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RESUMO

LACUNAS NA EVOLUGAO DA VIA DE REPARO POR EXCISAO DE
NUCLEOTIDEOS EM EUCARIOTOS

AUTORA: Rayana dos Santos Feltrin
ORIENTADOR: Prof. Dr. André Passaglia Schuch
COORIENTADORA: Dra. Ana Lucia Anversa Segatto

A via de reparo por excisdo de nucleotideos (NER) € o mais versatil mecanismo de
reparo de DNA, ja que esta envolvido na remogao de diferentes tipos de lesdes que
causam grandes distor¢des na dupla-hélice. Devido a sua grande importancia na
manutengdo da integridade gendmica, essa via apareceu cedo na evolugdo das
espécies. Além disso, a maioria dos estudos relacionados ao NER esta focada em
humanos, camundongos, leveduras e bactérias. Considerando a grande quantidade
de dados disponiveis em bancos de dados genémicos, € possivel obter sequéncias
de componentes do NER em diferentes organismos. Dessa forma, visamos
caracterizar potenciais ortélogos de componentes-chave da via NER em organismos
eucarioticos usando diferentes critérios estruturais e de similaridade, através do uso
de ferramentas de bioinformatica. Essa metodologia nos permitiu caracterizar a
estrutura de genes e proteinas de maneira comparativa, bem como esclarecer alguns
aspectos evolutivos da via NER. Diante disso, foram obtidos resultados de busca
significativos para a maioria das proteinas em grande parte dos organismos
analisados, principalmente para aquelas que tém um papel essencial na via.
Entretanto, reanalisamos importantes diferengas e encontramos novos aspectos que
podem implicar um funcionamento distinto do NER em diferentes organismos. Através
da demonstragdo da heterogeneidade das estruturas génicas e da variedade na
arquitetura das proteinas dessa via, nossos resultados revelam diferencas
importantes entre o NER humano e o de eucariotos evolutivamente distantes.

Palavras-chave: Reparo de DNA. Via NER. Eucariotos. Estrutura génica. Arquitetura
de dominios.



ABSTRACT

OPEN GAPS IN THE EVOLUTION OF THE EUKARYOTIC NUCLEOTIDE
EXCISION REPAIR

AUTHOR: Rayana dos Santos Feltrin
ADVISOR: Prof. Dr. André Passaglia Schuch
CO-ADVISOR: Dr. Ana Lucia Anversa Segatto

Nucleotide excision repair (NER) is the most versatile DNA repair pathway as it
removes different kinds of bulky lesions. Due to its essential role for genome integrity,
it appeared early in the evolution of species. However, most published studies are
focused on humans, mice, yeast or bacteria. Considering the large amount of
information on genome databases, it is currently possible to retrieve sequences from
NER components in many organisms. Therefore, we attempted to characterize the
potential orthologs of 10 critical components of the human NER pathway in 12
eukaryotic species by using similarity and structural criteria through the use of
bioinformatical tools. This approach has allowed us to characterize gene and protein
structures comparatively, taking a glance at some evolutionary aspects of the NER
pathway. We obtained significant search results for the majority of the proteins in most
of the organisms studied, mainly for factors that play a pivotal role in the pathway.
However, we revisited significant differences and found new aspects that may imply a
distinct functioning of this pathway in different organisms. Through the demonstration
of the heterogeneity of the gene structures and a variety in the protein architecture of
the NER components evaluated, our results highlight important differences between
human NER and evolutionarily distant eukaryotes.

Keywords: DNA repair. NER pathway. Eukaryotes. Gene structure. Domain
architecture.
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APRESENTAGAO DA DISSERTAGAO

A presente dissertacdo esta dividida em cinco capitulos, sendo o primeiro
capitulo a introdugao geral. O segundo e o terceiro capitulos encontram-se na forma
de dois artigos: um publicado, sendo este uma revisdo de literatura sobre o
mecanismo do NER, juntamente com a busca de ortélogos em organismos
eucarioticos; e o outro, que investiga um resultado intrigante encontrado no primeiro
artigo, esta em preparagéao para ser submetido. As seg¢des Introdugcdo, Materiais e
Métodos, Resultados, Discussédo, Conclusdo e Referéncias de cada um desses
capitulos encontram-se nos seus respectivos artigos e representam a integra deste
estudo. Uma discussao geral entre o segundo e o terceiro capitulos € apresentada no
quarto capitulo, e o quinto capitulo contém a conclusao geral da dissertagdo. As
referéncias bibliograficas apresentadas no final da dissertagéo referem-se as citagdes
que aparecem nos itens Introdugao e Discussao Geral.
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1 INTRODUGCAO
1.1 Agentes causadores de danos no DNA e mecanismos de reparo

A preservagdo da informagdo contida nos genomas dos seres vivos é
fundamental para a perpetuagédo da vida. Nao obstante, a mutagénese exerce um
papel imprescindivel para a evolugdo, ja que consiste na fonte geradora de
variabilidade genética e selegcéo natural (CHATTERJEE e WALKER, 2017; TUBBS e
NUSSENZWEIG, 2017). Dessa forma, os genomas dos organismos estao
continuamente expostos a potenciais agentes causadores de danos que alteram a
estrutura do DNA e, consequentemente, comprometem sua funcdo (DE LAAT;
JASPERS; HOEIJMAKERS, 1999; MACHADO et al., 2014). Danos no DNA podem
ser provenientes tanto de fontes exogenas, tais como radiagc&o ultravioleta (UV),
radiacdo ionizante e poluentes quimicos, quanto de fontes enddgenas relacionadas
ao metabolismo celular, como espécies reativas de oxigénio (EROs) e até mesmo
erros de replicacdo (KUMAR et al., 2020) (Figura 1a). Entretanto, ao longo da evolugéo
das espécies, varios mecanismos de reparo de DNA foram sendo desenvolvidos a fim

de garantir a manutencéao da integridade genémica.

a Agentes causadores b
de dano

Radicais de oxigénio Luz UV Agentes Erros de
i Hid bonet d ; e [= Parada do
Agentes alquilantes idrocarbonetos antitumorais replicacdo -
ReacBes espontaneas aromaticos Elklaweiilar
policiclicos

f I Inibicdo de:
\ == ° Transcricio Apoapose
4/ ! (morte celular)

* Replicagdo
Sitio abdsico (6-4)PP Ligagdo cruzada Mal pareamento A-G
Dano oxidativo Aduto volumoso interfita Mal pareamento T-C
Quebra simples CPD Quebra dupla Insergdo
Delecdo
Reparo por excisdo Reparo por Excisdo de Reparo Reparo de Bases Mal Cancer
de bases (BER) Nucleotideos (NER) Recombinacional (HR) Pareadas (MMR) Envelhecimento

Sindromes

Mecanismos de reparo

Figura 1: Danos de DNA, mecanismos de reparo e consequéncias, adaptado de Hoeijmakers (2001).
(a) Agentes comuns causadores de danos no DNA, exemplos de danos e os principais mecanismos de
reparo de DNA envolvidos na sua corregéo. (b) Consequéncias dos danos de DNA na progressao do
ciclo celular, no metabolismo da célula, bem como as decorrentes de mutagdes.
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Basicamente, de acordo com o tipo de dano de DNA, ha cinco principais vias
de reparo: reversao direta da lesdo, reparo por excisdo de bases (BER), reparo por
excisdo de nucleotideos (NER), reparo de bases mal pareadas (MMR), reparo por
recombinacdo homodloga (HR), juncdo de extremidades ndo homodlogas (NHEJ) e
reparo de ligagbes cruzadas interfita (ICL) (KUMAR et al., 2020). Dentre eles, o NER
€ 0 mecanismo mais versatil e flexivel, ja que é capaz de reparar uma ampla variedade
de lesdes que distorcem a dupla-hélice, mas sao estruturalmente distintas (COSTA et
al., 2003). Todavia, ha lesbdes que sao tipicamente reparadas pelo NER, tais como os
fotoprodutos da radiagado UV, que incluem dimeros de pirimidina ciclobutano (CPDs)
e 6-4 pirimidina-pirimidona (6-4PPs), adutos formados por agentes mutagénicos
ambientais, como benzo(a)pireno, bem como danos induzidos por quimioterapicos
(SCHARER, 2013). Alids, é importante ressaltar que o NER é a Unica via de reparo
de DNA capaz de remover fotoprodutos da radiacdo UV em mamiferos placentarios
(MENCK, 2002; VERMEULEN e FOUSTERI, 2013).

1.2 Reparo por excisao de nucleotideos (NER)

O NER ocorre basicamente em quatro passos consecutivos: reconhecimento
da leséo, abertura da regido de dupla-hélice danificada, clivagem e excisdo do dano,
ressintese do DNA excisado e ligagcdo das fitas (MENCK e MUNFORD, 2014).
Entretanto, de acordo com a regido do genoma em que a lesao se encontra, o NER é
dividido em duas subvias distintas: reparo do genoma global (GG-NER) e reparo
acoplado a transcricao (TC-NER). Enquanto o GG-NER realiza o reparo ao longo do
genoma inteiro, inclusive em regides nao transcritas de genes ativos, o TC-NER se
encarrega de corrigir preferencialmente lesdes localizadas em fitas transcritas de
genes ativos (HANAWALT, 2002). Além disso, essas subvias refletem a diferenca
temporal em que as lesbes sdo removidas, ja que danos situados em genes
transcricionalmente ativos sao reparados mais rapidamente do que em genes inativos
(COSTA et al., 2003; MELLON; SPIVAK; HANAWALT, 1987). Entretanto, em relagao
ao mecanismo, o GG-NER e o TC-NER diferem apenas quanto ao reconhecimento
das lesb6es (KAMILERI; KARAKASILIOTI; GARINIS, 2012).

O inicio do NER depende do reconhecimento das lesbes de DNA em ambas as
subvias (COSTA et al, 2003). Em humanos, o GG-NER comega com o

reconhecimento do dano por um complexo (Figura 2a) formado por XPC, hHR23B e
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centrina-2 (CETN2) (SPIVAK, 2015). Esse complexo ndo reconhece as lesdes
propriamente ditas, mas as distor¢des que elas provocam na dupla-hélice. Diante
disso, ele se liga a fita complementar nao lesionada, o que explica a ampla gama de
lesdes que podem ser reparadas pelo NER (LEE et al., 2014). Uma vez que essa
ligac&o ocorre, a proteina hHR23B se dissocia do complexo e n&o participa do restante
do processo (BERGINK et al., 2012; KAMILERI; KARAKASILIOTI; GARINIS, 2012).
Entretanto, quando uma lesdo causa uma distor¢gado menor, como no caso de um CPD,
o reconhecimento é feito inicialmente pelo complexo DDB, formado por DDB1 e DDB2
(XPE) (RASTOGI et al.,, 2010; SPIVAK, 2015). Desse modo, DDB recruta XPC,
estimulando o reparo de CPDs (COSTA et al., 2003; FITCH et al., 2003).
. uv * Outros agent?s

e ! Lesdo de DNA

Reparo por Excisdo de Nucleotideos i
Reparo do Genoma Global (GG-NER) Reparo Acoplado a Transcrigdo (TC-NER)

5 3
XPE, A 1111
S'W%Y
’, LAl Il lllllm‘ LMt iiil) s 3 J(

3

3
Aliidsil
5

DNALigase |

3" ] 11 114 Lo gpieguiy .. |

5
‘—B 5 ey T T 7T T Y
> " i 111 |

Figura 2: Representagdo esquematica da via de reparo por excisdo de nucleotideos (NER) em
humanos, adaptada de Menck e Munford (2014). A subvia de reparo por genoma global (GGR) inicia
com o reconhecimento de dano (a) pelo complexo XPC-HR23B, podendo receber auxilio da proteina
XPE (DDB2). Na subvia de reparo acoplada a transcri¢do (TCR) (b), o reconhecimento tem inicio com
a parada da RNA-polimerase Il no sitio da lesao. Isso sinaliza para a proteina CSB se ligar a polimerase,
0 que recruta CSA a fim de direcionar a ubiquitinagcdo de CSB. Na sequéncia, a maquinaria de
transcrigdo € removida para permitir a continuagéo do reparo. Apos o reconhecimento das lesdes,
ambas as subvias convergem para 0 mesmo mecanismo, que envolve a abertura da molécula de DNA
(c) no sitio da leséo pelas proteinas XPB e XPD, que compbéem o TFIIH. Para evitar a renaturagéo do
DNA, bem como a degradacgéao da fita simples, ocorre a ligacdo de RPA. XPA, por sua vez, oferece
estabilidade estrutural a maquinaria de reparo, bem como recruta ERCC1-XPF e XPG, de atividade
endonucleasica, para a clivagem e excisdo do dano (d). Em seguida, o fragmento de DNA excisado é
ressintetizado (e) por uma DNA-polimerase com o auxilio de PCNA. As extremidades entdo sdo unidas
por uma DNA ligase (f), reconstituindo a dupla-hélice (g).
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O TC-NER, por sua vez, tem seu inicio desencadeado pelo bloqueio da RNA-
polimerase |l (RNA-pol IlI) no sitio do dano, o que exerce um papel na etapa de
reconhecimento (PANI e NUDLER, 2017; SCHUCH et al.,, 2017). Diante disso, a
proteina ERCC6 (CSB) liga-se fortemente a RNA-pol Il e envolve o DNA ao redor de
si mesma, alterando a conformacdo da dupla-hélice, bem como a interface entre a
RNA-pol Il e o DNA (BEERENS et al., 2005; SPIVAK e GANESAN, 2014;). Entao,
CSB recruta a proteina ERCC8 (CSA) (Figura 2b) e outros fatores do NER para o sitio
de bloqueio da RNA-pol Il (SPIVAK, 2016). Assim, CSA se junta ao complexo
ubiquitina-ligase CRL4CSA e conduz a ubiquitinagdo de CSB, acarretando sua
degradacgao pelo proteassomo (GROISMAN et al., 2006; JAARSMA et al., 2013).
Entretanto, a fim de garantir que CSB dure tempo suficiente para exercer sua fungao
no NER, as proteinas UVSSA e USP7 atuam na sua proteg¢do contra a degradagao
proteassomal (SCHWERTMAN; VERMEULEN; MARTEIJN, 2013). Segundo um
modelo integrado, a subsequente ubiquitinagdo de CSB — ou até mesmo da
subunidade maior da RNA-pol Il — por CSA pode funcionar como um sinal para a
desmontagem do complexo inicial do TC-NER, a fim de permitir a continuidade do
processo de reparo (PASCUCCI et al., 2011). Nesse sentido, o TC-NER desempenha
uma importante fungdo ao evitar a obstrugdo permanente da RNA-pol II: além de
prevenir o bloqueio do ciclo celular, também evita a ocorréncia de apoptose (PANI e
NUDLER, 2017) (Figura 1b).

Apds o reconhecimento das lesdes por ambas as subvias, GG-NER e TC-NER
convergem para um mecanismo em comum, que consiste no recrutamento, por um
dominio de XPC, do fator de transcri¢édo IIH (TFIIH) para o local da lesao (Figura 2c).
O TFIIH é um complexo formado por 10 proteinas, dentre as quais estdo XPB e XPD
(SPIVAK, 2015; UCHIDA et al., 2002). A fim de formar o complexo de pré-inciséo, as
proteinas XPG, RPA e XPA também séao recrutadas (COSTA et al., 2003). Nesse
processo, o TFIIH realiza a abertura inicial da dupla-hélice, na qual a atividade de
ATPase de XPB se combina com a fungao helicase de XPD. Em seguida, ocorre a
ligagdo de XPG, RPA e XPA, levando a abertura total de aproximadamente 30
nucleotideos ao redor da lesdo (MULLENDERS, 2018). Ao passo que XPG esta
envolvida na estabilizacdo da bolha de DNA formada com a abertura da dupla-hélice,
XPA e RPA garantem que ha dano no DNA, além de também auxiliarem a formar um
complexo de pré-incisdo mais estavel (RASTOGI et al., 2010). Ademais, considerando
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que RPA é uma proteina de ligagéo a fita simples, ela também atua na protecédo da
fita de DNA nao danificada contra a agdo de endonucleases (MARTEIJN et al., 2014).

Assim, antes que ocorra a incisdo do dano, é necessario que o complexo de
pré-incisdo esteja montado e a lesédo esteja posicionada corretamente (COSTA et al.,
2003). Para tanto, a proteina RPA que esta ligada a fita simples n&o lesionada ajuda
a posicionar as endonucleases ERCC1-XPF e XPG na fita de DNA contendo o dano,
na qual elas executam uma incisdo dupla proximo as extremidades 5’ e 3’ da leséo,
respectivamente (DE LAAT et al., 1998; MULLENDERS, 2018; SCHARER, 2013)
(Figura 2d). Na sequéncia, o oligonucleotideo contendo a les&o é removido com o
TFIIH ligado a ele (KEMP et al., 2012). Entdo, uma vez que a incisdo pelo complexo
ERCC1-XPF gera uma extremidade 3’-OH livre, esta pode ser empregada como um
primer para a ressintese de DNA na lacuna gerada pela remogéo da lesdo (FAGBEMI,
ORELLI; SCHARER, 2011). Desse modo, o novo fragmento de DNA ¢ sintetizado
pelas polimerases & e €, com o auxilio do antigeno nuclear de proliferacdo celular
(PCNA), que regula a processividade da sintese (SCHUCH et al.,, 2017; SHIVJI;
KENNY; WOOD, 1992) (Figura 2e) juntamente com o fator de replicagdo C (RFC). Por
fim, o fragmento de DNA sintetizado € unido a fita original pela agdo da DNA ligase |
ou Il (COSTA et al., 2003; MACHADO et al., 2014) (Figura 2f-g).

1.3 Aspectos funcionais da via NER em humanos e demais organismos

A relevancia funcional do NER pode ser notoriamente observada através de
sindromes e demais doencas hereditarias autossémicas causadas por mutacdes em
genes dessa via (MENCK e MUNFORD, 2014). Dentre elas, estdo o xeroderma
pigmentoso, a sindrome de Cockayne, a tricotiodistrofia, a sindrome cérebro-6culo-
facio-esquelética e a sindrome de sensibilidade a UV (MULLENDERS, 2018). O
xeroderma pigmentoso decorre majoritariamente de mutagdes nos genes XP (XPA-
XPG), aumentando em quase dez mil vezes a incidéncia de cancer de pele em relagao
a média geral da populagcdo (BRADFORD et al., 2011). Além disso, essa doenca
genética também pode ser causada por mutagdes em genes nao relacionados ao
NER, como o gene da DNA polimerase eta, a qual € responsavel por prosseguir com
a sintese de DNA apesar da presenca de danos, evitando assim a morte celular
(MORENO, SOUZA et al, 2020). Por outro lado, a sindrome de Cockayne esta, na

maioria dos casos, associada a mutagcbes nos genes CSA (ERCCS8) e/lou CSB
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(ERCC6) (HANAWALT, 2000). Seus sintomas incluem fotossensibilidade, retardo
mental, envelhecimento precoce e a inabilidade, em nivel celular, de retomar a sintese
de DNA ap6s a indugao de danos (FOUSTERI e MULLENDERS, 2008; VERMEULEN
e FOUSTERI, 2013). Adicionalmente, a sindrome de sensibilidade a UV é
caracterizada por mutagcdes em CSA, CSB e UVSSA. Individuos afetados apresentam
sensibilidade ao sol, pigmentacdo anormal na area exposta da pele, bem como sardas
(SPIVAK, 2016; VERMEULEN e FOUSTERI, 2013).

Em um contexto evolutivo, a via NER esta presente na historia dos organismos
desde arqueas (ROUILLON e WHITE, 2011), passando pelas bactérias com um
mecanismo mais simplificado do que o observado em eucariotos, com o qual nio
apresenta homologia. No NER bacteriano, poucas proteinas sdo necessarias, dentre
as quais estao as exonucleases UvrA, UvrB e UvrC e a helicase UvrD, que exercem
as mesmas etapas basicas do NER em humanos (PETIT e SANCAR, 1999). Por outro
lado, é interessante observar que, em certas espécies de eucariotos, essa via de
reparo apresenta algumas diferengas em relagdo ao modo como ocorre em humanos.
Schizosaccharomyces pombe, por exemplo, possui dois mecanismos distintos para o
reparo de danos de UV: um NER classico e um processo de reparo de excisdo
alternativo (UVER) (MCCREADY; OSMAN; YASUI, 2000). Ja Trypanosoma brucei
demonstrou a auséncia da fungdo de varios genes, sendo o reparo acoplado a
transcrigédo a principal subvia relacionada ao NER para esses organismos (MACHADO
etal., 2014). Pelo contrario, em Plasmodium falciparum foram encontrados homdélogos
para quase todos os componentes do NER, exceto para XPC e p62, que € uma
proteina componente do TFIIH (TAJEDIN et al., 2015).

Além disso, eventos de duplicagdo de genes do NER ja foram reportados em
alguns organismos. Em plantas como Arabidopsis thaliana, foram encontradas
duplicagbes em quatro genes: RAD23, DDB1, CSA e XPB (SPAMPINATO, 2017).
Para ambas as copias de CSA, porém, foram encontrados padroes de expressao
sobrepostos, 0 que sugere uma sobreposi¢ao na fungado (ZHANG et al., 2010). Em
relagéo as duas copias de XPB, ha indicios de que estejam passando por uma uma
especializagao funcional: enquanto um dos paralogos pode estar envolvido em reparo
e proliferagao celular, o outro esta possivelmente associado ao reparo em células
altamente especializadas (MASUDA et al., 2020). Sendo assim, € provavel que tanto

as copias de CSA quanto de XPB tenham divergido ha pouco tempo em A. thaliana.
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Em adicdo a esses eventos, verificou-se que também ha uma duplicagdo de XPB em
T. brucei. No entanto, provavelmente trata-se de um acontecimento mais remoto, ja
que as duas proteinas tém funcgdes distintas: enquanto uma das coépias esta envolvida
no reparo de DNA, a outra possivelmente desempenha uma fungao na transcricéo
(MACHADO et al., 2014).

Desse modo, a via NER tem uma dindmica evolutiva complexa em muitas
linhagens, com duplicagdes e aparentes perdas de fungdes em algumas proteinas da
via para determinados organismos. Essa afirmativa difere da literatura a respeito da
difundida informacao de que o NER é extremamente conservado na arvore da vida,
especialmente nos eucariotos (COSTA et al., 2003; RASTOGI et al., 2010). Assim, é
de extrema importancia para o entendimento de como ocorreu a evolugao da via NER,
que entendamos as suas diferengas entre as linhagens evolutivas, uma vez que ha
poucos estudos focados na historia evolutiva de seus genes. Ademais, a maioria dos
trabalhos envolvendo o NER esta voltada para humanos, camundongos, leveduras e
bactérias. O presente trabalho, por sua vez, inclui espécies de interesse médico,
econdbmico e ecologico, o que torna ainda mais importante entender como esse

sistema de reparo funciona nesses organismos.

Diante disso e levando em consideragdo a grande quantidade de dados de
sequenciamento disponiveis em bancos de dados, € possivel obter sequéncias de
componentes dessa via de reparo de DNA para varios organismos modelo e n&o
modelo, incluindo espécies nas quais o NER ainda apresenta aspectos ndo muito bem
esclarecidos. Assim, através do uso de ferramentas de busca por similaridade, pdde-
se obter uma nocéo estrutural e evolutiva com relacdo aos componentes da via.
Ademais, a informac&o gerada neste trabalho podera ser utilizada para futuros
estudos do NER em organismos eucariéticos e, inclusive, a metodologia aplicada

podera ser empregada também para a investigagao de outras vias de reparo de DNA.

Sendo assim, o objetivo geral deste trabalho consistiu em encontrar e
caracterizar os potenciais ortélogos de componentes-chave da via NER humana em
demais organismos eucariéticos (i) pesquisando, em bancos de dados, as sequéncias
de aminoacidos de dez componentes-chave da via NER humana; (ii) buscando
sequéncias através de tblastn, utilizando como isca proteinas humanas, e como alvos,

0s genomas de outros 12 organismos eucariéticos, a fim de obter suas sequéncias;
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(iii) verificando o numero de introns e o tamanho de cada gene nos diferentes
organismos; (iv) identificando os dominios proteicos conservados nos diferentes

organismos; e (v) realizando analises de reconstrugao filogenética para cada proteina.
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2 ARTIGO 1 — OPEN GAPS IN THE EVOLUTION OF THE EUKARYOTIC
NUCLEOTIDE EXCISION REPAIR

Este estudo busca e caracteriza estruturalmente componentes centrais da via
NER em organismos eucariéticos, trazendo diferengas importantes entre o NER
eucariotico e o NER humano. Nesse sentido, sdo mostradas algumas lacunas na
evolugdo do NER em eucariotos, junto a possiveis explicagbes em uma o6tica evolutiva
e funcional. Além disso, alguns testes de hipoteses sao sugeridos como perspectivas
para futuros estudos. O presente capitulo encontra-se publicado na revista cientifica
DNA Repair (FELTRIN et al., 2020).
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ARTICLE INFO ABSTRACT

Keywords: Nucleotide excision repair (NER) is the most versatile DNA repair pathway as it removes different kinds of bulky

DNA repair lesions. Due to its essential role for genome integrity, it has appeared early in the evolution of species. However,

SES pathway most published studies are focused on humans, mice, yeast or bacteria. Considering the large amount of infor-
ukaryotes

mation on genome databases, it is currently possible to retrieve sequences from NER components in many or-
ganisms. Therefore, we have characterized the potential orthologs of 10 critical components of the human NER
pathway in 12 eukaryotic species by using similarity and structural criteria through the use of bicinformatics
tools. This approach has allowed us to characterize gene and protein structures comparatively, taking a glance at
some evolutionary aspects of the NER pathway. We have obtained significant search results for the majority of
the proteins in most of the organisms studied, mainly for factors that play a pivotal role in the pathway. However,
we have revisited significant differences and found new aspects that may imply a distinct functioning of this
pathway in different organisms. Through the demonstration of the heterogeneity of the gene structures and a
variety in the protein architecture of the NER components evaluated, our results show important differences
between human NER and evolutionarily distant eukaryotes. We highlight the lack of a canonical XPD in chicken,
the divergence of XPA in plants and protozoans and the absence of XPE in the invertebrate species analyzed. In
spite of this, it is remarkable the presence of this excision repair mechanism in a high number of evolutionary
distant organisms, being present since the origin of eukaryotes.

Gene structure
Domain architecture

(CPDs) and 6—4 pyrimidine-pyrimidone photoproducts (6—4PPs), ad-
ducts induced by environmental mutagens, such as benzo[a]pyrene, as
well as damage formed by chemotherapeutic drugs are some lesions
commonly repaired by NER [3,5].

1. Introduction

Genomes are continually being exposed to several genotoxic agents
that can alter the DNA structure and compromise its function. These
agents can be both endogenous, coming from cellular metabolism, and
exogenous, involving the interaction with the environment. The former
comprises reactive oxygen and nitrogen species, whereas the latter en-
compasses ultraviolet (UV) radiation, ionizing radiation and harmful

1.1. General NER mechanism

chemicals [1,2]. Moreover, some DNA lesions can also be induced
spontaneously, through deamination, depurination or depyrimidination
[3]. Nevertheless, a variety of DNA repair mechanisms have developed
throughout the evolution of species to ensure the maintenance of
genome integrity [4]. Among them, the nucleotide excision repair (NER)
pathway is the most versatile DNA repair mechanism as it corrects a
wide range of bulky lesions that thermodynamically destabilize the
double helix. UV photoproducts, such as cyclobutane pyrimidine dimers

NER occurs in four main steps: damage recognition, excision, DNA
resynthesis, and strand ligation [5,6]. However, the efficiency of lesion
removal is different depending on its location in the genome. Base ad-
ducts situated in actively transcribed genes are repaired faster than in
inactive genes, which indicates the existence of two distinct processes of
damage response [7]. Therefore, NER can be divided into two sub-
pathways: global genome NER (GG-NER) and transcription-coupled
NER (TC-NER). The first one is associated with a progressive screening
of the entire genome for lesions to be repaired, and the second one refers
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to a preferential repair of transcription-blocking lesions located in
transcribed DNA strands [8]. Concerning the genes involved in NER,
there are two main groups: XP genes - whose mutations cause Xero-
derma Pigmentosum disease, and CS genes - whose mutations result in
Cockayne Syndrome, being both related to photosensitivity.

1.1.1. Global genome NER (GG-NER)

In humans, GG-NER initiates with direct recognition of the lesion by
XPC-hHR23B complex, with the aid of CETN2 protein [9]. HHR23B may
be involved in XPC stabilization, and CETN2 is known to improve the
damage recognition function of XPC [6]. Conversely, adducts that subtly
distort the DNA duplex, such as CPDs, are previously recognized by the
DDB complex, formed by DDB1 and DDB2 (XPE) proteins. The interac-
tion with XPC-hHR23B complex recruits the transcription initiation
factor IIH (TFIIH), which is composed of 10 proteins, including the 3’
and 5’ helicases XPB and XPD [8,9]. The engagement of XPD in the
damage site allows the assembly of the pre-incision complex, constituted
of XPA, RPA, and XPG proteins [3,9]. XPA provides protein complex
stability, as well as XPG ensures TFIIH structural support. In turn, RPA
protects the single-stranded DNA from endonuclease action. XPA is also
responsible for the recruitment of the ERCCI1-XPF complex, which
makes the incision 5 of the lesion, followed by the action of XPG, a 3’
endonuclease [1,9]. Then, TFIIH is removed, and the excised DNA
fragment is resynthesized by polymerases § and €, helped by PCNA.
Finally, the ends are joined by ligase I or III [5].

1.1.2. Transcription-coupled NER (TC-NER)

TC-NER assumes great importance in maintaining the flow of genetic
information, as it removes DNA lesions that block the translocation of
RNA-polymerase II (RNA-pol II) along the template strand [10].
Consequently, it plays a fundamental role in preventing cell cycle arrest
and apoptosis by avoiding the permanent obstruction of the polymerase
[11]. Furthermore, recent knowledge about the extent of pervasive
transcription demonstrates, even more, the importance of RNA-pol II
and TC-NER in DNA repair [12]. The TC-NER mechanism starts with the
stalling of RNA-pol II, which takes part in lesion recognition [6].
Therefore, the human ERCC6 (CSB) protein, which is a DNA-dependent
ATPase that moves together with RNA-pol 1, strongly binds to the po-
lymerase, altering the DNA conformation [9]. In turn, ERCC8 (CSA) is a
binding protein containing several WD40 repeats from binding domains
that is essential to signal transduction (scaffold protein). This protein is a
member of the CRL4CSA ubiquitin complex, composed of
Cullin4-DDB1-RING enzymes [13].

In order to ensure the resumption of transcription, CSA directs CSB
ubiquitination, leading to its proteasomal degradation. This is followed
by the removal of the transcription machinery that is blocked at the
lesion site, as well as the recruitment and assembly of other factors
needed to proceed with damage excision [6,14]. In this process, two
essential proteins are involved, UVSSA and USP7, which act in concert to
protect CSB from the proteasomal degradation. Paradoxically, this as-
sures that CSB will last time enough to perform its function in TC-NER.
After the arrest of RNA-pol II is solved, the TC-NER complex is desta-
bilized, proceeding to CSB degradation [15]. The release of RNA-pol IT
from the damage strand also involves the action of UVSSA, allowing the
recovery of a fast repair activity [16]. A mutation in this gene is asso-
ciated with the UV sensitivity syndrome, characterized by photosensi-
tivity and some mild skin abnormalities [17].

1.2. Research interests

In an evolutionary context, NER is in the tree of life since the bac-
terial and archaeal domains [18,19]. Some NER proteins from archaea
are probably homologous to eukaryotic NER proteins, even though the
NER pathway from bacteria and eukaryotes appear to have separate
origins [20]. Probably, these repair mechanisms are as old as life on
Earth [21]. However, despite the knowledge about the functions of the
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enzymes from this pathway and that it is well conserved in eukaryotes
[8], there are few current studies concerning the evolutionary history of
this DNA repair pathway. Additionally, most studies are focused on
humans, mice, yeast or bacteria. Thus, considering the large number of
available sequences from eukaryotic species on genome databases, this
study aims to find potential orthologs of 10 key components of the
human NER pathway in other twelve eukaryotic organisms by using
similarity and structural criteria. Consequently, this work demonstrates
the characterization of their protein architectures and gene structures in
a comparative approach, taking a glance at some evolutionary aspects of
the eukaryotic NER pathway.

2. Material and methods
2.1. Search for DNA and protein sequences

In order to get the query sequences for BLAST searches, the bait
“protein symbol + Homo sapiens” has been used on GenBank Protein
section [22], considering the RefSeq database [23]. In this step, 10 key
proteins of the NER pathway have been searched: CSA, CSB, hHR23B
(homologue to RAD23B from yeast), XPA, XPB, XPC, XPD, XPE (DDB2),
XPF, and XPG. The resulting sequences corresponding to the longest
isoform from each protein, whose coding sequences have had the
highest exon number, have been employed as queries for individual
thlastn searches [24] in the genomes of Mus musculus, Danio rerio, Xen-
opus laevis, Alligator mississippiensis, Gallus gallus, Caenorhabditis elegans,
Drosophila melanogaster, Arabidopsis thaliana, Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Trypanosoma cruzi, and Giardia lamblia.
Genome assembly codes are available in Table S1.

2.2. Defined criteria for the homology search

Firstly we have defined four filtering criteria to select BLAST ho-
mologue sequence candidates: e-value', percent identity, protein
sequence length, and conserved protein domains in common. The first
criterion filters as statistically significant only hits with e-value lower
than 1 x 107 [25]. Then, sequences have been selected based on the
similarity of annotated features from the resulting hit to human query
sequences, aligning them on Molecular Evolutionary Genetic Analysis 7
(MEGA?7) software [26] using MUSCLE [27]. We have chosen the se-
quences with the highest similarity and the closest length to the query . If
the resulting proteins have been similar, even in the amino acid number,
we have compared the transcript sequences using the same criteria.
Thus, the transcript and protein sequences corresponding to the selected
genomic sequences have been retrieved.

The second homology criterion chooses the hits with higher percent
identities. If the chosen hit had been the second one, we have used the
third criterion to compare protein sequence lengths from both hits with
the length of the query. Then, we have opted for the hit whose protein
length was more similar to its query. Lengths have been obtained from
the respective protein accession numbers on GenBank. Also, when there
was no annotated feature for a genomic sequence, we have used it as a
query to a blastx search [24] directed to the organism of interest. All
BLAST results and retrieved sequences can be accessed in Table S2.

The fourth homology criterion is based on protein conserved do-
mains. We have used the normal mode of Simple Modular Architecture
Research Tool (SMART) [28] to identify protein conserved domains,
considering PFAM database [29]. The analyzes have been made using
selected sequences of each target protein.

When no hit had been obtained in a given search or no homologue
candidate had been found following our criteria, we have performed a
refined search to confirm if this NER component is in fact not found in a

! The e-value is a statistic measure that indicates the expectation of obtaining
the same search result by chance on a database with the same size.
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certain species. To do that, we have used the closest species as query to
carry out both tblastn and blastx searches. If some retrieved sequence had
been in agreement with our search criteria, then we have included it in
our analyzes. The results of this refined search, as well as the corre-
sponding sequences, are available in Table S3.

2.3. Estimates of evolutionary distance and phylogenetic analyzes

To estimate the evolutionary distance among the retrieved se-
quences, first we have aligned the corresponding sequences from each
protein on MEGA7 software [26] using MUSCLE [27]. Conserved re-
gions from the resulting alignments have been obtained with Gblocks
0.91b [30], allowing half of the gaps for all proteins except CSA, for
which all gaps have been allowed, and CSB, with no gaps (default
parameter). Thereafter, we have evaluated the results on ProtTest 3.4.2
[31] to set the best evolutionary models. The evolutionary distance
analysis has been run on MEGA?7 using the substitution model JTT + G
(number of gamma categories = 4), 1000 bootstrap replicates, and
pairwise deletion. Here we have considered only the evolutionary dis-
tances to H. sapiens. To test the homology hypothesis among the se-
quences retrieved for each protein, we have conducted the phylogenetic
analyzes with the same parameters from the evolutionary distance
analysis by using the Neighbor-Joining method.

2.4. Phylogenetic reconstruction of the eukaryotic species tree
To compare the phylogenetic trees of NER proteins with a species
tree, we have used the mitochondrial molecular marker 18S rRNA to

infer the phylogeny of the eukaryotic species analyzed in this work. To

Table 1
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do that, we have employed sequences retrieved by name from GenBank,
whose accession numbers are available in Table S4. These sequences
have been aligned on MEGA7 software [26] using MUSCLE [27], and the
resulting alignment has been submitted to Gblocks 0.91b (default pa-
rameters) to get the conserved regions [30]. We have predicted the best
evolutionary model with jModelTest v2.1.10 [32], which have resulted
in TrN + G as the best-fit model according to the Bayesian Information
Criterion (BIC). This has also been the best model among the ones that
are available on MEGA7 for distance estimation when the evaluation has
been based on the Akaike Information Criterion (AIC). Thus the phylo-
genetic reconstruction has been performed as described in item 2.3, but
rather using the TrN + G model.

2.5. Analysis of gene structure and length

Additional analyzes have been performed to investigate the structure
of NER genes based on intronic regions. The intron numbers have been
inferred by submitting the genomic and transcript sequences of each
gene to Gene Structure Display Server 2.0 (GSDS 2.0) [33]. All gene
lengths have been obtained from GenBank using their respective
GenelD.

3. Results
3.1. BLAST results and evolutionary distances
Although the majority of the resulting sequences from the first

search, which have used human sequences as queries, are statistically
significant (Table 1), some sequences have presented non-significant e-

e-value threshold and evolutionary distance from human sequences regarding the best homologue candidates to NER proteins from both the first search and the refined

search.

Species | CSA CSB HHR23B XPA XPB XPC XPD XPE

1.708
(5E-81)

(1E-03)

XPF

595
(4.6E-01) (7E-09)

oNEERTT

Evolutionary distance

= 7

The evolutionary distance values are displayed only for sequences whose hits have had significant e-values (< 1E-06). The e-values corresponding to each sequence are
between parentheses, in blue. Numbers in bold refer to sequences resulting from the refined searches. CSB Cel has a very discrepant value, then it has remained out of
the color range and is displayed in red. NS indicates hits with nonsignificant e-values, whereas the hyphen represents searches which have resulted in no hit. Hsa: Homo
sapiens, Mmu: Mus musculus, Gga: Gallus gallus, Ami: Alligator mississippiensis, Xla: Xenopus laevis, Dre: Danio rerio, Cel: Caenorhabditis elegans, Dme: Drosophila mela-

s theli

, Ath: Arabidoy

(3

Sce: Saccharomyces cerevisiae, Spo: Schizosaccharomyces pombe, Ter: Trypanosoma cruzi, Gla: Giardia lamblia.
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values, such as XPA of T. cruzi, XPD of G. gallus, XPE of invertebrates, and
XPF of G. lamblia. Also, we have found no hits for XPA in A. thaliana,
neither for hHR23B, XPA, and XPC in G. lamblia. In almost all cases,
higher percent of protein identities (75% + 17%) can be observed
among vertebrates, whereas invertebrates and plants present lower
identities to human queries (40% +11%) (Table S2). Conversely, we
have observed that the helicases XPB and XPD maintain relatively high
identities in all analyzed species. For the helicases, we have observed
identities from 96% (M. musculus and A. mississippiensis) to 35% (T. cruzi)
in XPB, and 81% (A. mississippiensis) to 26% (G. lamblia) in XPD. For the
endonucleases, we have reported identities from 84% (M. musculus) to
27% (T. cruzi) in XPF, and 93% to 30% in XPG (Table S2).

Refined searches have been performed using queries from closer
species to verify if the searches that resulted in no hit or no homologue
candidate do refer to the absence of the NER component in a certain
species (Table S3). Through these additional searches, it has been
possible to find better homologue candidates for CSA of T. cruzi, as well
as CSB of D. rerio and C. elegans (Table 1). We also have found a putative
sequence with significant e-value for XPD of G. gallus, which is annotated
as an ATP-dependent DNA helicase DDX11. A homologue candidate for
XPF of G. lamblia has been obtained as well. To find it, we have sub-
mitted the genomic sequence without annotation retrieved in the thlastn
search to ORFfinder [34]. Thus, the longest resulting ORF has been used
as query to a blastp search in G. lamblia and, as a result, we have obtained
XPF. Since we have not found a corresponding annotated CDS, ORF-
finder has been also used to carry out this prediction.

Regarding the evolutionary distances to H. sapiens (Table 1), as ex-
pected, we have reported that the smallest values are generally related
to vertebrate species, except for the putative XPD sequence of G. gallus,
which have presented a more discrepant distance (2.402). In contrast,
the most divergent sequences have resulted from invertebrates, mainly
unicellular species. Very larger distances have been obtained for the
sequences from protozoan in all the analyzed proteins, except for XPE, in
which no homologous has been found. In the yeast species, this also has
occurred with CSA (1.24), hHR23B (1.227), XPA (1.862), XPC (1.894),
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and XPF (1.18) of S. cerevisiae, as well as with XPA (1.437) and XPC
(1.603) of S. pombe. However, we also have found greater distances for
CSA (2.577), CSB (94.105), XPF (1.504), and XPG (1.204) of C. elegans,
CSA (2.26) and CSB (1.383) of D. melanoguster, as well as XPC (1.266)
and XPE (1.743) of A. thaliana.

3.2. Phylogenies and conserved protein domains

The phylogenies of NER proteins, in general, have resulted in a well-
supported clade formed by vertebrate proteins, whereas the positions of
the other species could not be determinated.

The CSA protein sequences present WD40 domains that are similar to
all the analyzed eukaryotic species (Fig. 1A). We have observed five
WD40 domain units with very similar size and positions among verte-
brate species. Also, A. thaliana presents a domain pattern that resembles
vertebrates, with a mild variation in the last two domains. Conversely,
some species show more striking differences, such as D. melanogaster,
which has six WD40 domains and a different N-terminal domain named
CAF 1C_H4-bd. The CSA putative homologue of C. elegans has seven
WD40 domains and a Ubox domain in the N-terminus. In addition, we
have detected more domains in T. cruzi, which presents seven WD40
units. A different number of domains has also been observed in the two
kinds of yeast: S. cerevisiae has four WD40 domains (three of their units
display similar positions to vertebrates), whereas S. pombe presents six
WD40 domains, being five of them with similar positions to vertebrates.
G. lamblia also has six N-terminal WD40 domains, and other two C-
terminal domains, named Coatomer WDAD and COPI_C. Regarding the
phylogenetic trees, in comparison with the species phylogeny
(Figure S1), the CSA tree clusters A. thaliana and both yeasts species are
clustered closer to vertebrates.

A pair of domains, DEXDc and HELICc, has been found in all CSB
protein sequences (Fig. 1B). Positions and size of these domains are quite
similar among amniotes. However, we have observed distinct domains
in fruit fly, such as one DBINO domain in the N-terminus, and two SANT
domains near the C-terminus. G. lamblia presents the same CSB typical

Fig. 1. Phylogenetic trees and protein
conserved domains of TC-NER damage recog-
nition proteins in the analyzed eukaryotic spe-
cies, A) CSA. B) CSB. Domains have been
obtained from the SMART server, and trees
have been reconstructed using the Neighbor-
Joining method on MEGA7. Only bootstrap
supports above 70 are displayed. Hsa: Homo
sapiens, Mmu: Mus musculus, Gga: Gallus gallus,
Ami: Alligator mississippiensis, Xtr: Xenopus tro-
picalis, Xla: Xenopus laevis, Dre: Danio rerio, Cel:
Caenorhabditis elegans, Dme: Drosophila mela-
nogaster, Ath: Arabidopsis thaliana, Sce: Saccha-
romyces cerevisiae, Spo: Schizosaccharomyces
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domains, with an approximated position to those of C. elegans.
Regarding the CSB phylogeny, we have obtained very low bootstrap
values supporting the branches. In comparison with the species tree
(Figure S1), we have observed that in CSB tree, the vertebrate clade is
clustered with a branch that groups S. cerevisiae and D. melanogaster.
Additionally, T. cruzi and G. lamblia are closer to the vertebrate-
containing clade, and S. pombe remains in a separate branch, whereas
C. elegans and A. thaliana form a new clade.

In XPC protein sequences, four domains have been found (Rad4,
BHD_1, BHD_2, and BHD_3), whose number, size, and positions are
similar among amniotes (Fig. 2A). However, the plant species also dis-
plays an additional Transglut_core domain. Furthermore, we have
observed a considerable divergence in the domain positions of
D. melanogaster, followed by C. elegans. In addition, both yeast species
have similar domain positions. Concerning the phylogenetic analyzes of
the species (Figure S1), there are two new clades: one formed by
A. thaliana and T. cruzi, and the other one, composed only by S. cerevisiae
and S. pombe.

The hHR23B protein sequences have three specific domains: UBQ,
UBA (two units), and STI1 (Fig. 2B). Their positions, number, and size
are very similar among vertebrates, except for D. rerio, whose two UBA
domains and also STI1 have shuffled positions. Also, hHR23B of
A. mississippiensis has a slightly smaller UBQ domain. Furthermore, it is
noteworthy that hHR23B of D. melanogaster displays a divergent protein
structure due to the absence of the UBQ domain in the N-terminus, as
well as the other domains present different positions. The plant and the
unicellular species share approximately similar structures. Conversely,
T. cruzi has an XPC binding domain in place of STI1. Regarding the
species phylogeny (Figure S1), in hHR23B tree, D. melanogaster and
A. thaliana group with vertebrates. Moreover, there are two new clades,
one formed by C. elegans and T. cruzi, and the other one, by S. cerevisiae
and S. pombe.

The XPE protein sequences are characterized by WD40 domains,
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from four to five units (Fig. 2C). We have reported that the two analyzed
mammal species are composed by five WD40 domains at similar posi-
tions. From alligator to chicken, these vertebrate species present four
domain units that share relatively approximated positions. The excep-
tion is the fourth domain of D. rerio, which has a larger shift in relation to
the position of the third one. Similarly, A. thaliana has five more spaced
WD40 domains, besides a ZnF_C2HC domain in the N-terminus. In
comparison with the species tree (Figure S1), the XPE phylogeny has
also a vertebrate clade, besides a branch formed only by A. thaliana.
The XPB protein sequences are characterized by the Helicase_C_3,
DEXDc, and HELICc domains (Fig. 3A). In general, the protein archi-
tectures are highly similar among all species, notably among multicel-
lular species. In unicellular species, we have observed a larger shift in
the domain positions of the trypanosome, which differs from similar
positions observed in both yeast species. Moreover, G. lamblia also
shows a shift in the position of the Helicase_C_3 domain, but not for
DEXDc and HELICc, which share similar positions to yeast. Compared to
the species phylogeny (Figure S1), the XPB tree topology is quite similar.
The XPD protein sequences present two domains, DEXDc and HEL-
ICc, whose number, size, and positions are extremely similar among the
species in which this protein has been retrieved (Fig. 3B). Only
G. lamblia displays a domain structure slightly shifted to the right, be-
sides a larger DEXDc domain. Regarding the species tree (Figure S1), in
the XPD phylogeny D. melanogaster and C. elegans are in separate but
close clades. Also, the branch containing G. gallus remains in a position
that is closer to protozoans. In the sequence alignment, this protein is
discordant (data not shown). In turn, the clade formed by plant and
yeasts in the species tree is splitted in a branch formed by both yeast
species, whereas A. thaliana remains in a separate but adjacent branch.
We have found two domains in the XPA protein sequences, XPA_ N
and XPA_C, related to the N- and C-terminal regions, respectively
(Fig. 3C). Their positions, number, and size are also quite similar among
vertebrates, except for A. mississippiensis, whose XPA N position varies
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A) XPB
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Fig. 3. Phylogenetic trees and protein
conserved domains of TFIIH and opening of
damaged region related proteins. A) XPB. B)
XPD. C) XPA. Domains have been obtained
from the SMART server, and trees have been
reconstructed using the Neighbor-Joining
method on MEGA7. Only bootstrap supports
above 70 are displayed. Hsa: Homo sapiens,
Mmu: Mus musculus, Gga: Gallus gallus, Ami:
Alligator mississippiensis, Xtr: Xenopus tropicalis,
Xla: Xenopus laevis, Dre: Danio rerio, Cel: Cae-
norhabditis elegans, Dme: Drosophila mela-
nogaster, Ath: Arabidopsis thaliana, Sce:
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Regarding XPF protein sequences, only an ERCC4 domain was
observed in all analyzed species (Fig. 4A). Similar size, number, and
positions are observed among the multicellular species, whereas uni-
cellular organisms have more divergent positions. Concerning the
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species tree (Figure S1), in the XPF phylogeny there was a split of the
clade composed by C. elegans and D. melanogaster, and the former is
closer to A. thaliana. In turn, this plant species is not grouped with yeasts
anymore.

In XPG protein sequences, three domains were found: XPGN right in
the N-terminus, XPGI, and HhH2 near the middle of the protein towards
the C-terminus (Fig. 4B). The number, size, and positions of XPGN do-
mains are identical among all species analyzed. Moreover, we have
verified that XPGI and HhH2 have similar structural aspects between
H. sapiens and M. musculus, as well as in G. gallus and A. mississippiensis.
Different from the other species, we have detected two UIM domains in
the protein structure of D. melanogaster, located between XPGN and the
two other domains. Furthermore, we have observed a large variation in
the domain positions in C. elegans, G. lamblia, and T. cruzi. This may be
attributed to the smaller size of these proteins. Interestingly, the HhH2
domain has not been detected in the trypanosomatid. Concerning the
yeast species, both share similar positions between themselves. The XPG
tree, compared to the species phylogeny, has two new clades: one
formed only by the yeast species, and the other one, by the protozoan
species. Also, A. thaliana remains in a separate branch.

3.3. Intron number and gene length

Generally, we have found that vertebrates present a higher and
similar intron number, although CSA of X. laevis has only one intron
(Figure S2). Conversely, invertebrates present a lower intron number,
whereas unicellular species generally have few or even no intron. In
almost all cases, A. thaliana exhibits an intermediate intron density be-
tween vertebrates and invertebrates. Regarding gene length, we have
observed that the longest genes are those from mammalian, followed by
the other analyzed vertebrates. An exception has been verified in XPE of
G. gallus (Figure S2, H), which presents the longest length for this gene.
Furthermore, we have found that A. thaliana commonly has an inter-
mediate gene size, and invertebrates have smaller genes, chiefly uni-
cellular organisms.

4. Discussion

From archaea and bacteria to eukaryotes, NER has the same overall
scheme of DNA lesion removal [20]. In eukaryotes, NER proteins are
strongly conserved [1], as we have showed in our results regarding the
significant findings of potential homologues for the majority of proteins
searched in the eukaryotic organisms. Notably, the XPB helicase and the
endonucleases XPF and XPG are found in all species evaluated in this
study. Actually, some of the NER proteins are widespread, and they
probably represent ancient proteins that could have taken part in a
primitive NER mechanism [5]. Although NER proteins are well
conserved, there are essential differences among distant phylogenetic
groups, which may imply a distinct functioning of this pathway in
different organisms [1,5,35]. Besides substantial evolutionary distances,
non-significant e-values might suggest the nonoccurrence of the respec-
tive proteins or large sequence divergences. However, it is important to
mention that this could be also associated with annotation errors that
could hinder the homology search [35] or even false negatives [25].

We have found some constraints on sequences that have significant e-
values, but are probably not analogous to the human proteins due to
aspects related to conserved domains, length, as well as to the evolu-
tionary analyzes. CSA is a protein organized in five WD40 repeats [5],
essential structures that work as platforms in protein-protein and
DNA-protein interactions [36]. We have reported that this architecture
has been evolutionarily maintained in vertebrates, but substantial dif-
ferences have been encountered in some invertebrates (Fig. 1A). For
instance, D. melanogaster presents six WD40 repeats and a chromatin
assembly factor-related domain, which suggests a distinct function from
human CSA. Furthermore, its sequence has a certain evolutionary dis-
tance (2.26) from H. sapiens. Indeed, the fruit fly genome does not
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encode a potential counterpart for CSA [37], and curiously this gene
seems to be missing even from Holometabola, that is, insects that un-
dergo complete metamorphosis [38,39].

Caenorhabditis elegans also comprises a different structure of seven
WD40 domains shifted to the right, besides a U-box domain (Fig. 1A),
probably associated with a ubiquitin-ligase function [40]. Also, the
protein sequence retrieved for CSA in C. elegans has a distance of 2.577
from human CSA and a quite bigger length than the observed average.
These characteristics strongly suggest that, possibly, it is not analogous
to CSA. However, an analogous protein has been found for CSA in
C. elegans through a sequence profile made from a multiple sequence
alignment of established CSA sequences, a more effective methodology
to find distant homologues [41,42].

Additionally, we have observed that the protein sequence obtained
for CSA of S. cerevisiae has resulted in only four WD40 domains, and
three of them have similar positions to vertebrates (Fig. 1A). Moreover,
this sequence has a distance of 1.24 from human CSA and a much bigger
length than the average verified for this protein, even though it has
clustered in the same clade containing the vertebrate species. Actually, a
study has reported that a homologue of CSA in budding yeast has been
identified with five WD40 repeats. It has been demonstrated that three
of these WD40 repeats are structurally related to repeats in the human
CSA [43]. However, the fifth repeat have had the lowest percent identity
with its human correspondent [43], which might explain why this have
not been detected with our approach. Notwithstanding, although a CSA
homologue has been detected in S. cerevisiae, it is not in the TC-NER of
this organism [20,44].

In the corresponding hit for CSA of S. pombe, we have detected six
WD40 domains, and five share similar positions with wvertebrates
(Fig. 1A). In fact, it has been demonstrated that there is a CSA homo-
logue in S. pombe, termed Cknl, which is involved in TC-NER, but does
not seem to play a role in the ubiquitination of the CSB counterpart [45].
Regarding TC-NER in budding yeast, it is known that its CSB homologue,
Rad26, is entirely or partially dispensable in the presence of a subunit of
the RNA-pol II [46,47]. However, TC-NER in S. cerevisiae is primarily
executed by the Rad26-dependent mechanism, with the exception of a
small region immediately downstream of the transcription start site [47,
48]. Therefore, we can infer that TC-NER exists since the origin of eu-
karyotes. However, the genes involved in this process may have lost and
gained functions during the evolution, which can be supported by the
variability of gene structure and domains (Figs. 1 and S2). This implies
that, in some organisms, homologous proteins may not participate in
TC-NER and then analogous proteins might perform these functions.
Nonetheless, functional studies, as well as studies of the molecular
evolution of each gene family, are necessary to corroborate this
hypothesis.

Furthermore, in the hit obtained for CSA of T. cruzi, we have verified
a different domain frequency corresponding to seven WD40 repeats
(Fig. 1A), besides a distance of 1.54 from H. sapiens. Similarly, no ho-
mologous sequence of CSA has been detected in T. brucei, although a CSB
ortholog has been identified, as we also have reported for T. cruzi. These
observations imply a different functioning from human TC-NER in these
trypanosomatids, which is mentioned as the main subpathway of NER in
T. brucei, probably due to its multigenic transcription [1].

We also have found an entirely different structure for CSA of
G. lamblia. Besides a longer length, this protein has two different do-
mains in the C-terminus, a coatomer WD-associated region, and a
COPI_C domain (Fig. 1A). The first one seems to be related to protein
transport between the endoplasmic reticulum and the Golgi apparatus
[49], whereas the second one may be involved in the intra-Golgi
transport [50]. Besides a different domain composition with a very
distinct function, the sequence of this protein corresponds to a divergent
branch from the central clustering in the CSA tree. Therefore, it is likely
that this is not analogous to human CSA.

The CSB protein belongs to the DNA-dependent ATPase SWI/SNF
family, which is known to play a role in chromatin remodeling [5]. In
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the screening of the CSB protein structure, we have found two main
helicase-related conserved domains, DEXDc and HELICc (Fig. 1B).
Indeed, the enzymes within this family harbor a central ATPase domain
composed of seven conserved helicase motifs. These are probably con-
tained in DEXDc and HELICc, since the most kept positions along the
analyzed species share approximately the same 510-960 region
described for the ATPase domain [51]. However, we have found
remarkable differences in some structures of putative CSB proteins
retrieved in our BLAST searches.

A distinct protein structure has been found for the retrieved sequence
of a putative CSB of D. melanogaster, whose length is smaller in com-
parison to the CSB candidates encountered for the other species. Besides
having a considerable shift to the left in the positions of DEXDc and
HELICc domains, we have verified a DBINO domain in the N-terminus
and two SANT domains in the C-terminus of this protein (Fig. 1B).
DBINO is a DNA-binding domain of INO80, which is a subfamily of the
SNF2 protein family. A striking feature of the INO80 superfamily is the
presence of a DBINO domain near the N-terminus, approximately 100
residues upstream to the SNF2 helicase domain [52], which has been
reported in our study for D. melanogaster. Additionally, SANT domains
have a function in chromatin remodeling, assuming an important role in
SWI/SNIF complexes [53]. Although these domains are involved in
chromatin remodeling, which is also a function of CSB, this sequence
integrates a divergent clade from the main clustering of the CSB tree,
then probably it does not have an analogous role to human CSB. It has
been already reported that CSB is missing from fruit flies and even from
the order Diptera [38]. Although the D. melanogaster genome have also
failed to reveal a CSA homologue, a recent methodology using an in vivo
excision assay and excision repair-sequencing (XR-Seq) surprisingly
have showed that fruit flies do perform TC-NER at comparable levels to
human cells [54].

The low branch supports obtained in CSB tree indicates the se-
quences have large evolutionary distances, which has led to the loss of
the phylogenetic signal. However, despite the great evolutionary
sequence (94.105) observed in CSB of C. elegans, a CSB counterpart has
indeed been identified in this species, containing 957 amino acids with
37% identity to its human homologue. Also, it is composed of an SNF2-
like ATPase domain, which has the same protein domain pattern as the
structure we have found in vertebrates [55,56]. This suggests CSB in
C. elegans performs a similar function to the vertebrate proteins, which
in fact has been observed experimentally. Suppression of CSB in
C. elegans by RNA interference has caused hypersensitivity to UV radi-
ation, leading to cell proliferation arrest, apoptosis and embryonic
mortality. This implies that CSB in C. elegans does perform a similar role
to its known function in TCR [55].

The hHR23B protein is characterized by a ubiquitin-like domain in
the N-terminus, two ubiquitin-related domains, and a STI1 domain
(Fig. 2B). STI1 is a heat-shock chaperone binding domain involved in
XPC-binding [5,57]. We have reported a conserved structure for
hHR23B homologues in the eukaryotic species analyzed, but, surpris-
ingly, we have not detected the ubiquitin-like domain in D. melanogaster.
In budding yeast, the deletion of this domain has been found to be
associated with UV sensitivity, revealing its importance in DNA repair
[58]. As the ubiquitin-like domain mediates the interaction between the
proteasome pathway and DNA repair, it has been presumed that the UV
sensitivity caused by its deletion might be due to the inability of RAD23B
to interact with the proteasome [59]. Whether this apparent lack of the
ubiquitin-like domain in fruit fly has some functional implication or it is
an artifact of the conserved domain search is a matter of further
research. Regarding T. crugi, the protein retrieved presents an
XPC_binding domain, which is homologous to the STI1 domain and also
classified as heat-shock chaperone binding [60].

It is also interesting to point out that we have retrieved no hit for
hHR23B and XPC in G. lamblia, as well as no significant e-values for XPE
(Table 1). In fact, not all classical NER proteins could be identified in
G. lamblia genome, but it does not mean that NER is not functional in this
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organism. Hypothetically, this may suggest a different NER mechanism
or an offset by another repair pathway, since there is a homologous
recombination (HR) repair system acting on DNA damage removal in
trophozoites [61]. However, Giardia cysts have demonstrated a limited
ability to repair DNA damage when exposed to UV, which has been
attributed to the inactivity of DNA replication in this dormant life stage
[62].

The less frequent NER protein in the eukaryotic organisms here
evaluated is XPE. This protein is probably lacking in all the analyzed
invertebrates, for which we have not obtained significant e-values
(Table 1, Fig. 2C). The non-detection of a DDB2 subunit in C. elegans may
imply the absence of its function, which probably is being compensated
by the action of DDB1, the other DDB subunit [63]. In T. brucei, an
apparent homologue of DDB2 has also been not identified, and even the
DDB1 subunit has presented low similarity to their human and plant
counterparts [1]. Moreover, S. cerevisiae has no homologue of any DDB
subunit, but this function is likely to be supplied by another binding
complex, Rad7-Radl6 [5], which does not have a human homologue
detected [64]. Furthermore, a DDB2 homologue has been also not found
in S. pombe [65]. The proteins Rhp7 and Rhp16, homologues of Rad7
and Rad16 from budding yeast, have demonstrated to be essential for
GG-NER and share at least some properties of DDB. Therefore, one may
suggest that Rhp7 and Rhpl6 are analogues of DDB2 in fission yeast,
although their sequences do not have similarity to the human DDB2
[66].

Moreover, we have reported for the first time that a canonical XPD
homologue is surprisingly not found in chicken according to our previ-
ously described criteria. However, since the helicase activity of XPD is
fundamental for NER [67] and also takes part in the initiation of RNA
polymerase II transcription [5], it is very likely that some other protein
compensates this function in chicken, which needs further studies to be
better elucidated. Regarding thlastn results, the corresponding hit of the
primary search with the human XPD query does not have a significant
e-value, although it displays a feature named BRIP1, which is also known
as Fanconi Anemia group J protein (FANCJ). It is a DNA helicase
paralogue of XPD, then they indeed share a helicase-related domain
[67]. Interestingly, FANCJ plays a role in homologous recombination
repair and translesion synthesis [68].

Concerning the refined searches for XPD in G. gallus, the resulting
protein contains a significant e-value and indicates the same function of
XPD, since it has the same domains at very similar positions (Fig. 3B).
Despite its divergence in the XPD phylogeny, this sequence, which is
annotated as an ATP-dependent DNA helicase DDX11, is a member of
the XPD family [69] and also displays a 5'-3' DNA helicase activity [70].
Additionally, DDX11 acts as a backup for the Fanconi Anemia pathway
regarding the repair of intrastrand crosslinks in DT40 chicken cells and
also facilitates repair by homologous recombination [69]. Thus,
considering the absence of a canonical XPD, we suppose that DDX11
may have an analogous function to XPD in chicken, but functional
studies are strongly required to test this hypothesis. Moreover, the
presence of annotation errors should also be investigated. Nonetheless,
XPD homologues are found in many species of birds other than chicken,
comprising at least ten different taxonomic orders [71].

XPA is a UV-damage DNA-binding protein that acts as a scaffold in
both GG-NER and TC-NER subpathways [5,72]. XPA is composed of a
N-terminus domain containing a zinc-finger motif, a globular central
domain, and a C-terminus domain enclosing a shallow claft [72].
Although we have found both N- and C-terminus domains in the ma-
jority of the analyzed eukaryotic species, we could not identify a
N-terminal domain in S. cerevisiae (Fig. 3A). Despite this yeast homo-
logue has a zing-finger motif in the N-terminus, this region have
diverged considerably. In humans, the N-terminal domain seems to be
fundamental for the interaction with RPA [73]. However, experimental
observations have suggested that N-terminus is not essential for XPA
function in S. cerevisiae [74].

It is outstanding that no hit was obtained for XPA in A. thaliana
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(Table 1), and probably there is no potential homologous of XPA in
plants [5,75], which suggests some difference in the primary DNA repair
mechanism between plants and animals [75]. Therefore, we have tried
to investigate the lack of XPA in the base of plant phylogeny by per-
forming a search in Characeae, since these green algae are close to the
ancestors of land plants [76]. To do that, we have used XPA of
S. cerevisiae to search Chara braunii genome, but no hit has been obtained
(data not shown).

Curiously, it has been reported that XPA is an intrinsically disordered
protein, meaning it does not fold spontaneously into an organized ter-
tiary structure [77,78]. Also, protein disordered regions have a smaller
sequence conservation across species [77]. Probably, this explains why
an XPA ortholog has not been detected, although an XPA sequence not
retrieved by standard search methods may likely participate in plant
NER or another protein sharing similar properties to XPA substitutes its
function [79]. This may clarify why A. thaliana has an ortholog of XAB-1,
an XPA-binding protein from humans, even though an XPA itself was not
detectable [5].

We also have reported non-significant e-values for XPA in G. lamblia
and T. crugi (Table 1). Actually, XPA has not been detected in the
genome of any trypanosomatid [80]. In T. brucei, the apparent absence
of an XPA homologue has been supposed to be related to the lack of
TFIIH function in NER, since XPA seems to play a role in stabilizing the
association between TFIIH and the NER machinery [1]. However, the
nondetection of XPA in these protozoans can also be explained by the
low sequence conservation due to XPA intrinsic disorder [77]. This
suggests that XPA have had a greater divergence in plants and
protozoans.

Different from G. lamblia, Plasmodium falciparum parasites have
almost all NER components, except p62, a TFIIH component, and XPC
[81]. This clearly indicates that NER is present in the tree of life since the
origins of eukaryotes. However, in spite of a study had reported the
occurrence of XPA in P. falciparum [81], when employing our method-
ology for a more refined search by using XPA of S. cerevisiae as query, we
could not retrieve any significant result. Also it has not been possible to
detect an XPE ortholog when using the corresponding sequence of
A. thaliana as query (data not shown). Thereby, the question regarding
XPA can probably be explained by its intrinsically disordered nature
[771. Concerning XPE, this result supports the hypothesis of its probable
nonoccurrence in invertebrates, suggesting it may have appeared in the
evolution of species after the diversification of protozoans.

When comparing the putative species tree (Figure S1) with the NER
phylogenies, the same pattern could be observed for vertebrates, which
form a well-supported clade for most genes, while no pattern has been
observed for invertebrates. Regarding gene structures (Figure S2), we
have observed clear differences between vertebrates and invertebrates.
In general, there is relative maintenance of the intron architecture in
vertebrates, which supposes the intervention of a certain selective
pressure. On the contrary, invertebrates have a more relaxed pattern,
considering a larger variation in their gene structures. Therefore, the
results of gene structure and phylogenies reinforce the intricate evolu-
tionary story of NER pathway in eukaryotes, with divergence of func-
tions and the possible presence of analogy.

5. Conclusion

Through the demonstration of the heterogeneity of the gene struc-
tures and a particular variety in the protein architecture of the NER
components here evaluated, besides the apparent absence of certain
proteins in some organisms, our results indicate important differences
regarding the eukaryotic NER to the human NER. In this sense, we
highlight the lack of a canonical XPD in chicken, a greater divergence of
XPA in plants and protozoans and the absence of XPE in the invertebrate
species analyzed. Despite this, it is remarkable the presence of this
excision repair mechanism in a high number of evolutionarily distant
organisms, being present since the origin of eukaryotes. However, the
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proteins involved in this pathway are a mix of homologous and analo-
gous proteins, making difficult the understanding of this repair mecha-
nism in different branches of eukaryotes. This opens new perspectives of
studies focused on the gaps found in the evolution of eukaryotic NER.
Therefore, the many differences here presented do not allow a direct
connection among several NER proteins with their human counterparts.
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3 ARTIGO 2 - XERODERMA PIGMENTOSUM D HELICASE IN GALLIFORM
BIRDS: WHERE IT HAS FLOWN TO?

Este estudo continua a investigacdo de um resultado do artigo apresentado
anteriormente, referente a auséncia de uma proteina XPD candbnica na espécie Gallus
gallus. Utilizando a mesma metodologia, a sequéncia ortéloga de XPD do crocodiliano
Alligator mississippiensis foi utilizada para explorar a ocorréncia dessa proteina em
Galliformes, Anseriformes, Struthioniformes e Tinamiformes com um enfoque
estrutural. Nesse sentido, os resultados obtidos conferem uma visdo mais ampla de
que XPD possa estar ausente em todo o grupo-irmao Galliformes-Anseriformes. Além
disso, informacdes recentes da literatura trazem novas contribuicdes para uma
hipétese proposta no primeiro artigo no que se refere a compensagao da funcao de
XPD em G. gallus. A partir da pagina seguinte, é apresentado um manuscrito em fase
de preparagédo para submissdo na revista Biochimica et Biophysica Acta (BBA) —

General Subjects.
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Abstract

Background: Xeroderma Pigmentosum D (XPD) is an important helicase in the constitution of
the basal transcription factor IIH (TFIIH), playing pivotal roles in nucleotide excision repair
(NER) and transcription. Motivated by previous works that have shown the absence of a
canonical XPD helicase in some birds, we have tried to better investigate this intriguing finding
in an evolutionary fashion.

Methods: We have performed a refined search of ERCC2 (XPD) in genomes and proteomes of
birds from the orders Tinamiformes, Struthioniformes, Galliformes and Anseriformes by using
similarity and structural criteria. In addition, to analyze the conservation of gene positions, we
have explored the occurrence of genomic neighbors of alligator ERCC?2 in the chicken genome.
Results: We have revealed that a canonical XPD is not found in the sister group Galliformes-
Anseriformes in spite of being present in the base of the bird phylogeny. However, the genomic
context of chicken ERCC?2 is not clear enough to suggest a synteny.

Conclusions: The obtained results suggest that there might have been a loss of the XPD
sequence in Galloanseres, in addition to a potential function convergence between XPD of

Alligator and DDX11 and FANCIJ of Galloanseres.

Keywords: TFIIH, XPD, DNA repair, helicase, Galliform birds, conserved protein domains.
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1. Introduction

Xeroderma Pigmentosum D (XPD) is an important helicase that acts in concert with
Xeroderma Pigmentosum B (XPB) in nucleotide excision repair (NER), the most flexible and
versatile DNA repair pathway, as it is capable of removing a myriad of structurally unrelated
bulky DNA lesions [1,2]. XPB and XPD are critical subunits of the basal transcription factor
IIH (TFIIH), the former composing its seven-subunit core together with p8 (TTD), p34, p44,
p52, and p62. TFIIH is also constituted by a three-subunit kinase complex including CDK7,
cyclin H, and MAT1, which is attached to the core by XPD [1,3]. Through the 3’-5> XPB and
5’-3> XPD activities, TFIIH is responsible for opening the double-helix around the site
containing the transcription promoter or the DNA damage, thereby allowing the access of RNA-
polimerase II (RNA-pol II) or NER proteins, respectively [4,5]. However, it is suggested that
in NER, only the ATPase activity of XPB is required, combined with the helicase function of
XPD [6].

The XPD helicase is probably present in all domains of life, as most archaea have clear
homologues, and also Escherichia coli, whose DinG protein contains an iron-sulfur-cluster
(FeS), a characteristic feature of this helicase family [7]. Additionally, in spite of having been
demonstrated that XPD enzymatic activity is dispensable for transcription initiation, a recently
published work showed that the interaction between core TFIIH and the kinase complex (CAK)
by XPD plays a fundamental role in the phosphorylation of the C-terminal domain of RNA-pol
IT and in RNA synthesis as well [8,9]. In fact, the deletion of the ERCC2 gene, which encodes
for XPD, results in lethality in both mice embryos and budding yeast (R4D3), probably due to
its essential function in transcription [10,11]. Furthermore, mutations in human XPD can cause
distinct inherited diseases such as Xeroderma Pigmentosum (XP), Cockayne Syndrome (CS),

XP combined with CS, and trichothiodystrophy (TTD) [5]. All of these genetic conditions share
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a skin photosensitivity phenotype as a result of a defective NER mechanism in response to UV-
induced damage [12].

By contrast, previous works have surprisingly shown that a canonical XPD could not
be identified in some bird species with completely sequenced genomes, such as Gallus gallus
(chicken). Notwithstanding, XPD counterparts have actually been encountered in at least 10
different taxonomic orders, including Tinamus guttatus, (Tinamiformes), which is in the base
of the bird phylogeny [13—15]. Therefore, this study aims to better investigate this intriguing
absence of XPD sequence in an evolutionary fashion by searching for it in genomes and
proteomes of Tinamiformes, Struthioniformes (both in the base of the bird tree), Galliformes,
namely the G. gallus order, and Anseriformes, its sister group [16]. In addition, we have
explored the occurrence of genomic neighbors of alligator ERCC?2 in the chicken genome.

Then, we highlight the probable absence of XPD in and the Galliformes-Anseriformes group.

2. Material and methods
2.1 Search for XPD in birds

In order to better investigate the occurrence of XPD in birds other than G. gallus, we
have used a previously described homology searching method, which takes into account e-value
(lower than 1 x 10°), percent identity, protein sequence length, and conserved protein domains
[13], to perform a refined search. To do so, we have used the nucleotide (XM 014604761.2)
and protein (XP_014460247.1) sequences of XPD of Alligator mississippiensis, formerly
obtained [13], as queries for blastx and tblastn searches. The genomes and proteomes of
Galliformes, Anseriformes, Tinamiformes and Struthioniformes have been searched on NCBI
Genome List by taxonomic order and used as subjects for the search. The information on the
resulting sequences is in Tab S1.

2.2 Analysis of genomic context based on Al/ligator ERCC2 region
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Additionally, to investigate whether genes from the same genomic context of ERCC2
in A. mississippiensis occur in G. gallus genome or not, firstly we have examined the
chromosomal location of the former on GenBank (Gene ID: 102572247), and also of humans
(Gene ID: 2068) for a matter of comparison [13,17]. Then, thlastn searches have been carried
out in the chicken genome, considering the amino acid sequences of the two immediate genomic
neighbors of 4. mississippiensis XPD, as queries for individual searches. The same selection

criteria have been used.

3. Results and discussion
3.1 XPD is present in the base of the bird phylogeny

In a general way, the bird phylogeny is divided in Palacognathae - which includes the
flying tinamous (e.g. Tinamus guttatus and Nothoprocta perdicaria) and the flightless ratites
(such as Struthio camelus) — and Neognathae, that is, all of the other birds. In turn, the latter is
splitted into Galloanserae, which comprises the sister groups Galliformes and Anseriformes, as
well as Neoaves, the one containing the majority of avian diversity [15,16]. Regarding our
results of XPD occurrence in birds other than G. gallus, we have found putative sequences with
good statistics (Tab S1) and similar protein structures (Fig 1A, B) in only three genomes (N.
perdicaria and T. guttatus in Tinamiformes; S. camelus in Struthioniformes) out of 28 searched.
Moreover, the NCBI Orthologs page for ERCC2 (XPD) indicates that it is also present in the
palaeognaths Dromaius novaehollandiae (emu) and also in two species of the genus Apteryx
(commonly known as kiwi), the closest relatives to the recently extinct Madagascan elephant

birds [15,18,19]. Altogether, this implies that ERCC2 is present in the base of the bird

phylogeny.
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Figure 1: Protein domains of XPD in Alligator and the resulting proteins of Tinamiformes,
Struthioniformes, Galliformes, and Anseriformes. A) Alligator. Ami: Alligator
mississippiensis. B) Tinamiformes. Npe: Nothoprocta perdicaria, Tgu: Tinamus guttatus. C)
Struthioniformes. Sca: Struthio camelus. D) Galliformes. Bth: Bambusicola thoracicus, Csq:
Callipepla squamata, Cvi: Colinus virginianus, Cja: Coturnix japonica, Mga: Meleagris
gallopavo, Nme: Numida meleagris, Pco: Phasianus colchicus. E) Anseriformes. Apl: Anas
platyrhynchos, Acy: Anser cygnoides, Afu.: Aythya fuligula. Structures have been displayed only
in species for which there are available protein sequences. Domains have been obtained from

the SMART server.
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With regard to the protein conserved domains, N. perdicaria have similar domains to
XPD in A4. misssissippiensis, DEXDc and HELICc [13], whereas S. camelus has a smaller
protein sequence containing only HELICc and an additional domain HBB, but it is a partial
sequence, which would be problematic to claim a domain loss [20] since it is not complete.
Nevertheless, based on the results of XPD occurrences in N. perdicaria, T. guttatus and S.
camelus, we have used their sequences as queries of blastx searches against the chicken
genome. However, we also have not obtained a canonical XPD, but the DDX11 helicase has
been retrieved in two of the searches with a significant e-value (data not shown).

Accordingly, a previous work of our group has recently suggested that this protein may
have an analogous function to XPD as they are composed by the same domains [13]. In fact,
XPD does perform a paramount role in NER pathway and transcription, and essential genes
have a strong tendency to be retained [21]. Despite this, findings of a homology-based model
of DDX11 in a fungus species predicted that some of its residues located in the equivalent
region of XPD may employ a similar role [9]. Thus, our preceding hypothesis needs to be tested
by means of the evolution of redundancy, in which a gene may be possibly considered
nonessential by virtue of paralogs or even nonrelated genes which might provide the same
function [21].

3.2 A canonical XPD is not found in Galloanserae

The blastx searches in 14 Galliform genomes have retrieved proteins with significant e-
value and protein domains in common with XPD sharing similar positions, such as the
sequences found in Bambusicola thoracicus, Callipepla squamata, and Colinus virginianus
(Fig 1C). Moreover, proteins annotated as Fanconi anemia group J (FANC]J), also containing
both XPD domains, have been obtained in Coturnix japonica and Numida meleagris, even
though these proteins are much larger. Indeed, the Fanconi Anemia pathway is known to be

crucial for intrastrand crosslink repair in vertebrate cells [22]. In turn, sequences somewhat
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shorter than the FANCJ proteins, with XPD domains as well, were found in Meleagris
gallopavo and Phasianus colchicus, and are annotated as regulators of telomere elongation
helicase 1 (RTELT1), acting in the maintenance of telomere integrity [23].

Concerning thlastn searches in Galliformes, we have obtained significant results
considering e-value and percent identity (71-90%) in nine species, but with very low query
cover (5-14%). A similar result pattern has also been reported in Anseriformes (e.g. ducks) [16]
of which nine genomes have been searched, seven of them having considerable results in terms
of e-value. Of these, we have observed higher percent identities (73-97%) in four species, but
actually only three of them have annotated features: Anas platyrhynchos, Anser cygnoides, and
Aythya fuligula. In spite of this, they also present low coverage (4-16%). Their corresponding
proteins (Fig 1D) are annotated as FANCJ as well, having both XPD characteristic domains
with conserved positions among Anseriformes, which are quite similar to the Galliform species
B. thoracicus, C. japonica, and N. meleagris and then, they possibly have the same function as
FANCI. Taking this together leads to the fact that XPD is not found in Galliformes (landfowl)
and Anseriformes (waterfowl). Thereafter, perhaps it has been lost in the common ancestor of
Galloanseres, though this hypothesis needs robust phylogenetic analyzes to be supported [24].
3.3 The genomic context of chicken ERCC? is not clear enough to suggest a synteny

We have found the same two genes surrounding ERCC2 in both human and alligator
genomes: a kinesin light chain gene (KLC3) upstream and a protein phosphatase gene
(PPPIR13L) downstream (Fig 2A, B), that is, they are syntenic. Concerning the use of alligator
sequences as queries (XP_019351126.1 for KLC3 and XP 019351129.1 for PPPIRI13L), the
thlastn searches have resulted in two putative homologues for these genes in G. gallus, both
located in the same chromosome 5 region (Fig 2C). However, there are other two genes between
them, XRCC3 and ZFYVE?21, besides a different genic composition within the referred region.

Therefore, albeit synteny helps to infer homology, our results here demonstrated do not allow
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us to ascertain that there is in fact a syntenic relationship between alligator and chicken

chromosomes [25].

Chromosome 19 - NC_000019.10
A) Hsa [ 45323599 p - [ 45451547 p
LOC103004523 KLCS PPP1R13L
RP3$16P3 ERCC2 tfpm— POLR1G
ERCC1
B) Ami NW_017712027.1
[ap [23754
KLC3 PPP1R13L
ERCC2 tfpm—— POLRLG
C) Gga Chromosome 5 - NC_006092.5

[ 50558598 p [S0817355

LOC1 07053558 BAGS KLCL 2
APOPT1 ®RCC3 TDRD2
2ZFYVE2L Cldors2
PPP1R136 4 RD3L

Figure 2: Genomic context of ERCC2. A) In H. sapiens (Hsa), ERCC2, represented in red, is
located in the chromosome 19 (genomic sequence NC 000019.10). B) In Alligator
mississippiensis (Ami), ERCC2, also in red, is located within the genomic sequence
NW _017712027.1 (unplaced scaffold). C) In G. gallus, the putative homologues for KLC3 and
PPPIRI3L (in red) are both placed in chromosome 5 (genomic sequence NC_006092.5). The

genomic context visualization has been obtained on GenBank.

More specifically about the BLAST results, in the search for KLC3 and PPPIRI3L in
G. gallus, the resulting sequences we have retrieved from the filtering criteria have fitted our e-
value threshold (Tab S2). The kinesin sequence has 95% identity to the query, both having one
TPR 10 domain and four TPR domains somewhat in the middle of the protein towards the C-
terminus (Fig 3). However, the one of G. gallus has an additional TPR domain near the C-
terminal region, and the corresponding sequence is annotated as KLCI. Kinesins are a
superfamily of proteins involved in the molecular motion along microtubules, having four

isoforms (KLC1-4) identified in vertebrates. One of the characteristic features of KLC is the
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tetratricopeptide domain (TPR), whose function is associated to the binding of different cargos
[26]. Henceforth, despite KLC of chicken has an extra TPR domain, this may still indicate an
ortholog relationship.

Regarding the phosphatase sequence, we have observed a percent identity of 53%,
presenting two ANK domains and one SH3 in the C-terminal region (Fig 3). Conversely, the
domain positions between alligator and chicken have a notable difference of around 250 aa, and
the chicken sequence is annotated as PPP/R13B. Regardless, that is not a huge difference in
the sense that both species have the same conserved domains, and the function of a protein is,
in general, determined by its domain architecture [27].

A)KLC3

Ami EI
Gga EI

B) PPP1R13L

Ami H [;] :$H3>

Gga H [;] EH3>
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Figure 3: Protein domains of the putative KLC3 and PPP1R13L proteins. A) KLC3. B)
PPPIR13L. Domains have been obtained from the SMART server. Ami: Alligator

mississippiensis, Gga: Gallus gallus.

4. Conclusions

Our major finding is the absence of XPD in Galloanseres spite of being present in the
base of the bird phylogeny. Additionally, our evidences coming from homology searches
presented here extended the results of our previous work and do show a potential function

convergence between XPD of Alligator and DDX11 and FANCJ of Galloanseres. Also, the
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analyzes of the genomic context based on the XPD counterpart of Alligator suggest us an
unclear syntenic relationship. Thereby, our work gives a glimpse on which wings chicken can

be using to deal with DNA damage.
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Table S1: blastx and thlastn search results against XPD in other birds, using XPD of A. mississippiensis as query.
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Order Specie Search sch:tre e-value Identity 3:33 Accession Reference genome
Crypturellus cinnamomeus tblastn 101 3.00E-20 69% 19% PTEZ01002580.1 cryCin1
Eudromia elegans blastx* - - - - - eudEle1
Tinamiformes tblastn 199 1.00E-70 60% 95% PTEX01000752.1
Nothoprocta perdicaria blastx 1417 0.0 91% 93% XP_025905547.1 -
Tinamus guttatus blastx 475 2.00E-158 59% 78% XP_010218114.1 -
Struthioniformes | Struthio camelus blastx 762 0.0 80% 70% XP_009666287.1 -
Bambusicola thoracicus blastx 128 200E-30  27% 42% POI30821.1 Bthov1.0
tolastn** 45.8 1.40E-02 49% 12% PPHD01010557.1
Callipepla squamata blastx 110 7.00E-25  29% 36% OXB59796.1 A2
tblastn 99.4 2.00E-20 90% 6% MCFN01023643.1
Centrocercus minimus blastx* - - - - - Cmin_1.0
tolastn** 435 1.50E-02 36% 16% SP0OS01000007.1
Chrysolophus pictus blastx* ) } } } } Chrysolophus_pictus_GenomeV1.0
tblastn 70.5 1.00E-10 73% 13% KZ860042.1
Galliformes | Colinus virginianus blastx 140 4.00E-34  29% 43% OXB80435.1 Cv_LA_1.0
tblastn** 50.1 1.00E-04 37% 13% VONY01000613.1
Coturnix japonica blastx 169 7.00E-43  25% 78% XP_015736092.1 Sl e es 2.1
tblastn 77 9.00E-20 85% 13% NW_015440188.1
Lagopus muta blastx* . . _ ) ) Lagopus muta japonica_ver1.0
tblastn 107 4.00E-23 74% 8% BJCA01029474.1
Lyrurus tetrix blastx™  20.4 8.5 34% 4% AFH75313.1 tetst
tolastn** 47.4 5.00E-05 34% 9% JDSL01332429.1
Meleagris gallopavo blastx 170 200E-43  22% 94% XP_019477738.1 Turkey_5.1
tblastn 104 3.00E-22 83% 7% NW_011216346.1
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Numida meleagris blastx 169 1.00E-42  23% 78% XP_021271791.1 N G
tblastn** 48.9 3.00E-04 91% 3% NW_018363296.1
Pavo cristatus blastx* - - - - - AlIM_Pcri_1.0
tblastn 57.4 1.00E-08 71% 5% QZWQ01166974.1
Phasianus colchicus blastx 194 7.00E-51  23% 88% XP_031445156.1 ABHETARTAYL
tblastn 79 4.00E-16 69% 6% NW_022221337.1
Syrmaticus mikado blastx* - - - - - NTU_Smik_1.2
tblastn 70.1 6.00E-11 73% 5% QGNRO01004031.1
Tympanuchus cupido blastx* _ _ _ } } T_cupido_pinnatus_GPC_3440_v1
tblastn 101 2.00E-20 77% 14% MOXI01000360.1
- 0, 0,
Anas platyrhynchos blastx 166 1.00E-41 24% 78% XP_027327945.1 IASCAAS_PekingDuck_PBH1.5
tblastn** 45.1 6.00E-03 55% 11% NC_040065.1
Anas zonorhyncha blastx - - - - - GCA_002224875.1
tblastn 142 4.00E-33 49% 62% NOIK01000931.1
Anser brachyrhynchus blastx - - - - - GCA_002592135.1
tblastn 109 4.00E-48 73% 16% NXHY01002264.1
i blastx 172 8.00E-44 24% 78% XP_013053520.1
TSR BEEEES ° ° - AnsCyg_PRJNA183603_v1.0
tblastn 64.3 9.00E-09 97% 4% NW_013186212.1
Anseriformes | A7se indicus blastx” ; ; ; ; ; GCA_006229135.1
tblastn 45.1 6.00E-03 55% 1% VDDG01000143.1
i blastx - 0 0
Aythya fuligula 166 5.00E-42 24% 78% XP_032056908.1 bAYtFUI2.pri
tblastn 176 1.00E-43 89% 13% NC_045564.1
Branta canadensis blastx - - - - - GCA_006130075.1
tblastn 58.5 2.00E-07 92% 3% ML628616.1
Cairina moschata blastx - - - - - CaiMos1.0
tblastn* - - - - -
Cygnus olor blastx - - - - - bCygOlo.pri
tblastn* - - - - -

*The corresponding searches resulted in no hit; *The corresponding searches have nonsignificant e-values.




Table S2: thlastn search results against genomic neighbors of XPD
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BLAST results

Accession numbers

Gene
Bit score e-value Identity Gene ID Genomic Protein
KLC3 127 2.00E-28 95% 423484 NC_006092.5 XP_025006858.1
PPP1R13L 91.3 5.00E-17  53% 423487 NC_006092.5  XP_015143326.1
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4 DISCUSSAO GERAL

A presente dissertagdao contém dois importantes pontos empregados para um
melhor entendimento das lacunas da evolugédo da via NER em eucariotos: 1) uma
analise computacional de proteinas-chave dessa via de reparo de DNA tanto em
organismos-modelo quanto ndo-modelo, acompanhada de uma reviséo de literatura
sobre o seu mecanismo; e 2) um estudo buscando investigar a possivel perda de uma
importante enzima dessa via de reparo em Galloanseres, tanto na base da filogenia
das aves quanto em alguns organismos do clado em questdo. Além disso, é
inquestionavel que os achados deste trabalho tém o potencial de geracédo de
pesquisas futuras baseados na metodologia utilizada, bem como nas hipoteses
langadas no decorrer deste trabalho, seja para esta como para demais vias de reparo

de DNA, e até mesmo para a inferéncia de ortologia em outros processos moleculares.

O primeiro ponto deste trabalho traz contribuicoes importantes no sentido de
identificar as lacunas de informac&o identificadas na via NER em organismos
eucaribticos. Sendo assim, apesar de essa via estar presente desde o dominio
Archaea, enfatizamos acontecimentos importantes que ocorreram durante a historia
evolutiva dessa via em eucariotos. Dentre eles, destaca-se a auséncia da proteina
XPA em plantas e protozoarios, especialmente em Giardia lamblia, que carece de
estudos nesse mecanismo, e em Plasmodium falciparum, para o qual ainda ndo havia
sido reportada a aparente auséncia de XPA (KIMURA e SAKAGUCHI, 2006;
MACHADO et al., 2014; FELTRIN et al., 2020). Também enfatizamos que, segundo
nossos critérios estruturais e de similaridade, a proteina XPE nao foi obtida nos
invertebrados analisados, podendo indicar uma divergéncia. Entretanto, o resultado
mais intrigante foi ndo termos encontrado, utilizando nossa metodologia, uma proteina

XPD canbnica em G. gallus.

Sendo assim, o segundo ponto deste estudo teve como foco justamente
investigar essa aparente auséncia de XPD em galinhas. Além de estar presente até
mesmo na espécie de cnidario Hydra (GALANDE et al., 2018), XPD tem um papel
muito importante tanto no reparo quanto na transcricdo (COMPE e EGLY, 2016),
sendo estes ambos processos fundamentais para a manutencéo da fidelidade e do
fluxo da informagdo genética. Dessa forma, por meio da busca de XPD em quatro

ordens taxondmicas, recuperamos sequéncias ortélogas de XPD na base da filogenia
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das aves. Porém, seguindo os mesmos critérios de busca empregados no primeiro
artigo, também nao foi evidenciada a presenga de uma sequéncia de XPD canénica
no grupo-irmao que inclui Galliformes e Anseriformes. Adicionalmente, a analise do
contexto gendmico de ERCC2 em A. mississippiensis nao demonstrou claramente que
haja uma relagédo sinténica entre essa regido na espécie de crocodiliano e em G.

gallus.

Como perspectivas, pretende-se: (i) ampliar o numero de espécies analisadas
na busca por homologia e também por sintenia, principalmente em Struthioniformes
e, aléem disso, em Neoaves; (ii) utilizar uma metodologia mais robusta para investigar
sintenia; (iii) realizar buscas por outros componentes do TFIIH que interagem com
XPD durante o NER; e (iv) realizar analises filogenéticas para clarear as relagdes
evolutivas entre as sequéncias. Com isso, espera-se que a possivel auséncia de XPD
em Galloanseres possa ser melhor compreendida.
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5 CONCLUSAO

O reparo por excisédo de nucleotideos (NER), possivelmente em razao de ser o
mecanismo de reparo de DNA mais versatil, faz-se presente em grande parte dos
ramos da arvore da vida. Ademais, existe um consenso na literatura de que o NER
tenha sido muito conservado ao longo da evolugédo das espécies, especialmente em
eucariotos. Entretanto, neste trabalho demonstramos diferengas importantes entre o
NER de humanos e de eucariotos evolutivamente distantes. Apesar de a maioria dos
componentes dessa via estarem presentes nas espécies eucaridticas avaliadas,
observa-se uma heterogeneidade nas estruturas génicas, bem como uma variagéo na
arquitetura das proteinas entre esses organismos. Tais achados nos permitem supor
que ocorra um diferente funcionamento da via NER nesses organismos, abrindo
perspectivas para o desenvolvimento de estudos funcionais. Além disso, apesar de
termos encontrado resultados essencialmente preditivos em relagdo A possivel
auséncia de XPD em Galloanseres, demos um passo consideravel a fim de tracar

novos horizontes de busca.
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