurJ were not found in genomes of the phyla Crenarchaeota,
Korarchaeota and Thaumarchaeota, but genes coding for homologs of PurP were

present.
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The patterns of presence and absence of the genes purH, purV, purJ and
purO show that the putative new bacterial genes of the purine biosynthetic
pathway (PBP), in general, anticorrelate with purH. In other words, the majority of
the OTUs that do not have purH possess purV and purO or purV and purJ in the
genome (fig. 2). Similarly, archaeal genomes contained the combinations
purV/purO, purd/purP and purP/purO, but not purV and purJ, the most common in
Bacteria, after purH. These results suggest that the combinations of genes
mentioned earlier for bacteria and archaea are replacing purH, maintaining the last
two steps of the PBP, as already proposed for the domain Archaea (Brown et al.
2011).

Only two assembly/annotation errors in the genes coding for proteins of the
last two steps of the PBP were found in the 1,405 analysed genomes: two
truncated PurH sequences (Supplementary table S1). These two sequences were
included in our analyses. This remarkably low number of misannotations may be

due to the fact that these genes are well represented in the biological databases.

In summary, genes coding for PurH were found in 85% of the bacterial
genomes and the combinations purV/purd, purV/purO or purJ alone were in 65
genomes, representing 5% of the total number of bacterial genomes analysed.
The remaining 10% did not harbour any of the genes for the last two steps of the
PBP. In Archaea, genes coding for PurH were in 17% of the genomes and the
combinations purV/purO, purd/purP, purP/purO or purP alone were found in 73%
of the genomes and the remaining 10% of the genomes did not have the genes for
the last two steps of the PBP (fig. 2; table 2; Supplementary table S1).
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Table 2. Bacterial OTUs with purV, purJ and purO in genomic context with other
genes of the purine biosynthetic pathway. Grey boxes indicate genes that do not
participate in last two steps or are not part of the purine biosynthetic pathway.

Phylum Class Order OTUs Genomic Context
Bacilli Bacillales Paenibacillus mucilaginosus KNP414 purk purM purN purV purO purD
Thermobacillus composti KWC4 purF purM purN purV puro purD
Butyrivibrio proteoclasticus B316 Other puro purV Other
Cellulosilyticum lentocellum DSM 5427 Other | purO ' purV Other
Clostridium saccharolyticum WML Other ' purO ' purV Other
- Clostridia Clostridiales Clostridium sp. SY8519 Other  pur®  pury  Other
Firmicutes Eubacterium eligens ATCC 27750 Other | purO ' purV Other
Eubacterium rectale ATCC 33656 Other ' purO ' purV Other
Roseburia hominis A2-183 Other ~ purO ' purV Other
Oscillibacter valericigenes Sjm18-20 purkF purM purN purVv purD purl
Acidaminococcus fermentans DSM 20731 purF _purM . purN__ [Fpurd® purD
Negativicutes Selenomonadales Acidaminococcus intestini RyC-MR95 purF purM purN__ WNPUFIW _ purD
Selenomonas ruminantium subsp. lactilytica TAM6421 purF purM purN__ IPURI™  purD
Adlercreutzia equolifaciens DSM 19450 Other . purO ' purV Other
Actinobacteria  Actinobacteria Coriobacteriales Olsenella uli DSM 7084 Other .~ purO ' purV Other
Slackia heliotrinireducens DSM 20476 Other ' purO ' purV — _Other
Fervidobacterium nodosum Rt17-B1 purk purN purVv purD purM
Fervidobacterium pennivorans DSM 9078 purF purN purv _purD purM
Thermotogae ~ Thermotogae Thermotogales - -
Thermosipho africanus TCF52B purF purN__ © purV. purD purM
Thermosipho melanesiensis Bl429 purk purN purV purD purM
Sphaerochaeta globus str. Buddy purk purM purN purV purD purl
Sphaerochaeta pleomorpha str. Grapes purkE purM purN purV purD purl
Spirochaetes  Spirochaetia Spirochaetales Spirochaeta africana ,DSM 8902 Otver, I SRV Otner
Spirochaeta smaragdinae DSM 11293 Other purB Other
Spirochaeta sp . L21-RPul-D2 Other . [NBUFIM " purV " _Other
Spirochaeta thermophila DSM 6192 Other . [NpURIM | purV Other
Desulfarculales Desulfarculus baarsii DSM 2075 Other . IpUFI™ purD  _ Other
Desulfobacterium autotrophicum HRM2 Other [Tpurd™>  purv Other
Desulfobacula toluolica Tol2 Other [WPURI™ | purV Other
Desulfobulbus propionicus DSM 2032 Other . BRI purN  Other
Proteobacteria Deltaproteobacteria Desulfobacterales Desulfocapsa sulfexigens DSM 10523 Other - purN Other
Desulfococcus oleovorans Hxd3 Other . [Wpurd™ | purV Other
Desulfotalea psychrophila LSv54 Other . IBUFI™»  purN Other
Desulfurivibrio alkaliphilus AHT2 Other . MIBURIM _purN_ _Other
Syntrophobacterales ~ Syntrophobacter fumaroxidans MPOB Other  [NpURI™  purD Other
Epsilonproteobacteria Campylobacterales  Helicobacter felis ATCC 49179 purk purM__ ~ purO ' purV "~ _purD Purl

Genomic context and taxonomical patterns

The results of these studies demonstrated that purP is present only in the
domain Archaea, while purO, purV and purJ were found both in the domains
Bacteria and Archaea (fig. 2, supplementary table S1). The genes purP/purO in
purV and purJ are potentially replacing purH in Bacteria and Archaea, performing
the last two steps of the PBP. Approximately 37% of the total number of the genes
that are potentially replacing purH in Bacteria and Archaea is in genomic context
with other genes of the PBP and the remaining 63% is not in context in Bacteria
and Archaea (tables 1 and 2).

In some OTUs the putative new genes, purO, purV and purJ in Bacteria are
in genomic context with themselves or with other genes of the PBP, from which
the most frequent are purD and purN (table 2). The arrangements of these genes
in Bacteria (table 2) indicate that they are putative operons that are co-expressed
and have a role in the PBP.
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The comparative genomic analysis shows that there are taxonomical
patterns at the genus, family and class levels for the combinations purP, purO,
purV and purJ, which are able to replace purH in Archaea and Bacteria. Thus, the
presence of these genes is typical of specific higher taxa of prokaryotes. Some
patterns are maintained at the genus, family or class level, but not at the phylum
level (table 3).

Table 3. Taxonomic patterns of ocurrence of purPs, purO, purV and purd. All
OTUs of these taxa, including classes, families and genera included harbour the
gene shown. The numbers between brackets are the amount of OTUs in each

group.

Taxonomic Classification Taxonomic Patterns
Crenarchaeota Family Thermoproteaceae [12] purP I/ purP llI
Archaea Class Halobacteria [25] purV-N/purO
Euryarchaeota Family Methanosaetaceae [03] purV/purO/purP I/ purP
Genus Archaeoglobus [04] purd/purP I/ purP I
Firmicutes Family Lachnospiraceae [08] purV/purd
Bacteriodetes Family Prevotellaceae [05] purV/purd
Genus Fervidobacterium [02] purV/purd
Thermotogae -
. Genus Thermosipho [02] purV/purd
Bacteria

Thermodesulfobacteria Class Thermodesulfobacteria [03] purV /pur]
Family Desulfovibrionaceae [18] purV/purd
Family Desulfobulbaceae [04]  purV/purd
Family Desulfobacteraceae [04] purV/purd

The evolutionary history of purH, purV and purJ is intimately related and
these results will be presented elsewhere, whereas the evolution of purO and

PurP will be presented in this publication.

Evolution of PurO

The maximum likelihood (ML) tree of PurO shows two distinct groups, one
containing PurOs from OTUs of the domain Archaea and the other one with PurOs
of the domain Bacteria (fig. 3a). This topology was obtained both with sequences
of aminoacids and nucleotides (supplementary fig. S1) and is congruent with the
current prokaryotic phylogeny (Woese and Fox 1977) and therefore the root of this

tree was placed in the branch that connects these two groups. The topology of the
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archaeal PurOs in the rooted tree agrees with the taxonomy of this domain, at

least at the family level (fig. 3b).
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Fig. 3. Phylogenetic relationships among archaeal PurOs and their bacterial
counterparts. (a) Maximum likelihood tree of PurOs showing the root placement at
the branch that connects PurOs from Archaea and Bacteria. (b) Rooted maximum
likelihood tree showing PurOs from Archaea and their homologs in Bacteria in
distinct groups. The multiple alignment utilised in these reconstructions contained
81 sequences of aminoacids with 134 sites. The trees were constructed with the
model LG+G+l and bootstrap was performed with 1,000 resamplings. The OTUs
are identified by abbreviations that represent their phylum and class, accession
number of the protein and species name. The abbreviations are: EU- phylum
Euryarchaeota; FC- phylum Firmicutes class Clostridia; FB- phylum Firmicutes
class Bacillales; AB- phylum Actinobacteria; SP- phylum Spirochaetes; FR-
phylum Fibrobacteres; EP- phylum Proteobacteria classe Epsilonproteobacteria.
The scale indicates the number of substitutions per site.
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The average divergence of purO homologs in Archaea and Bacteria is 73%,
indicating that they are highly divergent. However, the results of the genomic
analyses previously shown (fig. 2; tables 1 and 2) suggest that the bacterial
homologs of purOs are analogs of their archaeal counterparts. To test whether the
PurOs in Archaea and Bacteria are indeed analogs, additional analyses were
performed. The sliding window plot analysis showed that the conservation in the
primary structure of the archaeal PurOs and their bacterial counterparts is similar.
The most conserved regions are the same in both archaeal and bacterial PurOs
(fig. 4a). These conserved aminoacids are located in both highly and poorly
conserved regions of the primary structure (fig. 4a). The PurO from
Methanothermobacter thermoautotrophicus, that was already functionally
characterized, is included in our analyses. This enzyme is monomeric and its
active site comprises 12 aminoacid residues (Kang et al. 2007). The logos
constructed with the positions of the multiple alignments of purOs from Archaea
and their bacterial homologs containing the aminoacids of the active sites of PurO
from M. thermoautotrophicus show that the aminoacids in these positions are
identical or chemically equivalent in both archaeal and bacterial homologs (fig. 4b).
The only exceptions are Ser24 replaced by Gly and Asn54 replaced by Asp or Val
in the bacterial homologs (fig. 4b). These results are congruent with the hypothesis
that purOs in Archaea and Bacteria are analogous.

(a) Archaea W Bacteria (b)
Tyr2 Args Tyr20 Ser24 Arg25 Ser26 Arg30 Asn54 Tyr59 Asn73 Glu104 Asp106

>.1og 7 TyrZ%efi\:gzrz:B Asn54 A G‘IT/(\J:MOS
* ) Arg30 \,/ \ A WL A \ A\ A4 —_—
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Fig. 4. Analysis of the primary structures of PurOs from Archaea and their
homologs in Bacteria. The PurO from Methanothermobacter thermoautotrophicus
was used as reference. (a) Sliding window plot analysis of the multiple alignment
of PurOs in Archaea and Bacteria show that the conservation in the primary
structure is similar in these domains. The arrows indicate the positions of the
active sites of PurO from M. thermoautotrophicus. (b) Sequence logos of the
positions in the multiple alignment that correspond to the active sites of PurO from



32

M. thermoautotrophicus showing that most aminoacids are conserved in Archaea
and Bacteria.

Evolution of PurP

The number of copies of purP in OTUs of the domain Archaea that contain
this gene varies from one to three. The ML phylogenetic tree of PurP shows four
distinct clades (fig. 5a) that were enumerated according to Zhang et al. (2008-I1).
The indels in the PurP alignment (fig. 5b) were used to root the phylogenetic tree
(fig. 5a) because indels are rarely fixed and are highly conserved evolutionary
events that do not revert easily as compared to nucleotide substitutions. The
PurPs I, Il and IV share two indels (fig. 5b), indicating that they are
phylogenetically more related with each other than with PurP lll. These indels
were utilised as a non-arbitrary criterion to root the phylogenetic tree of PurP in the
branch that connects PurP IIl with the other groups (fig. 6). The topology of the
rooted tree indicates that PurPs | and Il are themselves more related than they are
with PurP 1V (fig. 6).

152 169
(a) (b)
Group 2 Methanocaldococcus jannaschii DSM 2661 | ppay 13 1N R iineN
(PurP 1) Methanocaldococcus sp. FS406-22 §vivE-BE-RGE--REYrin
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Fig. 5. Groups of PurP defined by phylogenetics and detail of the multiple
alignment. (a) Unrooted maximum likelihood tree of PurP constructed with 154
aminoacid sequences containing 399 sites, the model LG+G+| and bootstrap with
1,000 resamplings. Root placement is indicated. (b) Indels shared by PurPs I, I
and IV that were used to root the phylogenetic tree of PurP shown in (a). Five
PurPs of each group are represented in the alignment.
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Fig. 6. Phylogenetic trees of the PurPs and the proposed events of duplication that
gave rise to the different groups. (a) Phylogenetic tree rooted on the branch that
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connects PurP Il with the other PurPs. This tree is shown unrooted in figure 5a.
(b) Proposed evolutionary history of PurPs. Arrows indicate duplication events and
the numbers on the arrows indicate the number of times the branch is recovered in
phylogenetic analyses performed with different settings (supplementary fig. S2).
The abbreviations indicate the phylum of each sequence: EU - phylum
Euryarchaeota; CR - phylum Crenarchaeota; TA - phylum Thaumarchaeota; KO -
phylum Korarchaeota. The scale indicates the number of substitutions per site.

The topology of the PurP tree suggests that clades I, Il, Il and IV are
paralogs that originated in three events of duplication that occurred in the
ancestral of the Archaea domain (fig. 6b). The first duplication event originated the
PurP Il and two subsequent duplications originated the PurPs IV, | and II. These
isoforms of PurP were selectively maintained or lost during the taxonomic
diversification of the domain Archaea. However, the internal nodes representing
the duplication events that originated the paralogs I, Il and IV do not have enough
bootstrap support in the protein ML tree (fig. 6). Therefore, we constructed other
ML trees with the multiple alignment of nucleotides containing only unambiguous
sites as determined in the Guidance server (Penn et al. 2010). The alternative ML
trees were inferred with different nucleotide positions (1% and 2" or all positions of
the codon) and with the aminoacid positions of the protein multiple alignment.
These reconstructions yielded alternative evolutionary histories (supplementary
fig. S2) that were not always similar to the tree proposed for the PurPs in this
study (fig. 6).

Group 1 (PurP 1) is composed of OTUs in four classes of methanogenic
Archaea: Methanobacteria, families Methanobacteriaceae, Methanothermaceae;
Methanococci, families Methanocaldococcaceae and Methanococcaceae;
Methanopyri, familia Methanopyraceae, with only 1 OTUs; and Methanomicrobia,
family Methanocellaceae. All OTUs from these classes contain only one copy of
purP (supplementary table S2). Although Methanocella paludicola SANAE
presents three copies of the gene, only one copy is classified in group 1. This
group includes the PurP from Methanocaldococcus jannaschii, the only PurP that

had its FAICAR synthase activity functionally characterized (Zhang et al. 2008-II).

PurPs of groups 2 and 3 (PurP Il and PurP I1ll) are in the same 61 OTUs of
the phyla Crenarchaeota, Euryarchaeota, Thaumarchaeota and Korarchaeota
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(supplementary table S2). Group 2 is composed of 62 proteins, one in each OTUs,
except for Methanosarcina mazei Gol that harbours two PurP II. Group Il is
composed of 61 proteins, one copy in each OTUs. In some OTUs the genes that
encode the PurP Il and Il are in genomic context with other pur genes, what
suggests that they are functionally related with the PBP (supplementary table S3).
The fourth group is composed of PurP homologs in the genome of six of thirteen
OTUs in the family Thermococcaceae (supplementary table S2). These six OTUs
also harbour the PurPs Il and Ill (supplementary table S2). The genes coding for
the PurP IV are in the same genomic context with other pur genes (supplementary
table S3). The PurPs IV are being described for the first time in this study as a
novel putative isoform of PurP in six of thirteen analysed OTUs of the
Thermococaceae family (supplementary table S2).

Discussion

The purine biosynthetic pathway (PBP) is ancient and its derivatives are
involved in the synthesis of nucleic acid precursors, carbohydrate metabolism and
in several cellular signalling pathways. Information on the diversity of the genes
encoding the enzymes of the PBP is important to many biotechnological
applications, such as the development of anticancer and antimicrobial drugs. In
this study, we expand the scientific knowledge on the diversity in the last two steps
of the PBP in prokaryotic lineages. To accomplish this, an extensive genome
analysis was performed with 1,405 completely sequenced and annotated
prokaryotic genomes. Comparative genomics and genomic context analyses
showed that the diversity of PBP in the domain Bacteria is higher than previously
reported. For example, the genes purV and purJ, initially reported only from
Archaea and the gene purO, considered a signature of the domain Archaea, were

found in this study to be relatively common in Bacteria.

The occurrence of genes coding for PurH in Bacteria and Archaea was
previously reported (Brown et al. 2011; Armenta-Medina et al. 2014). However,
our results showed that contrary to what occurs in the domain Archaea, the
enzyme PurH seems to be the preferred evolutionary alternative selected by most

bacterial phyla to catalyse the last two steps in the purine biosynthesis. Genes
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encoding PurH were found in 17% of the archaeal genomes analysed and in 85%
of the bacterial genomes (fig. 2). The genomic analyses performed in this study,
as well as the taxonomical patterns of occurrence indicate that purO, purV and
purJ are able to replace purH in members of the domain Bacteria that lack this
gene, similar to what was proposed for Archaea (Brown et al. 2011). Genes that
replace purH occurred in 73% of the archaeal genomes and in 5% of the bacterial
genomes included in our analyses (fig. 2). Approximately 37% of the purO, purV
and purJ were in genomic context with other genes of the PBP in both bacterial
and archaeal genomes and 63% were not in genomic context (table 1). The fact
that part of the genes coding for enzymes in the PBP are in genomic context is
expected because genes functionally related tend to be in the same operon in
prokaryotic genomes (Korbel et al. 2004). The genomic context is commonly used

in the prediction of the functional interactions among genes (Huynen et al. 2000).

No homologs of genes that code for PurH, PurO, PurV and PurJ were found
in genomes studied of OTUs in the phyla Crenarchaeota, Korarchaeota and
Thaumarchaeota, but genes that code for homologs of PurP were found and they
may be involved in the PBP, as will be discussed below. A total of 135 genomes
did not harbour any of the genes coding for the last two steps of the PBP nor their
homologs. These OTUs, 14 Archaea and 121 Bacteria, representing aproximately
10% of each domain are not able to synthesize purines de novo. Many parasites,
such as members of the family Rickettsiaceae, Helicobacter pylori, Nanoarchaeum
equitans and symbionts such as Borrelia burgdorferi and Serratia symbiotica
acquire purines by recycling pre-existing purines found in the growth substrate
through the salvage purine pathway (Waters et al., 2003; Jewett et al., 2009;
Liechti and Goldberg, 2011). A number of OTUs in the domains Archaea and
Bacteria lacking these genes are free-living, indicating that they are able to
synthesize purines, most certainly through the salvage pathway. Another
possibility is that these organisms synthesize purines de novo by enzymes that are
still unknown to participate in the last two steps of the PBP, a hypothesis that

awaits for confirmation.

According to Xu et al. (2007) the fusion of the genes that code for the
domains AICARFT and IMPCH originating the PurH was favoured during evolution
once FAICAR, product of the AICARFT domain of PurH, is spontaneously
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converted into its precursor, AICAR. So, the origin of PurH contributed to
accelerate the conversion of FAICAR into IMP by the domain IMPCH. The
hypothesis proposed by Xu et al. (2007) for the origin of PurH, implies that the
domains AICARFT and IMPCH coded by two distinct genes was the ancestral
condition of the PBP and therefore, organisms with the PurH in their genomes
would have an adaptive advantage. Zang et al. (2008-I) speculated that although
there is no tunnel or channel between the domains AICARFT and IMPCH of PurH,
there is a predominance of positive charges between them, what favours the
transfer of FAICAR from the domain AICARFT to the domain IMPCH,
corroborating the suggestions made by Xu et al. (2007) for the origin of PurH.
However, our results show that purV and purJ are functionally involved in the PBP
in bacteria, like was proposed by Brown et al. (2011) for Archaea. The domains
AICARFT and IMPCH of the human PurH produce peptides able to catalyse their
respective enzymatic reactions (Rayl et al. 1996). These results indicate that
AICARFT and IMPCH do not need to be fused to perform their catalytic reactions.
Therefore, the fact that the domains AICARFT and IMPCH are coded by distinct
genes in many living OTUs of the domains Archaea and Bacteria do not implicate
that these two genes cannot catalyse the last two steps of the PBP. The
experimental characterization of the peptides encoded by these genes will

certainly bring more information on their catalytic mechanisms and evolution.

According to the molecular phylogeny of PurQ, it is possible to infer that the
ancestral form of this enzyme was present in the common ancestor of Archaea
and Bacteria domains. On the basis of this hypothesis, the absence of purO in the
majority of the analysed bacterial genomes would be the result of losses of this
gene during species diversification in this domain. Taking these results into
consideration, purO can no longer be considered a signature of the domain
Archaea, as previously suggested (Graupner et al. 2002; Ownby et al. 2005;
Zhang et al. 2008-I; Zhang et al. 2008-1I; Armenta-Medina et al. 2014).

Although the purO homologs in Bacteria and Archaea appear to be highly
distinct, the combinations of bacterial homologs of purO and purV genes
anticorrelated with purH (fig. 2) and part of the bacterial homologs of purO are in
genomic context with purV and other genes of the PBP (table 1). The similarity of

the aminoacids in the active sites of archaeal and bacterial PurOs suggests that
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they are functionally related (fig. 4). The variation in the conservation of the
primary structure of the PurO of Archaea and Bacteria are coincident (fig 4a),
indicating that the selection pressure was similar on the primary structure of these
proteins after the divergence of the domains Archaea and Bacteria. In addition, the
conservation of the aminoacid residues of the active site is not related to the
conservation of the region of the primary structure in which they are located, even
at positions where amino acids residues vary (fig.4a). It suggests that they were
conserved in the PurOs of archaeas and their bacterial counterparts despite the
evolutionary divergence that results from speciation events. Taken together, these
results strongly indicate that the bacterial homologs of purO are analogs of

archaeal PurOs.

The PurPs are only present in archaeal genomes and the phylogenetic tree
of these enzymes shows a division in four groups. Rooting the PurP phylogenetic
tree with the shared indels is justifiable because these insertions or deletions of
nucleotides or aminoacids have a high importance as phylogenetic markers.
These events are rarely fixed and hardly reversed when compared to sequence
substitutions (Rokas and Holland 2000). Therefore, genes or proteins that share
indels are considered phylogenetically more related (Chan et al. 2007). Indels are
used as molecular markers in studies as diverse as protein evolution and
taxonomy of microorganisms (Rokas and Holland 2000; Chan et al. 2007;
Ajawatanawong and Baldauf 2013; Naushad et al. 2014). Due to the different
evolutionary histories recovered in phylogenetic trees constructed with different
codon positions in the nucleotides of purP or with aminoacid positions with high
levels of reliability, the relationships among these PurP paralogs proposed here
must be viewed with caution. Perhaps, phylogenetic analyses including a greater
number of PurP sequences or other methodological approaches, such as the use
of complex networks, can help to solve this problem (Andrade et al. 2011;
Carvalho et al. 2015).

The collective analyses of PurPs in archaeal genomes indicate that PurP IV
is a new isoform, distinct from the ones previously described in the PBP (Zhang et
al. 2008-I1). The tertiary structure of the PurP IV from Thermococcus kodakarensis
was resolved, however, it was not enzymatically characterized (Zhang et al. 2008-

II; Brown et al. 2011). The topology of the clades PurP I, II, lll and IV is
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approximately congruent with the taxonomy of the domain Archaea. The
incongruences between the phylogeny inferred with the PurPs in this study and
the phylogeny of the domain Archaea may be the result of both the absence of
PurPs in the genome of some OTUs (e.g. in the classes Halobacteria,
Thermococci and Thermoplasmata; supplementary text) or events of horizontal
gene transfer. For example, transference of PurP | among unrelated
methanogenic Archaea (supplementary text). The OTUs with PurPs Il and Il are
the same and are in the phyla Crenarchaeota, Euryarchaeota, Thaumarchaeota
and Korarchaeota. The topology of this clade is approximately congruent with the
taxonomy of the domain Archaea (fig. 6a; Spang et al. 2010; Podar et al. 2013
Petitjean et al. 2015). The exceptions are the PurP Il of Candidatus Korarchaeum
cryptofilum OPF8, phylogenetically related to the PurP Il of phylum Euryarchaeota
and the clade containing the PurPs Il of the families Archaeoglobaceae and of
Methanocella paludicola SANAE, that are phylogenetically related to the PurPs Il
of OTUs from the phyla Thaumarchaeota and Korarchaeota (fig. 6a). Considering
that the phylum Euryarchaeota is monophyletic (Wolf et al. 2012; Petitjean et al.
2015), this incongruences indicate that the PurPs from Candidatus Korarchaeum
cryptofilum OPF8 and the clade that contains the PurPs Ill of the family and
Archaeoglobaceae and of Methanocella paludicola SANAE were acquired by

horizontal gene transfer.

The PurP was recruited after the divergence of Archaea and Bacteria, its
origin occurred in the ancestor of Crenarchaeota and Euryarchaeota. Its isoforms
originated with a first event of duplication that occurred in the ancestor of
Crenarchaeota and Euryarchaeota giving rise to PurP Il and the ancestor of the
PurPs I, Il and IV followed by a second duplication event that originated the PurP
IV and the ancestor of the PurPs | and Il and the last duplication originated the
PurPs | and II. The PurPs Il and Il were maintained in the Crenarchaeota and

Euryarchaeota and the other isoforms only in Euryarchaeota.

There are evidences suggesting that the PurPs Il, Ill and IV are functionally
linked to the PBP. For example, most Archaea included in this study that harbour
PurPs Il and 11l or Il, Il and IV do not contain the PurP | or analogous enzymes
such as PurH or PurV encoded in their genomes (supplementary table S1). In

general, these archaeal OTUs are free-living (supplementary table S2) and the
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PurPs Il, Ill and IV of several phylogenetically unrelated Archaea are in genomic
context with other genes of the PBP or in putative operons (supplementary table
S3). These OTUs are widespread in the phyla Crenarchaeota, Euryarchaeota,
Thaumarchaeota and Korarchaeota and represent more than one third of the
Archaea analysed in this study. In some cases the conservation of the genomic
context of the purPs extends to OTUs of different genera, such as the purPs from
Desulfurococcus kamchatkensis 1221n and Ignisphaera aggregans DSM 17230 or
to all OTUs of one order, such as in Sulfolobales (supplementary table S3). These
are ecological and genomic evidences of the involvement of the PurPs I, Ill and IV
in the PBP.

The PurP | of Methanocaldococcus jannaschii was shown to have FAICAR
synthase activity, which is the ninth step of the PBP (Ownby et al. 2005). In
contrast, neither Pyrococcus furiosus PurP Il and PurP Il have showed any
detectable FAICAR synthase activity (Zhang et al. 2008-II). However, the tertiary
and quaternary structures of PurP | of M. jannaschii and PurP Il of P. furiosus
revealed that their active sites were highly conserved (Zhang et al. 2008-II).
Additionally, the PurP Il of P. furiosus binds to both ATP and AICAR (Zhang et al.
2008-11). Based on these findings, Zhang et al. (2008-11) speculated that the PurP
II of P. furiosus could utilize an alternative source of formyl to catalyse the
conversion of AICAR to FAICAR while the PurP Ill would have a distinct catalytic
activity or would have no catalytic function once it is highly divergent from PurP |
and Il. The PurP | of M. jannaschii and PurP Il of P. furiosus have an hexameric
guaternary structure formed by the interaction between two trimers. However,
PurP | has a more compact structure, with approximately 2.5X more buried
surface area between the two trimers than PurP Il (Zhang et al. 2008-II). This
weaker interaction between the trimers of PurP Il of P. furiosus was attributed to a
possible crystallization artefact rather than biologically relevant (Zhang et al. 2008-
II). However, all Archaea analysed in this study that contain a PurP Il also has a
PurP I, except for some OTUs of the class Thermococci, which harbour the
PurPs II, Il and IV. Therefore, it is possible that this weaker interaction between
the trimers of PurP Il of P. furiosus is because in its biologically active form, the

PurP Il and 1ll form heterohexamers composed of trimers with the same isoform.
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So, we speculate that in this arrangement the PurPs Il and Il would be able to
catalyse the ninth reaction of the PBP, the conversion of AICAR into FAICAR.

The results of this study contribute to a better understanding of the diversity
of the PBP in prokaryotes. The genes purV, purd and purO, previously reported
only in the domain Archaea were also found in Bacteria, indicating a higher
diversity of the PBP in this domain than previously described. In light of these
results, purO cannot be considered a signature of the domain Archaea, as
previously reported. Bacterial PurOs were inferred to have catalytic activity due to
the conservation of aminoacids in its active site and to participate in the ninth step
of the PBP.

According to the hypothesis of Horowitz (1945), enzymes of the last stages
of biosynthetic pathways were the first to be recruited during their origin. The last
two steps of the PBP show the highest variation when compared to the other steps
of this pathway and indeed, this variation is found in both Archaea and Bacteria.
Woese (1998) proposed that the Cenancestor was a diverse community of cells
that survived and evolved as a biological unit rather than a discrete entity. This
diversity observed in the first recruited enzymes probably resulted from the
functional redundancy in ancient times, in accordance with Woese's proposition.
Therefore, our results combined with the propositions presented above, are
congruent with the hypothesis that the last steps of PBP evolved in the

Cenancestor.
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Fig. S1. Phylogenetic tree of 81 nucleotide sequences of purOs from Archaea and
Bacteria reconstructed with the maximum likelihood method. The multiple
alignment contained 386 sites and the evolutionary model GTR+G+l was used
with 1,000 bootstrap resamplings. The scale indicates the number of substitutions

per site.
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Fig. S2. Maximum likelihood trees of the PurPs reconstructed with different
settings. (a) Tree constructed with nucleotides utilising the first and second
positions of each codon. (b) Tree constructed with aligned nucleotides of the first,
second and third positions of the codon. (c) Tree constructed with aligned
aminoacids. Initially two multiple alignments of nucleotides of purP homologs were
obtained in the Guidance Server using different pairwise alignment methods:
Localpair and Globalpair. The multiple alignments were visually checked and sites
aligned differently in these alignments were considered ambiguous and were
excluded. The final multiple alignments contained 666 sites, 1,4% with a Guidance
confidence score of 0,75 and 98.6% with a Guidance confidence score higher than
0.9. The model utilised for aligned nucleotide trees was GTR+G+l and the matrix
for aminoacids was LG+G+l and branch confidence was calculated for all trees
with 1,000 bootstrap resamplings. The scale indicates the number of substitutions
per site.
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Table S2. Archaeal taxa with OTUs contaning PurPs in the genome. The black
cicle represents the only archaeal species that is not free-living.

Phylum Class Order Family OTUs PurP | PurP Il PurP Il PurPIV
Desulfurococcus fermentans DSM 16532 + +
Desulfurocc Desulfurococcus kamchatkensis 1221n + +
Desulfurococcale: Ignicoccus hospitalis KIN4/I + G 2
Ignisphaera aggregans DSM 17230 + L
Pyrodictiaceae Pyrolobus fumarii 1A T +
Fervidicoccales Fervidicoccaceae Fervidicoccus fontis Kam940 *: *
Acidianus hospitalis W1 * +
Metallosphaera cuprina Ar-4 + +
Metallosphaera sedula DSM 5348 + *
Sulfolobales Sulfolobaceae Sulfolobus acidocaldarius DSM 639 & +
Sulfolobus islandicus L.S.2.15 + &
Sulfolobus solfataricus P2 + +
Crenarchaeota Thermoprotei Sulfolobus tokodaii _str. 7 #* +
Caldivirga maquilingensis IC-167 + +
Pyrobaculum aerophilum_str. IM2 + +
Pyrobaculum arsenaticum DSM 13514 + ¥
Pyrobaculum calidifontis JCM 11548 + *
Pyrobaculum islandi DSM 4184 + +
Pyrobaculum ogunit TE7 +* L
Thermoproteales Thermoproteaceae Byichacilom e 880 % &
Pyrobaculum neutrophilum V24Sta & +
Thermoproteus tenax Kra 1 + +
Thermoproteus uzoniensis 768-20 + +
Vulcanisaeta distributa DSM 14429 # &
Vulcanisaeta moutnovskia 768-28 + *
Archaeoglobus fulgidus DSM 4304 + +
Archaeoglobus profundus DSM 5631 + +
Archaeoglobi Archaeoglobales Archaeoglobaceae Archaeoglobus sulfaticallidus PM70-1 & %
Archaeoglobus veneficus SNP6 + *
Ferroglobus placidus DSM 10642 + +

Methanobacterium lacus AL-21
Methanobacterium sp. MB1
Methanobacterium paludis SWAN1

Methanobrevibacter sp. AbM4
S T R N i Methanobacteriaceae Methanobrevibacter ruminantium M1

Methanobrevibacter smithii ATCC 35061
Methanosphaera stadtmanae DSM 3091
Methanothermobacter marburgensis_str. Marburg
Methanothermobacter thermautotrophicus str. Delta H
Methanoth Methanothermus fervidus DSM 2088
Methanocaldococcus fervens AG86
Methanocaldococcus infemus ME
Methanocaldococcus jannaschii DSM 2661
Methanocaldococcaceae Methanocaldococous sp . FS406-22
Methanocaldococcus vulcanius M7
ccale: Methanotoris igneus Kol 5
Methanococcus aeolicus Nankai-3
Methanococcu. ipaludis C5
Methanococcaceae Methanococcus vannielii SB
Methanococcus voltae A3
Methanothermococcus okinawensis IH1
Methanocella arvoryzae MRE50
cellale: Meth. Il Methanocella conradii HZ254
Methanocella paludicola SANAE
Methanosaeta concilii GP&
Methanosaetaceae Methanosaeta harundinacea 6Ac
Methanosaeta thermophila PT
Methanohalobium evestigatum Z-7303
. Methanohalophilus mahii DSM 5219
MetAngsaIGInaes Methanolobus psychrophilus R15
Methanosarcinaceae Methanomethylovorans hollandica DSM 15978
Methanosalsum zhilinae DSM 4017
Methanosarcina acetivorans C2A
Methanosarcina barkeri str. Fusaro
Methanosarcina mazei Go1
pyri Methanopyral Methanopy Methanopyrus kandleri AV19 +
Pyrococcus furiosus DSM 3638
Pyrococcus horikoshii OT3
Pyrococcus sp . NA2
Pyrococcus sp. ST04
Pyrococcus yayanosii CH1
Thermococcus barophilus MP
Thermococci Thermococcales Thermococcaceae Thermococcus gammatolerans EJ3
Thermococcus kodakarensis KOD1
Thermococcus litoralis DSM 5473
Thermmococcus sibiricus MM 739
Thermococcus sp . 4557
Thermococcus sp . AM4
Thermococcus sp . CL1

Thermopl: t Th pl tal 7 Thermoplasmatales archaeon BRNA1 @

Methanococci

Moth Meoth

ymicrobia

L B R B B R B K L R R B B K B B B B B R B BN

Euryarchaeota

L K R0 B BE K BB K B R B AR
L K B K B K B BE B B B B AR

Moth

Korarchaeota ? ? ? Candidatus Korarchaeum cryptofilum OPF8

” " y y ; Candidatus Nitrosopumilus koreensis AR1
7 Nitrosopumilales Nitrosopumilaceae Nitrosopumilus maritimus SCM1

? Nitrososphaerales Nitrososphaeraceae Candidatus Nitrososphaera gargensis Ga9.2

Thaumarchaeota

LA K B K B K B K B BE BE B BE B BE B B
L K K K B B B B B B B B B B B R K B
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Table S3. OTUs in which the genes encoding PurPs I, Ill and IV are in genomic
context with other genes of the purine biosynthetic pathway.

Phylum Class Order OTUs Genomic Context
Desulfurococcus fermentans DSM 16532 purf . _puD . purT  _purE . _purM . purPlil . _puB -
Desulfurococcales Desulfurococcus kamchatkensis 1221n purC_, _purS_, _purQ , _pul , puf , _puf , _puD , _purT , puf , _purM_, purPlil, _purB [ purPil,
lanisphaera agaregans DSM 17230 eg , _purS_, _purQ , _pul , puF , puF , puD , puT , _puE , puM_, purPlll, puB  [purPll,
fontis Kam940 _purf_, _puD ErT ,_PuE_, _purS_, _purQ , pul , _puf _, purM , purPill, purB  [purPil}
Acidianus hospitalis W1 \ g - purP il purA .
Metallosphaera cuprina Ar-4 \_purB___purPll , purPlll,  purA
Metallosphaera sedula DSM 5348 \% _purPll, purPill, _purA
Sulfolobales Sulblobus acidocaldarius DSM639 \_purB__ | purPll , purPlll, purA
Crenarchaeota Thermoprotei LS2.15 purP il _PuA__
Sulfolobus solfataricus P2 pu ll{
tokodaii str. 7 Ry _puh
Caldivirga is IC-167 \_PurA___purB_ purPlll [ purPil
Pyrobaculum islendicum DSM 4184 purP il -
Themoproteales ~Lhermoproteus tenax Kra 1 purPlll | purPll
Thermoproteus uzoniensis 768-20 il purPll
Vulcanisaeta distributa DSM 14429 n
Vulcanisaeta moutnovskia 768-28 _purPlil, [purPll, _puS , _purQ , _puT . puD _puC
Pyrococeus furiosus DSM 3638 purD_, _purP il
horikoshii OT3 __purD_, _purPlll
sp. NA2 L_puD_, EITEIIR,
Pyrococcussp. ST04 _puD_, [purPill,
Pyrococcus yayanosii CH1 = -Eﬂ/
Them: hilus MP
ermococcus barophilus 73 D
Thermococcus gammatolerans EJ3
Euryarchaeota ,
Thermococci Thermococcales
Thermococcus kodakarensis KOD1 purD_, _purPlll, _purS , _purQ
purC__ purPIV _purO
Themococcus litoralis DSM 5473 put _puT_, \ puE _ puD , _purPlil;
purC purPIV_ _pur0
Thermococcus sibiricus MM 739 purD_, purPlll, _purS , _purQ , pul
Themiococcusisp 4557 _purM purT _, _purE purD_, purPlll, purS , _purQ , Other , purt [ putPil’y
purC &ﬂl , _pur0_
Thermococcus sp. AM4 [ _’p mQ -
purD__, _purPlll
Thermococcus sp. CL1 o —&-’T S EED &Jm —L’Ws —&-—"Q D -
purC . purPIV _purO
Korarchaeota ? ? Candidatus Korarchaeum cryptofilum OPF8 _purP Il
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Supplementary text:

The phylum Euryarchaeota is monophyletic, however methanogenic
Archaea are not monophyletic and they are divided in two unrelated classes (Yutin
et al. 2012; Wolf et al. 2012; Petitiean et al. 2015). The methanogenic class |
includes OTUs from the orders Methanobacteriales, Methanococcales and
Methanopyrales that are from the classes Methanobacteria, Methanococci and
Methanopyri, respectively. These classes are phylogenetically related. The
methanogenic class Il includes OTUs from Methanocellales, Methanosarcinales

and Methanomicrobiales, all orders from the class Methanomicrobia.

The clade PurP | contains methanogenic OTUs from the class | (orders
Methanobacteriales, Methanococcales and Methanopyrales) and from order
Methanocellales, a class Il methanogenic higher taxa (fig. 6a). The evolutionary
relations between the PurP | of methanogenic Archaea class | is congruent with
the phylogeny of the Archaea domain (Wolf et al. 2012; Petitjean et al. 2015). The
exception is the close phylogenetic relationship between the PurP 1 from
Methanocellales with the PurPs from the order Methanobacteriales (fig. 6a). This
suggests that the former ones were acquired in a horizontal gene transfer event
from an ancestor of a methanogenic Archaea class |. Methanosarcina mazei Gol
is the only OTUs from Methanosarcinales (methanogenic Archaea class Il) that
harbours three PurPs, two in group Il and the other one in group Ill. All other OTUs
analysed from this order possess two PurPs, one in group Il and the other one in
group lll. The topology of the tree indicates that one of the copies of PurP Il of M.
mazei Gol was acquired from Methanosarcina acetivorans C2A in an event of
horizontal gene transfer. One alternative hypothesis is that the PurPs Il from M.
mazei Gol originated in a duplication event in the ancestor of the species of the
genus Methanosarcina and one of the copies was lost in the other OTUs of the

genus included in this study (fig. 6a).

Methanomicrobiales is the only order of class Methanomicrobia
(methanogenic Archaea class Il) that does not possess PurP-coding genes in their
genomes and all OTUs of this order contain the gene purH, where the AICARFT
domain is analogous to PurP (supplementary table S1). Some studies did not
recover the monophyly of class Methanomicrobia and show that the order

Methanomicrobiales is phylogentically related to the order Halobacteriales (class
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Halobacteria) (Brochier-Armanet et al. 2008; Podar et al. 2013; Petitjean et al.
2015). The OTUs of Halobacteriales also do not contain purP-coding genes, but
they harbour purV, which is a putative analog of PurP (supplementary table S1).
The absence of purP in the genome of OTUs of the orders Methanomicrobiales
and Halobacteriales might be a shared characteristic due to their close
phylogenetic relationship. This is maybe an additional evidence that the class
Methanomicrobia is not monophyletic, a question still under debate.

Additional literature cited:

Brochier-Armanet C, Boussau B, Gribaldo S, Forterre P. 2008. Mesophilic
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Rev Microbiol. 6:245-252.

Petitiean C, Deschamps P, Lopez-Garcia P, Moreira D, Brochier-Armanet C. 2015.
Extending the conserved phylogenetic core of Archaea disentangles the evolution
of the third domain of life. Mol Biol Evol. 32:1242-1254.

Podar M, et al. 2013. Insights into archaeal evolution and symbiosis from the
genomes of a nanoarchaeon and its inferred crenarchaeal host from Obsidian

Pool, Yellowstone national park. Biol Direct. 8:9.

Wolf YI, Makarova KS, Yutin N, Koonin EV. 2012. Updated clusters of orthologous
genes for Archaea: a complex ancestor of the Archaea and the byways of

horizontal gene transfer. Biol Direct. 7:46.
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CAPITULO 2

Diversidade e evolucdo de purV e purJ: Provaveis novos genes

da via biossintética de purinas

Artigo a ser submetido a revista Genome Biology and Evolution (GBE)
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RESUMO

Cruz, DCB. Diversidade e evolugcdo de purV e purJ: Provaveis novos genes
da via biossintética de purinas

O estudo da via biossintética de purinas (VBP) tem contribuido de forma
significativa no desenvolvimento de farmacos anticancer, antimicrobianos, na area
da biotecnologia proporcionando a producdo de compostos de valor comercial a
partir de microrganismos, e também na area agricola, uma vez que suas enzimas
estdo diretamente relacionadas a fatores como crescimento e viruléncia de
fitopatdégenos. O fosforribosil-pirofosfato (PRPP) € o precursor da via de purinas,
ele é convertido a inosina-monofosfato (IMP) através de 10 etapas enzimaticas. O
nono e décimo passos da VBP é originalmente realizado pela PurH nas Bacterias
e pela PurP e PurO nas Archaeas, respectivamente. No capitulo 1 relatamos a
existéncia da PurO, PurV e PurJ no Dominio Bacteria, novas enzimas da VBP que
provavelmente também estdo relacionadas com o nono e décimo passo da via.
Como discutido anteriormente a PurV e PurJ sdo homélogos aos dominios
AICARFT e IMPCH da PurH entretanto ainda ndo se sabe qual teria sido a origem
delas, se foram originados a partir dos dominios ancestrais que deram origem a
PurH ou a partir de quebras do gene da PurH, devido a isso o objetivo desse
trabalho foi primeiramente compreender melhor a diversidade dos genes
envolvidos com o nono e décimo passos da VBP nos genomas procariéticos,
buscar evidencias que nos permitam inferir que PurV e PurJ sdo ativas na via e
entender a relacdo evolutiva existente entre elas e a PurH. Foi realizada uma
gendbmica comparativa com 2735 genomas procarioticos completamente
sequenciados, buscando pelos genes purH, purV, purd, purP e purO. Apesar do
namero de genomas ser quase o dobro do capitulo 1 os resultados da genémica
comparativa foram basicamente os mesmos. Foi realizada uma analise dos
aminoacidos do sitio ativo dos AICARFTs e IMPCHs de todas as PurHs
recuperadas e PurVs e PurJs recuperados, com isso foi possivel observar que
apesar de algumas variacdes existe conservacao de aminoacidos do sitio ativo de

PurV e Purd inclusive de aminoacidos que foram descritos como essenciais para
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a atividade da enzima. O padrdo de conservacdo da estrutura primaria de
AICARFTs/PurVs e IMPCH/PurJ é similar, eles apresentam basicamente as
mesmas regides conservadas. Na arvore da PurH foi possivel observar uma clara
divisdo entre Gram positivas e Gram negativas. Dos 32 filos amostrados apenas 8
foram monofiléticos para PurH, entretando a monofilia foi observada também em
taxas inferiores como familia, ordem ou classe. As PurHs de Archaea ficaram
dispersas e provavelmente teriam sido adquiridas a partir de transferéncia lateral
de genes. A topologia que a arvore das PurJs com os dominios IMPCHs das
PurHs assumiu, reflete que os purJs ndo tiveram uma Unica origem e
provavelmente surgiram a partir de quebras de purH, uma vez que parte deles
agruparam com os IMPCHs do mesmo filo. A PurV por outro lado formou grupos
distintos na arvore e ndo estdo relacionados com os AICARFTs das PurHs,
indicando que provavelmente tenham sido originadas a partir do dominio

ancestral.

Palavras-chave: Inosina, IMP, AICARFT, IMPCH, PurH.
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ABSTRACT

Cruz, DCB. Diversity and evolution of purV and purJ: Probable new genes of

the purine biosynthetic pathway

The study of the purine biosynthetic pathway (PBP) has contributed significantly to
the development of anticancer and , antimicrobial drugs, , providing the production
of compounds of commercial value from microorganisms, and also in the
agricultural area, since their enzymes are directly related to factors such as growth
and virulence of phytopathogens. Phosphoribosyl-pyrophosphate (PRPP) is the
precursor of the purine pathway, it is converted to inosine monophosphate (IMP)
through 10 enzymatic steps. The ninth and tenth steps of PBP are originally
performed by PurH in Bacteria and by PurP and PurO in Archaea, respectively. In
Chapter 1 we report the existence of PurO, PurV and PurJ in the Bacterial
Domain, new enzymes of the PBP that are probably also related to the ninth and
tenth passage of the pathway. As discussed earlier, PurV and PurJ are
homologous to the AICARFT and IMPCH domains of PurH, however, it is not yet
known what their origin would have been if they originated from the ancestral
domains that gave rise to PurH or from the PurH gene , due to this the objective of
this work was first to better understand the diversity of the genes involved with the
ninth and tenth steps of the PBP in the prokaryotic genomes, to find evidence that
allow us to infer that PurV and PurJ are active in the pathway and to understand
the evolutionary relation between they are the PurH. A comparative genomic was
performed with 2735 completely sequenced prokaryotic genomes, searching for
the purH, purV, purd, purP and purO genes. Although the number of genomes is
almost double that of chapter 1 the results of comparative genomics were basically
the same. An analysis of the amino acids of the active site of the AICARFTs and
IMPCHs of all the recovered PurHs and PurVs and PurJs recovered was
performed, with it being possible to observe that despite some variations there is
conservation of amino acids from the PurV and PurJ active site including amino
acids that were described as essential for the activity of the enzyme. The
conservation pattern of the primary structure of AICARFTs/PurVs and IMPCH/PurJ

is similar, they present basically the same conserved regions. In the PurH tree it
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was possible to observe a clear division between Gram positive and Gram
negative. Of the 32 phyla sampled only 8 were monophyletic for PurH, while
monophyly was also observed at lower rates such as family, order or class. The
Archaea PurHs were dispersed and probably would have been acquired from
lateral gene transfer. The topology that the PurJs tree with the PurHs IMPCH
domains took, reflects that the purJs did not have a single origin and probably
arose from purH breaks, since some of them clustered with the IMPCHSs of the
same edge. The PurV on the other hand formed distinct groups in the tree and are
not related to the PurHs AICARFTSs, indicating that they probably originated from

the ancestral domain.

Key words: Inosine, IMP, AICARFT, IMPCH, PurH.
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Introducéo

A via biossintética de purinas (VBP) € uma das mais antigas, logo, 0 sua
evolucdo esta intimamente relacionada com a evolucgéo e diversificacdo dos seres
vivos (Caetano-Anolles et al. 2007). Além disso, o estudo da VBP tem contribuido
de forma importante na saude, com o desenvolvimento de drogas anticancer e
antimicrobianas (Xu et al. 2007; Firestine et al. 2009; Nours et al. 2011;
Tranchimand et al. 2011; Baggott & Tamura, 2015). A inativacdo das enzimas da
VBP esta relacionada com fenétipos agronomicamente importantes, como a perda
de viruléncia de espécies fitopatogénicas reducdo na eficiéncia de associacao
simbidtica microrganismo-planta e também interferéncia no processo de
conidiacao de fungos que exercem controle biolégico (Xie et al. 2005; Park et al.
2007; Qin et al. 2011; Yuan et al. 2013).

Na maioria dos organismos, existem dois caminhos para a producao das
purinas, a via biossintética de novo, onde a sintese ocorre a partir do
fosforibosilpirofosfato (PRPP), e a via de salvamento, onde as purinas sao
recuperadas dos produtos resultantes da degradacdo dos acidos nucleicos ou
coenzimas (Xu et al. 2007; Nours et al. 2011). A via biossintética de purinas de
novo € um processo celular caro, pois pode consumir até 10 moléculas de ATP
para produzir 1 molécula de Inosina monofosfato (IMP) que é o produto final da
via (Peifer et al. 2012), entretanto € a forma mais rapida de obtencao de purinas
pela célula (Xu et al. 2007). Ja a via de salvamento converte nucleobases
extracelulares, ou degrada os compostos de purinas até os nucleotideos ou
nucleosideos correspondente, gastando menos ATPs que a via de novo e assim
sendo mais econémico para a célula (Peifer et al. 2012). Na via de novo, o IMP é
produzido a partir de 10 passos enzimaticos, ele é a primeira purina, e a partir
dele passos enzimaticos adicionais irdo realizar a conversdo nas demais purinas,

como a adenina, guanina, xantosina, hypoxantina entre outras (Peifer et al. 2012).

A quantidade de etapas enzimaticas e de enzimas envolvidas na via de
novo pode variar entre 0os grupos taxonémicos. Nos animais, por exemplo, o sexto
passo da via é realizado pela enzima PurE Il, enquanto em procariotos, fungos e

plantas esse passo € realizado pelas enzimas PurK e PurkE I. O terceiro passo
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pode ser realizado pela PurN ou pela PurT, os eucariotos ndo tem PurT, e apesar
dela estar presente em procariotos, 0 mais comum nas archaeas e bacterias € a
PurN (Zhang et al. 2008).

O nono e décimo passo da VBP também apresentam variacbes, em
bactérias e eucariotos essas etapas sdo realizadas pela enzima PurH, enquanto
nas archaeas, esses passos sao catalisados principalmente pela PurP e PurO,
respectivamente. A PurH é uma enzima bifuncional, que apresenta dois dominios,
o dominio AICARFT realiza o nono passo da via, onde o intermediario AICAR é
convertido em FAICAR, e o dominio IMPCH que realiza o decimo passo,
convertendo FAICAR em IMP (Zhang et al. 2008). Brown e Colaboradores (2011),
descreveram a existéncia da PurH em algumas espécies do dominio Archaea,
assim como a ocorréncia dos seus dominios em uma forma néo fusionada, como
genes independentes. Em um trabalho anterior (Dados ainda nao publicados), nds
encontramos os dominios da PurH como genes independentes no Dominio
Bacteria, os quais nomeamos purV (dominio AICARFT) e purJ (dominio IMPCH),
encontramos também homdlogos bacterianos de purO, algo inédito até o

momento.

No nosso trabalho anterior mostramos que a distribuicdo de purV e purd
nos Dominios Archaea e Bacteria € significativa, dos 31 Filos analisados 25
apresentam purV ou purJ, entretanto ainda ndo estudamos qual seria a origem
desses genes e qual a relacdo evolutiva deles com purH. Podemos inferir que
existem duas hipoteses para a origem dos purVs e purJs encontrados atualmente
em linhagens de Archaea e Bacteria, esses genes podem ter sido originados a
partir dos dominios ancestrais que originaram a PurH, ou ser resultado de eventos

de quebra do gene da PurH.

Devido a isso o0 objetivo do presente trabalho foi, primeiramente expandir o
nosso conhecimento sobre a distribuicdo e diversidade das enzimas do nono e
décimo passos da VBP, buscar novas evidencias que nos permitam associar 0s
novos genes purV e purd funcionalmente a VBP e principalmente conhecer a
histéria evolutiva deles, a fim de saber se foram originados a partir do dominio
ancestral ou da quebra do purH.
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Material e Métodos

Busca pelos genes do nono e décimo passo da VBP nos genomas

procarioticos

Inicialmente foi criada uma lista de espécies com genoma completamente
sequenciado, depositados nas bases de dados do NCBI (National Center for
Biothecnology Information) até o més de Marco de 2017. Estas espécies aqui
foram tratadas como Unidades Taxondmicas Operacionais (OTUSs). Esta lista foi
organizada taxonomicamente, e teve um total de 2735 OTUs, englobando os

Dominios Archaea e Bacteria.

As buscas foram realizadas para todos os genes envolvidos com a nona e
decima etapa da VBP, purH, purV, purd, purP e purO, entretanto apenas as
sequéncias de nucleotideos homologas de purH, purV e purJ foram recuperadas
para a realizacdo das analises seguintes. Para isso foram utilizados os algoritmos
Blastp e tBlastn do programa BLAST disponivel no NCBI, utilizando as bases de
dados “Non-redundant protein sequences (nr)” e “Nucleotide collection (nr/nt)”

respectivamente.

A sequéncia de aminoacidos da PurH (NP_418434.1) de Escherichia coli
foi utilizada como query para as buscas por homoélogos da PurH. A regido que
codifica o dominio AICARFT dessa mesma PurH foi utilizada como query para as
buscas de purV e a regido que codifica o dominio IMPCH foi utilizada como query
para as buscas de purJ. Para as buscas por PurP e PurO foram utilizadas como
query as proteinas homodlogas de Methanocaldococcus jannaschii
(WP_010869629.1 e Q58043.2 respectivamente). Essas proteinas foram

escolhidas por ja terem sido descritas e caracterizadas funcionalmente.

A presenca e auséncia de purH, purV, purd, purP e purO e o nimero de
cOpias em cada genoma analisado foi anotado, assim como o contexto genémico
em que 0S novos genes purV e purJ estdo inseridos. A analise do contexto
gendémico dos genes foi realizada através da ferramenta de visualizacdo de

contexto gendmico Gene Context Tool NG (Martinez-Guerrero et al. 2008) e



67

também com o programa Artemis (Rutherford et al. 2000) utilizando os dados

gendmicos disponiveis no NCBI.

Andlise da estrutura priméria e secundéria de PurV e PurJ

A conservacdo dos aminodcidos da estrutura primaria das proteinas foi
estudada através da analise de Sliding window plot com o programa Geneious
11.1.5 (Kearse et al. 2012) a partir do alinhamento mdultiplo das proteinas.
Utilizando uma janela de tamanho 1, o programa calculou o percentual de
identidade de cada posicdo do alinhamento mdiltiplo de proteinas. Para essa
analise foram considerados apenas o0s sitios conservados entre AICARFTs e
PurV (242 sitios), e IMPCHs e PurJ (144 sitios), os mesmos utilizados para as
analises filogenéticas.

Para analisar a conservacao dos aminoacidos do sitio ativo das PurVs e
PurJs, em relacdo aos dominios AICARFT e IMPCH da PurH, foram construidos
LOGOS, comparando-se 0os aminoacidos dos sitios ativos dos dominios AICARFT
e IMPCH de todas as PurHs recuperadas com todas as PurVs e PurJs
recuperadas, respectivamente, e também com a PurH humana (NP_004035.2)
que foi utilizada como referéncia (Nours et al. 2011; Axelrod et al. 2008). Os
LOGOS foram criados com o programa WEB LOGO (Crooks et al. 2004). A
andlise da estrutura secundaria de PurV e PurJ foi baseada na predicdo de
estrutura secundaria da PurH humana (1P4R) disponivel no Protein Data Bank
(PDB).

Alinhamentos multiplos e filogenia de PurH, PurV e PurJ

As sequéncias de aminoacidos da PurH, PurV e PurJ, foram alinhadas no
programa MAFFT (Katoh et al. 2017) e posteriormente editadas no programa
MEGA 6 (Tamura et al. 2013).

O alinhamento das PurHs foi separado nas partes correspondentes aos
dominios AICARFTs e IMPCHs, estes foram alinhados e editados separadamente
e depois unidos para realizagcao da filogenia da PurH. A parte correspondente aos
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AICARFTs também foi unida as PurVs e o mesmo foi realizado com os IMPCHs e

PurJs, gerando assim 3 alinhamentos. As arvores filogenéticas foram realizadas

com o FastTree (Price et al. 2009).

Resultados

Analise de genémica comparativa

A busca pelos genes purH, purV, purd, purP e purO foi realizada em 2735

OTUs com genomas completamente sequenciados, 205 do Dominios Archaea e

2530 do Dominio Bacteria. Foram recuperadas 2257 sequencias homoélogas de

purH, 42 no Dominio Archaea e 2215 no Dominio Bacteria. Além disso, foram

recuperadas 4 homoélogos de purJ em Archaea e 70 em Bacteria, assim como, 37

homélogos de purV em Archaea e 120 em Bacteria. O gene da PurO foi

encontrado em 85 OTUs do Dominio Archaea e 37 do Dominio Bacteria, apenas

uma coépia por OTU enquanto a PurP foi encontrada em 132 OTUs de Archaea,

variando de uma a quatro copias, totalizando 248 homdlogos de purP (tabela 1).

Tabela 1. Relagéo de OTUs e genes recuperados por filo.

Nenhum
Dominio Filo OTUs purH purV purJ purP purO dos
genes
Crenarchaeota 44 - - - 58 - 15
Euryarchaeota 145 42 37 4 167 85 2
Archaea Korarchaeota 1 - - - 2 - -
Nanoarchaeota 2 - - - - - 2
Thaumarchaeota 13 - - - 21 - 3
Acidobacteria 9 9 - - - - -
Actinobacteria 364 353 13 1 6 6
Aquificae 15 15 - - - -
Bacteriodetes 173 159 16 9 - 5
Chlamydiae 17 1 - - - 16
Chlorofiexi 18 17 - - - 1
Chrysiogenetes 1 1 - - - -
Clorobi 12 12 - - - -
Cyanobacteria 80 79 - - - 1
Deferribacteres 4 4 - - - -
Deinococcus - Thermus 23 23 - - - -
Dictyoglomi 2 2 - - - -
Elusimicrobia 3 3 - - - -
Bacteria Fibrobacteres 1 - 1 - 1 -
Firmicutes 441 386 39 8 24 23
Fusobacteria 9 8 - - - 1
Gemmatimonadetes 3 3 - - - -
Ignavibacteriae 2 2 - - - -
Nitrospirae 7 ¥ - - - -
Planctomycetes 14 13 1 1 - -
Proteobacteria 1171 1080 33 28 3 60
Spirochaetes 43 18 7 5 3 18
Synergistetes 5 5 - - - -
Tenericutes 73 4 - - 69
Thermodesulfobacteria 4 - 4 4 -
Thermotogae 27 18 6 14 1
Verrucomicrobia 9 9 - - - - -
Total 2735 2273 157 74 248 122 223
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Aproximadamente 95% das OTUs do Dominio Bacteria, que ndo possuem

purH, possuem purV e purd ou purV e purO, combinacdes génicas que sao

equivalentes funcionais de purH (fig. 1). Essas combinagbes foram

frequentemente encontradas inseridas no mesmo contexto gendmico (tabela 2).
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Fig. 1. GenGmica comparativa com 2735 genomas completamente sequenciados
dos Dominios Archaea e Bacteria. Caixas coloridas indicam presenca do gene,
caixas coloridas escuras indicam os casos em que na auséncia da PurH ocorrem
combinacBes génicas que sdo equivalentes funcionais da PurH. Os ndameros
representam quantidade de género/OTUs que apresentam o gene em questao.



Tabela 2. OTUs em que purV, pur] e purO bacterianos estdo em contexto
gendmico com outros genes da via biossintética de purinas. Seta cinza escrito
outro, indicam outros genes que ndo tem relacdo com a via.

Filo. Classe OTUs Contexto Gendmico
! KNP414 puD_ G G oo _puM_ \_put | _pul_ \_purd  \_puS_ \_puC_ \_puB_ \_puK  \ puE
Bacill Pasnibacillus naphthatenovorans 320-Y puD_ ==heeﬂ_ SRS Cpur s Cpits Gpuan) Cprsn Spucs) Sput) Cpik) Gpves)
illus composti KWC4 D NpuN_ _purM_ _purf | _put |\ _puQ _ \_purS _\_purC  \_puiB_ \_puK _ \_puE
Flovoniactr plout 131 ouro_ QU @B0N _ouro_
Intestinimonas butyriciproducens AF211 puE_, _puC_, puf , puM_, purN_ [ipEol) ISR
Clost cum VW1 Qutro_ QRPERVN CpUIOR ._Outro
Clostridium sp. SYB519 \Outro__ \Qutro_
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Além de estarem no mesmo contexto gendmico, oS genes bacterianos
purV, purd e purO, estdo inseridos também no mesmo contexto que outros genes
da VBP (tabela 2), possivelmente compondo operons. Em 3 OTUs da Classe
Bacilli os genes purV e purO estdo agrupados com todos os outros genes da
VBP, formando um operon completo. No Dominio Archaea, apenas as purVs das
OTUs da Classe Halobacteria foram encontrados em contexto com purB (tabela
3).
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Tabela 3. OTUs em que purVs de Archaea estdo em contexto com outros genes
da via biossintetica de purinas.

Filo Classe Ordem Familia OTUs Contexto Genémico
Haloarculaceae Natronomonas pharaonis DSM 2160 purB - Outro
Halobacteriales o ' icoccus jeotgali B3 purB Outro - Outro
Halot
Halobacterium salinarum NRC-1 purB Qutro
Haloferax mediterranei ATCC 33500 purs  [NEREND Outo
Halofe Icanii urB Qutro
Haloferacaceae aloferax volcanii DS2 P -
Haloferacales Halogeometricum borinquense DSM 11551 purB - Outro
Haloquadratum walsbyi DSM 16790 purB purA
Halorubraceae Halorub, I fundi ATCC 49239 urB
Euryarchaeota Halobacteria SRR ‘ocusNUNG! 2
Halopiger xanaduensis SH-6 purB
Haloterrigena turkmenica DSM 5511 purB
Halovivax ruber XH-70 purB
i i urB
Natrialbales Natrialba magadii ATCC 43099 P
Natrinema pellirubrum DSM 15624 purB
Natrinema sp. J7-2 purB

Natronobacterium gregoryi SP2 purB
Natronococcus occultus SP4 purB

Estrutura priméria das PurVs e PurJs

A andlise dos logos mostrou que existe variagdo nos aminoacidos do
AICARFT e IMPCH das PurHs, das PurVs e das PurJs homodlogos aos
aminoacidos do sitio ativo dos dominios AICARFT e IMPCH da PurH humana (fig.
2 e 3). O sitio ativo do dominio AICARFT da PurH humana, possui 13 residuos de
aminoécidos (Cheong et al. 2004, Zhang, et al. 2008-a), destes, 7 sdo 100% de
conservados nos dominios AICARFTs das PurHs e PurVs recuperadas, (Lys266,
His267, G316, Asn431, Arg451, Asp546, Arg588 da PurHs humana) (fig. 2b). Nas
demais posi¢cbes que apresentam variacdes 0s aminoacidos de maior ocorréncia

geralmente sdo os mesmos nos dominios AICARFTs das PurHs e nas PurVs.
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Fig. 2. Variagbes dos aminoacidos do sitio ativo dos AICARFTs e PurVs. a-
Estrutura secundaria do AICARFT da PurH com indicacdo das posi¢cbes dos
aminoacidos do sitio ativo. b-LOGOs dos aminoacidos do sitio ativo dos
AICARFTs da PurH humana, 2257 PurHs recuperadas e PurVs recuperadas. c-
Graficos ilustrando variagcdes encontradas nos aminoacidos do sitio ativo dos
AICARFTs e PurVs.
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Fig. 3. Variagdes dos aminoécidos do sitio ativo dos IMPCHSs e PurJs. a) Estrutura
secundaria do IMPCH da PurH com indicacdo das posi¢cdes dos aminoacidos do

sitio ativo. b-LOGOs dos aminoacidos do sitio ativo dos

IMPCHs da PurH

humana, 2257 PurHs recuperadas e PurJs recuperadas. c-Gréficos ilustrando
variacdes encontradas nos aminoécidos do sitio ativo dos IMPCH e PurJs.
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As posicdes 1, 9 e 12, foram as mais variaveis nos dominios AICARFTS,
oito aminoacidos distintos foram encontrados em cada uma dessas posi¢cdes. Os
aminoacidos que ocorreram nessas posi¢coes dos AICARFTs também ocorreram
nas mesmas posi¢cdes das PurVs, entretanto a variagcdo encontrada nas PurVs foi
menor (fig. 2). Os aminoacidos predominantes em cada uma dessas posicoes
foram os mesmos tanto nos dominios AICARFTs como nas PurVs, com exce¢ao
da glicina na posi¢cdo 12 que predominou nos AICARFTs, porém foi a segunda
mais frequente nas PurVs. A posi¢ao 12 foi a que apresentou maior variagao nas
PurVs, quatro aminoacidos diferentes, nos demais as variagcdes nao passaram de

trés aminoacidos distintos (fig. 2).

O sitio ativo do dominio IMPCH também possui 13 aminoacidos, mas
apenas um é 100% conservado no IMPCHs das PurHs (Asp125) (fig. 3b) e dois
nas PurJs recuperadas (Thr37 e Aspl25)(fig. 3b). Nos demais sitios que
apresentaram variacdes, 0os aminoacidos de maior ocorréncia geralmente sdo os
mesmos (fig. 3c). As posicdes 1, 4 e 9 foram mais variaveis nos dominios
IMPCHs enquanto que as posi¢cfes 1, 6 e 10 foram as mais variaveis nas PurJs.
Foram encontrados 7 aminoacidos distintos na posicédo 1 dos IMPCHs e 8 nas
PurJs, com excecao da arginina encontrada em uma PurJ nessa posicao, todos
0s outros aminoacidos encontrados nos IMPCHs também foram encontrados nas
PurJs. Na posicdo 4 dos IMPCHs foram encontrados 9 aminoacidos distintos
entretanto a predominancia foi da glicina. 5 aminoacidos diferentes foram
encontrados na posicdo 9 dos IMPCHSs entre eles a asparagina o aminoacido de
maior ocorréncia nessa posi¢do. As posicdes 6 e 10 das PurJs apresentaram 7 e
5 aminoacidos distintos respectivamente, com predominancia de Arginina para a
primeira e tirosina para a segunda. Com excec¢éao da lisina encontrada na posi¢ao
6 e do &cido aspartico encontrado na posicdo 10 dos IMPCHSs, os aminoacidos
restantes encontrados nessas posi¢coes foram correspondentes entre IMPCHS e
PurJ. Na posicdo 5 das PurJs a treonina € 100% conservada e também foi a que

mais ocorreu nos IMPCHs.

Algumas dessas variacdes observadas, tanto para AICARFTs, PurVs,
IMPCHs e PurJ, estdo em regides de estrutura secundaria do tipo a-hélice ou B-
sheet (fig. 2a e 3a). Para os AICARFTs e PurVs, as variacdes nas posicoes 6, 9 e

12 ocorrem em estrutura secundaria (fig. 2a e c), enquanto que para os IMPCHs e
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PurJs as variagcbes que ocorreram dentro de estrutura secundaria foram nas
posicdes 4, 9 e 13 e apenas para os IMPCHs também na posi¢do 5 (fig. 3a e
c).Das 6 posigbes que variaram nos AICARFTs e PurVs, apenas 3 estdo em
estrutura secundaria. Das 12 posicdes que apresentam variacdes nos IMPCHs,
apenas 4 estdo inseridas em estrutura secundaria, e das 11 encontradas para
PurJs, apenas 3 estdo em estrutura secundaria. Os IMPCHSs e PurJ apresentaram
mais variagdes que os AICARFTs e PurVs os quais aparentemente sao mais

conservados.

A andlise de sliding window plot mostrou que a variacdo na conservacao da
estrutura primaria das PurVs e os dominios AICARFTs das PurHs e das PurJs e
0s dominios IMPCHs das PurHs é similar (fig. 4a e b). Geralmente, as regides
mais conservadas na estrutura primaria dos AICARFTs e dos IMPCHSs, coincidem
com as regibes mais conservadas na estrutura primaria das PurVs e PurJs,
respectivamente. Doze dos treze aminoacidos dos sitios ativos do AICARFTs e
IMPCHs bem como seus homoélogos nas PurVs e PurJs ficaram em uma regido
com identidade média acima de 66%, apenas Asn547 do sitio ativo do AICARFT e
Serl2 do sitio ativo IMPCH estdo em posi¢cdes com identidade média abaixo de
55%.

Identidade média IMPCHs e PurJs

Lys66

B MPCHs M PurJs

b) Identidade média AICARFTs e PurVs
Arg207 His267

Gly316 Asp339
Tyr208 Lys266
4

Asn431 Phe541 Asp546

W AICARFTs M Purvs
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Fig. 4. Andlise de sliding window plot. Graficos ilustrando o padrdo de
conservagao da estrutura primaria dos AICARFTs, IMPCHSs, PurV e PurJs. A
estrutura primaria de AICARFTs/PurVs e IMPCHs/PurJs apresentam conservacao
similar, as regides mais conservadas s@o basicamente as mesmas. a) Gréfico de
identidade da estrutura primaria IMPCHs/PurJs; b) Grafico de identidade da
estrutura primaria AICARFTs/PurVs.

Relacdes filogenéticas entre PurHs procarioticas

A Topologia da arvore filogenética da PurH reflete em grande parte a
taxonomia procariética, sendo possivel observar uma divisdo entre Gram positivas
e Gram negativas, mesmo nos casos em que as PurHs dos dois grupos
taxondmicos estdo em um mesmo grupo da arvore filogenética (fig. 5). As PurHs
do Dominio Archaea ficaram dispersas em 5 grupos distintos na &rvore
filogenética e a maioria filogeneticamente relacionadas com PurHs de bactérias
Gram negativas (fig. 5), Das 42 PurHs recuperadas no Dominio Archaea, 5 sao de
OTUs da Classe Thermoplasmata, e sao filogeneticamente relacionadas com
PurHs do Filo Firmicutes, as Unicas PurHs desse Dominio que agruparam com
Gram positivas, entretanto esse grupo emerge dentro de um grupo maior
constituido em sua maioria por PurHs de bactérias Gram negativas. Vinte das
PurHs de Archaea, todas pertencentes a Familia Methanosarcinaceae agruparam
com PurHs dos Filos Bacteriodetes, Deltaproteobacteria e com a Unica PurH
encontrada para o Filo Chlamydiae. Cinco PurHs pertencentes a OTUs da Ordem
Thermoplasmatales agruparam com PurHs do Filo Thermotogae. Duas PurHs
pertencentes a OTUs do Filo Euryarchaeota ainda sem taxons inferiores
definidos, agruparam com PurHs de Spirochaetes e Chloroflexi. Nove
pertencentes a OTUs da Ordem Methanomicrobiales ficaram proximas a um
grupo predominantemente de Deltaproteobacterias e 1 agrupou com

proteobacterias da Classe Gammaproteobacteria.
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. Gram Positivas
. Gram Negativas

Archaea

Fig. 5. Arvore filogenética de maximum likelihood com a sequencia de proteina
das 2257 PurH recuperadas. A arvore foi reconstruida pelo método LG+G+l, com
1000 repeticdes de bootstrap. Ramos roxos representam as PurHs pertencentes a
OTUs de Gram positivas; vermelho representam as PurHs pertencentes a OTUs
de Gram negativas; verde representam as PurHs pertencentes a OTUs de
Archaea.

Dos 32 Filos procaridticos representados nesse trabalho, 8 séo
monofiléticos para PurH (Clorobi, Cyanobacteria, Deferribacteres, Dictyoglomi,
Gemmatimonadetes, Ignavibacteriae, Synergistetes, e Verrucomicrobia), e 16 nao
sao monofiléticos, sendo que em 7 deles apenas uma PurH ficou fora do grupo
contendo as PurHs das demais OTUs do Filo (tabela 4). Os 8 Filos restantes ndo
apresentam PurH, ou apresentam apenas 1 PurH. Taxons monofiléticos abaixo de
Filo foram observados em 29 Filos, apenas os Filos Elusimicrobia, Fusobacteria e
Nitrospirae ndo apresentaram taxons monofiléticos em niveis taxondmico

inferiores, como Classe, Ordem ou Familia (tabela 4).
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Tabela 4. Grupos taxonémicos que sdo monofiléticos para PurH.

Dominio Filo Monofilético Elsaun Kirdens Fimiles
Total Monofiléticas Total Monofiléticas Total Monofiléticas

Crenarchaeota - - - - - - -
Euryarchaeota Nao 8 0 9 2 24 4
Archaea Korarchaeota - - - - - a “
Nanoarchaeota - - - - - - -
Thaumarchaeota - - - - - -
Acidobacteria Nao* 3 1 2 1 1
Actinobacteria Nao* 4 1 22 7 4“1 13
Aquificae Nao 1 0 2 1 3 3
Bacteriodetes Nao 5 2 5 2 20 6
Chlamydiae " ® 2 a * e 3
Chloroflexi Nao 5 2 7 2 8 3
Chrysiogenetes J 8 ® - . : 8
Clorobi Sim 1 1 1 1 1 1
Cyanobacteria Sim - - 7 2 22 4
Deferribacteres Sim 1 1 1 1 1 1
Deinococcus - Thermus Nao* 1 0 2 0 3 2
Dictyoglomi Sim 1 1 1 1 1 1
) Elusimicrobia Nao* 1 0 1 0 1 0
Bacteria Fibrobacteres - - - - - -
Firmicutes Nao 6 1 10 3 33 9
Fusobacteria Nao 1 0 1 0 2 0
Gemmatimonadetes Sim 1 1 1 1 1 1
Ignavibacteriae Sim 1 1 1 1 2 -
Nitrospirae Nao* 1 0 1 0 1 0
Planctomycetes Nao* 2 1 2 1 4 0
Proteobacteria Nao 5 1 45 14 104 34
Spirochaetes Nao 1 0 2 1 4 1
Synergistetes Sim 1 1 1 1 1 1
Tenericutes Nio* 1 0 3 1 4 1
Thermodesulfobacteria - - - - - - -
Thermotogae Nao 1 0 3 1 4 1
Verrucomicrobia Sim 4 1 4 2 4 2

* Apenas a PurH de 1 OTU agrupou fora, o que provavelmente € um caso de transferencia horizontal
- Nao tem PurH

# Tem apenas 1 PurH

RelacbGes filogenéticas entre as PurVs e o dominio AICARFT das PurHs

procarioticas

Na arvore filogenética obtida a partir do alinhamento multiplo contendo os
dominios AICARFTs das PurHs e as PurVs, as Ultimas formaram um grande
grupo contendo 113 PurVs bacterianas que ndo esta relacionado com um grupo
especifico de AICARFTs de PurHs procaridticas (fig. 6, tabela 5). Este grupo
contém dois subgrupos menores, um contendo predominantemente PurVs de
OTUs Gram positivas, incluindo OTUs High GC e Low GC, e o outro contendo
predominantemente PurVs de OTUs da Classe Deltaproteobacteria (fig. 6). Das
outras PurVs restantes, seis do Filo Thermotogae agruparam com AICARFTs de
PurHs de OTUs do mesmo Filo. As trés PurVs do Filo Euryarchaeota,

pertencentes a OTUs da Familia Methanosaetaceae, agruparam com o dominio
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AICARFT de PurHs de OTUs do Filo Verrucomicrobia (fig. 6). Por fim, a Unica
PurV encontrada em OTUs do Filo Fibrobacteres agrupou com AICARFTs de
PurHs de OTUs do Dominio Archaea todos pertencentes a Familia
Methanosarcinaceae da Ordem Methanosarcinales e Classe Methanomicrobia.
(fig. 6). O dominio AICARFT foi encontrado fusionado a PurN em todas as trinta e
quatro OTUs da Classe Halobacteria, Dominio Archaea, que foram analisadas
neste trabalho (tabela 3). Todos eles ficam em um Unico grupo na filogenia dos
dominios AICARFT das PurHs e das PurVs (fig. 6).
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Fig. 6. Recortes da arvore filogenética de maximum likelihood dos AICARFTs das
2257 PurHs recuperadas com as 157 PurVs recuperadas. A arvore foi realizada
pelo método LG+G+l, com 1000 repeticbes de bootstrap. Marcacbes coloridas
indicam os grupos formados pelas PurVs. Azul, grupo com 113 PurVs de Gram
positivas e Gram negativas; vermelho, PurVs de Archaea, roxo, PurVs do Filo
Thermotogae; e verde, PurV do Filo Fibrobacteres.

RelacbGes filogenéticas entre as PurJs e o dominio AICARFT das PurHs

procarioticas

Na arvore filogenética obtida a partir do alinhamento multiplo dos IMPCHs
e PurJs, as PurJs ficaram distribuidas em 12 grupos. Em geral esses grupos
contém PurJs pertencentes a OTUs do mesmo Filo, e ndo estdo diretamente
relacionados com IMPCHs, indicando que elas sao filogeneticamente mais
relacionadas entre si (tabela 5). Aproximadamente 39% das PurJs agruparam
com IMPCHs de OTUs do mesmo Filo (PurJs de Euryarchaeota, Firmicutes,

Planctomycetes, Thermotogae, Bacteriodetes, e Spirochaetes) (fig. 7 e tabela 5).

Tabela 5. Relacao de Filos em que as PurV e PurJ agruparam com AICARFTs e
IMPCHs

Relacionada com AICARFTs Purd Relacionada com IMPCHs do

Filo com PurV e PurJ PurV PSSR ur. fieais filo
Euryarchaeota 37 - 4 4
Firmicutes 39 - 8 8
Actinobacteria 13 - 1 -
Planctomycetes 1 1 1
Thermotogae 6 6 14 6
Bacteriodetes 16 - 9 9
Fibrobacteres 1 - -
Thermodesulfobacteria 4 - 4 -
Spirochaetes 7 - 5 1

Proteobacteria 33 - 28 -
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Fig. 7. Recortes da arvore filogenética de maximum likelihood dos IMPCHs das
2257 PurHs recuperadas com as 74 PurJs recuperadas. A arvore foi realizada
pelo método LG+G+l, com 1000 repeticbes de bootstrap. Marcagdes coloridas
indicam os grupos formados pelas PurJs. Azul, PurJ de Bacteria; vermelho, PurJs
de Archaea.

Discusséo
Analise de genémica comparativa

Nesse trabalho foi analisado quase o dobro de genomas em comparacao
com o trabalho anterior (97% a mais), e os resultados encontrados nao diferem
dos resultados obtidos previamente: A PurH é a escolha evolutiva das bactérias
para desempenhar os dois Ultimos passos da VBP, enquanto as archaeas além
da PurH, recorrem a PurP e a PurO. A PurP continua sendo assinatura do
Dominio Archaea, e a PurO esta presente em um numero maior de genomas

bacterianos do que o que foi mostrado em nosso trabalho anterior (Capitulo 1).

Devido a preferéncia das bactérias pela PurH, a quantidade de PurV, PurJ
e PurO encontradas nos genomas procariéticos analisados foi surpreendente,
esse fato chama atencdo para a possibilidade de uma diversidade enzimatica
ainda maior para a VBP, que ainda € desconhecida, principalmente para as
espécies de Archaea do Filo Crenarchaeota, que ndo possuem nenhumas das

outras enzimas do nono e décimo passos da VBP, apenas a PurP.

Até entdo ndo existe indicios de qualquer outra enzima que realize a
fungéo da PurH no nono e decimo passo da VBP no Dominio Bacteria, dessa
forma a correlacdo negativa das combinacdes génicas purV/purd ou purV/purO
com purH (fig. 1) pode indicar que esses novos genes estdo funcionalmente
ativos na via, uma vez que essas combinagfes sédo equivalentes funcionais de

purH e foram encontrados em 95% dos genomas que néo tem purH.

A insercao de purV e purJ bacterianos no mesmo contexto gendmico que
outros genes da VBP (tabela 1), € um dos indicios mais relevantes demonstrados

nesse trabalho, que nos permite atribuir relacdo funcional desses genes com a
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VBP. Isso porque é comum nos genomas procarioticos as vias metabdlicas serem
codificadas por agrupamentos de genes ou operons, eles sao pistas relevantes
para a atribuicdo funcional (Korbel et al. 2004; Rocha 2008; Zhao et al. 2013).
Isso devido ao fato de que genes para uma determinada caracteristica importante
sdo comumente agrupados dentro do genoma de procariotos (Rocha 2008; Marti-
Arbona et al. 2014) e tendem a ser conservados devido as pressfes de sele¢cédo
(Santos et al. 2010, Yurkov et al. 1994).

Boa parte dos purVs encontrados no Dominio Archaea estédo inseridos no
mesmo contexto gendmico que purB (tabela 2), porém, em direcdes opostas. I1sso
nos permite reforcar a associacédo dos purVs a VBP nesse Dominio, uma vez que
a relacao funcional pode ser estabelecida quando os genes estado posicionados
em uma mesma direcdo, ou nado, pois, genes posicionados divergentemente
também sdo fortemente co-regulados e podem ser explorados para fazer

predices funcionais precisas (Korbel et al. 2004).

E valido salientar também, que a PurB produz o intermediario que sera
utilizado pela PurV, e além disso, esses genes purVs estdo todos fusionados a
purN. Além da conservacdo de grupos génicos, e a co-ocorréncia de genes a
fusdo génica também € uma caracteristicas gendmicas associada a

funcionalidade (Berger et al. 2008; Moreno-Hagelsieb & Santoyo 2015).

Analise da estrutura primaria das PurVs e PurJs

A maioria das varia¢cdes que ocorreram nos residuos de aminoacidos dos
sitios ativos das PurVs e PurJs, também foram encontradas nos dominios
AICARFT e IMPCH das PurHs analisadas (fig. 2c e 3c), 0 que possivelmente
pode ser uma caracteristica propria dessas enzimas procariéticas. Muitas das
variagbes ocorreram entre aminoacidos com as mesmas caracteristicas fisico-
quimicas, como por exemplo, mudanca de Asp para Glu (fig. 2b posicdo 6),
ambos aminoacidos polares e acidos, mudancas de lle para Val (fig. 2b posicéo 9)
que sdo aminoacidos apolares com cadeia ramificada, ou ainda mudancgas entre

Ser e Thr (fig. 3b posicdo 3) que sdo aminoacidos polares sem carga.
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A mudanca entre aminoacidos fisico-quimicamente semelhantes tem uma
grande chance de ter equivaléncia funcional e estrutural, uma vez que, de acordo
com Malkov e Colaboradores (2008), possivelmente sao as caracteristicas fisicas
e quimicas de cada aminoacido que definem como ele vai interagir e quais
estruturas secundarias ele vai formar dentro de uma proteina. Sendo assim,

quando um aminoacido € substituido por outro de caracteristicas iguais, as

consequéncias disso pode ser irrelevante.

Segundo a literatura existe uma propensédo dos aminoacidos em formar a-
helices, p-Sheet, ou algcas. Os aminoacidos Arg, Glu, Lys, Leu, Met, Ala e GIn,
preferencialmente estdo presente nas a-helices, Val, lle, Thr, Phe, Tyr e Trp tém
propensao em formar (3-Sheets, ja a Ser, Asp, Asn, Gly e Pro geralmente formam
as algcas. Os aminoécidos His e Cys podem esta relacionados com qualquer uma
das estruturas secundarias (Malkov et al. 2008).

De acordo com Fujiwara e Colaboradores (2012) as propensdes dos
aminoacidos que formam a-hélice sdo frequentemente os mesmos, entretanto
para B-Sheet isso pode variar muito de acordo com o contexto, e a frequéncia dos
aminoacidos na cadeia. Isso porque, segundo Chemmama e Colaboradores
(2015), a propensdo de um aminoacido assumir uma determinada estrutura
secundaria é diretamente influenciada pelos aminoacidos que se encontram antes

e depois dele na estrutura primaria.

Sendo assim, por vezes, os aminoacidos relacionados a formacao de (-
Sheet podem estar também presentes em estrutura secundéria do tipo a-hélice,
assim como aqueles com propensao a formar alcas, que também podem compor
a-hélices e [B-Sheet (Malkov et al. 2008). Por esse motivo, as alteracdes
encontradas nos aminoacidos do sitio ativo inseridos em estrutura secundaria,

podem ou n&o ter alguma influencia na atividade da enzima,

De acordo com a literatura, as variagbes de aminoacidos encontradas nos
aminoécidos do sitio ativo AICARFTs/PurVs e IMPCH/PurJs séo estruturalmente
equivalentes, e nao interfeririam na formagao das a-hélices e B-Sheets. Com
excecdo apenas da mudanca de Asp para Glu (fig. 2c posicdo 6), entretanto
esses dois aminoacidos sao fisico-quimicamente semelhantes, e podem ser

estruturalmente equivalentes, uma vez que a propensao dos aminoacidos em
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formar certa estrutura secundaria pode esta relacionada as suas propriedades

fisico-quimicas (Malkov et al. 2008).

Através de mutacdes sitio dirigidas, Verma e Colaboradores (2017)
observaram que Lys255 (Lys 266 para PurH humana) e His256 (His 267 para a
PurH humana) na PurH de Staphylococcus lugdunensis sdo residuos de
aminoacidos essenciais para a atividade catalitica do dominio AICARFT, quando
substituidos por outro aminoacido o dominio perdeu sua atividade catalitica. Em
todas as PurVs analisadas neste trabalho os aminoacidos correspondentes a
Lys255 e His256 de Staphylococcus lugdunensis sé&o 100% conservados (fig. 2b,
posicdes 3 e 4). A conservacdo desses aminoacidos mostra que existe uma
pressdo de selecdo atuando sobre as PurVs, fazendo com que esses
aminoé&cidos essenciais a atividade da enzima sejam mantidos, reforcando assim
a participacdo e importancia da PurV na VBP. Além disso, o Logo indica que
outros aminoacidos também sédo 100% conservados e devem ser essenciais para

a atividade enziméatica do dominio AICARFT.

Apesar das variacdes existentes entre os aminoacidos dos sitios ativos, a
similaridade entre a estrutura primaria das PurVs e PurJs e os dominios AICARFT
e IMPCH que foi observada na analise de sliding window plot, sugere que existe
uma pressao de selecao atuando sobre PurV e Purl, e ela agiu de forma similar
para elas e para a PurH. Essa conservacao da estrutura primaria de PurV e PurJ,
também pode indicar atividade catalitica funcional, uma vez que os dominios
AICARFT e IMPCH séo cataliticamente independentes (Rayl et al. 1996; Zhang et
al. 2008; Verma et al. 2017).

PurV e PurJ podem ser funcionalmente ativas?

Em 1996, Rayl e Colaboradores demonstraram que os dominios IMPCH e
AICARFT da PurH humana, apresentam atividades enzimaticas independentes.
Eles sintetizaram os dominios separadamente e estabeleceram a atividade
enzimatica de cada um, observando que a atividade de um dominio independe do

outro dominio.
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Recentemente Verma e Colaboradores (2017), chegaram a mesma
conclusao, estudando a PurH de Staphylococcus lugdunensis, eles concluiram
que os dois dominios dessa PurH também sédo cataliticamente ativos de forma
independente, e os aminoacidos do sitio ativo de cada dominio ndo interagem
entre si durante a reacdo enzimatica dos dominios. Dessa forma PurV e PurJ sdo
cataliticamente capazes de desempenhar o nono e decimo passos da via
biossintetica de purinas.

O que se sabe até entdo é que os dominios da PurH necessitam formar um
dimero para que tenha atividade funcional (Greasley et al. 2001; Cheong et al.
2004; Axelrod et al. 2008), principalmente o dominio AICARFT, uma vez que seu
sitio ativo é composto por aminoacidos dos dois mondémeros que formam o
dimero da PurH, diferente do dominio IMPCH, que os aminoéacidos do sitio ativo
estdo todos no mesmo mondmero (Zhang et al. 2008-a).

E proposto que para ter uma atividade funcional eficiente o dominio
AICARFT da PurH necessita de um acoplamento préximo ao dominio IMPCH, o
gue favoreceria a conversao do FAICAR em IMP (Bulock et al. 2002; Xu et al.
2007). Entretanto, ndo ha evidencias da formacdo de um tunel que conecte o0s
sitios ativos dos dois dominios (Bulock et al. 2002; Xu et al. 2007; Zhang et al.
2008; Nours et al. 2011), nao justificando a necessidade dessa proximidade.

Verma e Colaboradores (2017), colocam que os dominios fusionados na
forma da PurH, pode ser relevante para a aquisicdo da conformacéo ideal da
enzima, entretanto ele assume como essencial para a atividade enzimatica a
formagéo de dimeros de cada dominio da enzima, e descreve que os dominios
AICARFT e IMPCH separadamente podem se auto associar de forma
independente e seguir 0 mesmo padrdo da PurH, formando dimeros estaveis.

Sendo assim a PurV e PurJ também séo capazes de formar dimeros funcionais.

Diante do exposto nesse trabalho, nada impede que purV e purJ sejam
funcionalmente ativos na VBP, uma vez que eles formam combinac¢des génicas
que substituem o gene da PurH em alguns organismos, estdo inseridos no
mesmo contexto gendmico que outros genes da VBP formando operons,
apresentam sitio ativo aparentemente funcional e podem sim se associar de

forma dimérica.



88

Relacdes filogenéticas entre PurHs procarioticas

A arvore da PurH tem sentido taxondmico, isso fica claro com a diviséo de
Gram Positivas e Gram Negativas e também pela formacdo de grupos
monofiléticos, sejam eles a nivel de Filo, Classe, Ordem ou Familia. Nos casos
em que Gram Positivas agruparam com Gram Negativas, é nitido a ocorréncia de

eventos de transferéncia lateral do gene da PurH de um grupo para o outro.

As archaeas preferencialmente utilizam a PurP e a PurO para realizar os
altimos passos da VBP, sendo essas as enzimas que predominantemente
ocorrem nesse Dominio da vida (Zhang et al. 2008-a). Devido a isso néo foi
surpreendente o fato das PurHs de archaeas estarem relacionadas com PurHs do
Dominio Bacteria, evidenciando que elas foram adquiridas a partir de
transferéncia horizontal. A distribuicdo das PurHs das archaeas na arvore, mostra
também que elas ndo tiveram uma Unica origem dentro do Dominio Bacteria,
como mostrado anteriormente, parte delas agrupou com Gram positivas e a

maioria com Gram Negativas (fig. 5).

Sendo assim, podemos inferir que as PurHs recuperadas sao derivadas de
um unico evento de fusdo que ocorreu no ancestral das bacterias, uma vez que a
topologia da arvore ndo sugere que exista mais de uma isoforma da PurH, e que

elas possivelmente tenham sido originadas a partir de eventos de fuséo distintos.

Relacbes filogenéticas entre as PurVs e o dominio AICARFT das PurHs

procarioticas

Aparentemente, ndo existe relacao filogenética préxima entre as PurVs e
os dominios AICARFTs das PurHs, isso ficou evidente diante da topologia que a
arvore assumiu, exceto para as PurVs do Filo Thermotogae que agruparam com
AICARFTs do mesmo Filo. Essas PurVs provavelmente foram originadas a partir
da quebra do purH desse grupo. O mesmo aconteceu com as 3 PurVs de
Archaea que agruparam com Gram negativas e a PurV do Filo Fibrobacteres que
agrupou com AICARFTs de OTUs de Archaea, entretanto esses ultimos

aparentemente foram adquiridos através de transferéncia horizontal.
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As 113 PurVs que agruparam juntas estdo amplamente distribuidas em
Gram positivas e Gram negativas. Elas sao muito distintas das demais PurVs e
nao estdo relacionadas com os AICARFTs analisados, aparentemente estas

PurVs séo derivadas do dominio ancestral e surgiram no ancestral das bacterias.

7

A fusdo da PurV com a PurN nas Halobacterias, provavelmente é
decorrente de um evento de fusdo que ocorreu no ancestral desse grupo,
possivelmente similar ao evento de fusdo que deu origem a PurH. Na arvore elas

estdo proximamente relacionadas com AICARFTs do Filo Planctomycetes.

Relacbes filogenéticas entre as PurJs e o dominio IMPCH das PurHs
procarioticas

A arvore filogenética das PurVs e PurJs contam historias diferentes. A
topologia que a arvore das PurJs com os IMPCHs assumiu deixa claro que as
PurJs apresentam origens distintas e possivelmente surgiram a partir de quebra
do gene da PurH, uma vez que elas estdo distribuidas de forma dispersa na
arvore e em sua maioria (59%) agrupando com IMPCH sem relagédo taxonémica.
Nos casos em que as PurJs agruparam com IMPCH do mesmo grupo taxonémico

podemos inferir que essa quebra possivelmente tenha ocorrido no ancestral do

grupo.

Diante dos resultados obtidos podemos inferir que, se as PurJs atuais
fossem originadas a partir do dominio IMCPH ancestral que originou a PurH, elas
formariam um grupo a parte na arvore, como ocorreu com a PurV, devido a
divergéncia que existiria entre elas e os IMCPHs. Por isso, devido a distribui¢cao
das PurJs na arvore de forma dispersa, e em alguns casos agrupando com o
IMCPH do mesmo grupo taxonémico, podemos inferir que as PurJs atuais foram
originadas a partir de eventos de quebra da PurH, que ocorreram em momentos

distintos da evolucédo do gene.

A topologia da arvore mostra também que houve casos de transferéncia
lateral do gene, o que justifica a falta de relacdo taxondmica entre a maioria das

PurJs e os IMPCHs (aproximadamente 59%).
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Diante do exposto podemos concluir que os resultados desse estudo
contribuem para compreender melhor a diversidade e distribuicdo das enzimas
relacionadas com o nono e décimo passo da VBP, assim como esclarece um
pouco da histéria evolutiva dos genes purV, purd, e purH. Sugere também grupos
taxondmicos em que a PurH pode ser utilizada para realizar filogenia. Além disso,
0os dados da gendomica comparativa podem ser utilizados, por exemplo, para
indicar os genes da VBP aqui estudados, que podem ser utilizados como

assinaturas para um taxon especifico.
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CONSIDERACOES FINAIS

Os resultados aqui apresentados expandem o conhecimento sobre a
diversidade e evolucdo das enzimas do nono e décimo passo da VBP,
principalmente no Dominio Bacteria, algo que ainda ndo havia sido relatado. As
enzimas PurO, PurV e PurJ, agora também associadas aos ultimos passos da
VBP em Bacteria, ndo podem mais ser considerados assinaturas do Dominio
Archaea. A PurP surgiu apds a divergéncia do Dominio Archaea e suas isoformas
foram originadas a partir de eventos de duplicacdo. O trabalho possibilitou
também entender a origem das PurVs e PurJs e a relacao filogenética delas com
as PurHs, que foram a escolha evolutiva das bactérias para os ultimos passos da
VBP e provavelmente surgiram a partir de um unico evento de fusdo no ancestral
do Dominio Bacteria, e aqui sugerimos como uma enzima que pode ser utilizada

para fazer filogenia de alguns taxons especificos.
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during the submission process. For further information on this process or to find

out more about the CHORUS initiative please click here.
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