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“NOTHING IN BIOLOGY MAKES SENSE,

EXCEPT IN THE LIGHT OF EVOLUTION”

THEODOSIUS DOBZHANSKY

(1900-1975)
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ESTRUTURACAO DA TESE

A presente tese encontra-se estruturada da seguinte forma: uma introducao geral, os
objetivos (gerais e especificos), os quatro capitulos principais escritos na forma de artigos
cientificos (conforme as normas das revistas para as quais foram submetidos), uma
discussdo separada em subitens, conclusdes (gerais e especificas) e perspectivas.

A introducdo aborda alguns conceitos importantes para o entendimento dos
processos de reparacdo de DNA em eucariotos, tais como os tipos de danos ou lesdes
encontrados no DNA (bases modificadas, adutos mono- e bifuncionais e quebras simples e
duplas de DNA), os mecanismos de reparagdo mais conhecidos, com énfase para a
reparagdo recombinacional e os genes PSO. Na introdugdo também sdo abordados os
principais tipos de técnicas de andlises de seqiiéncias e de filogenia, ressaltando a sua
importancia para o estudo de proteinas de fung¢do ainda ndo conhecida ou pouco
caracterizada.

O Capitulo 1 trata de uma revisdo geral sobre a familia Pso2p/Snmlp, utilizando
dados conhecidos até aquele momento. Nesta revisdo sdo incluidos alguns resultados de
analises filogenéticas e de seqiiéncias, assim como um possivel mecanismo de atuagdo das
proteinas Pso2p/Snm1p por uma via recombinacional do tipo NHEJ. Este capitulo foi aceito
para a publicacdo no periddico Brazilian Journal of Medical and Biological Research e
encontra-se no prelo.

O Capitulo 2 descreve um estudo filogenético e de seqiiéncias da familia
Pso2p/Snmlp, detalhando os principais grupos encontrados e suas fung¢des na reparagdo de
DNA, na manutenc¢do da cromatina e na geracao de diversidade bioldgica. Este capitulo foi
submetido a publicacdo para Proteins: Structure, Function, and Bioinformatics.

Uma analise filogenética e de seqiiéncias do grupo Artemis, pertencentes a familia

Pso2p/Snmlp, ¢ mostrado no Capitulo 3 desta tese. As analises de um importante grupo de
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proteinas para a reparacdo de DNA e para o sistema imunoldgico adaptativo de metazodario
permitiu identificar novas seqiiéncias semelhantes a Artemis no genoma de algumas
espécies de fungos e metazoarios. Este trabalho foi submetido para a publicagdo no
periddico The Protein Journal e encontra-se na etapa de avaliag@o pelos revisores.

O Capitulo 4 introduz e analisa uma nova familia de DNA ligases exclusivas de
plantas. Estas DNA ligases caracterizam-se por possuirem dois dominios: o Pso2p/Snmlp
na regido N-terminal ¢ o dominio DNA ligase I na regido C-terminal. As possiveis fungdes
destas DNA ligases sdo discutidas no ambito da fisiologia vegetal, assim como para a
reparagdo de DNA em plantas. Este capitulo foi aceito para a publicacdo no periddico
Functional Plant Biology.

Na seqiiéncia apresenta-se uma discussdo geral inter-relacionando os resultados
descritos nos capitulos acima, as conclusdes e as perspectivas geradas por esta tese.

No item ‘Anexos’ encontram-se: (i) uma tabela descrevendo os principais genes de
reparagdo conhecidos e as vias em que atuam e (ii) uma revisdo sobre os genes PSO de

Saccharomyces cerevisiae, publicado no periédico Mutation Research.
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RESUMO

O genoma das células eucarioticas ¢ um dos principais alvos para danos induzidos
por inumeros fatores ambientes, sejam estes de origem bidtica ou abidtica. Considerando a
complexidade da molécula de DNA, nao ¢ supreendente que existam diferentes tipos de
lesdes com os mais variados graus de severidade. Dentre todas as lesdes que podem ser
induzidas no DNA, as pontes intercadeias (ICLs) estdo entre as mais graves. Se ndo forem
reparadas, a presenga de apenas um ICL pode ser letal para a célula. Além disso, as lesdes
do tipo ICLs sdo quimicamente heterogéneas, podendo modificar a estrutura do DNA de
forma permanente ou temporaria.

Os mecanismos relacionados a reparacdo de ICLs ainda sdo pouco conhecidos em
eucariotos. Apesar de vdarias proteinas terem sido descritas como essenciais ao processo,
ndo hd um modelo unico que explique esta reparacdo. Contudo, dentre as diferentes
proteinas que participam na reparagdo de ICLs, destacam-se as nucleases Pso2/Snm1.

A forma de atuacgdo das proteinas Pso2/Snml ndo ¢ conhecida, mas inlimeros dados
obtidos com mutantes de Saccharomyces cerevisiae e, recentemente, com células de
mamifero, mostram que a auséncia de Pso2p/Snm1p bloqueia a restituicdo do DNA de alta
massa molecular. Por outro lado, tem sido mostrado que o Pso2p/Snmlp provavelmente
atua na manuten¢do da cromatina, mas de uma forma ainda ndo completamente esclarecida.
Uma das proteinas pertencentes a familia Pso2p/Snmlp, Artemis, possui um papel
importante no desenvolvimento do sistema imunologico adaptativo de metazoarios e parece
ser essencial para outros processos relacionados ao metabolismo de DNA eucariotico.

Desta maneira, este trabalho teve como objetivo principal o estudo da familia
Pso2p/Snmlp por meio da andlise filogenética e de seqliéncias, comparando-a com

proteinas homoélogas ja descritas em outros organismos. Além disso, esta comparagdo
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permitiu estabelecer uma correlagdo funcional entre as proteinas em termos de reparacao de
DNA e manutenc¢do da cromatina eucariotica.

As andlises de filogenia e de seqiiéncias claramente demonstraram que as proteinas
Pso2/Snm1 podem ser agrupadas em quatro grupos principais ao invés de trés, ao contrario
do que se conhecia previamente. Trés destes grupos, por sua vez, sdo formados por
subgrupos especificos, que possivelmente atuam de forma diferenciada na reparagdo de
DNA, na manuten¢do da cromatina e na geragdo de diversidade bioldgica. Por outro lado,
os estudos das seqiiéncias Pso2/Snml, baseados principalmente na técnica de analises de
agrupamentos hidrofoébicos (HCA), revelaram um alto grau de similaridade de estruturas
primarias e secundarias entre os diferentes grupos, um indicativo da importancia estrutural
para a fungdo destas proteinas no metabolismo de DNA. A técnica de HCA permitiu
mapear regides conservadas (CRs) em todas as seqiiéncias estudadas, compondo o chamado
dominio Pso2p/Snmlp. Em alguns casos, o dominio Pso2p/Snm1p encontra-se fusionado a
outros dominios cataliticos. Neste caso, destaca-se o estudo de uma nova familia de DNA
ligases dependentes de ATP que sdo exclusivas de plantas. Esta nova familia, denominada
de Ligbp, parece ter fungdes importantes no metabolismo do DNA de plantas, sendo esta a
primeira DNA ligase eucaridtica com fun¢@o nucleasica identificada.

Usando os dados obtidos neste trabalho em conjunto com os resultados de outros
autores, ¢ sugerido um possivel modo de atuacdo das proteinas Pso2p/Snmlp na reparagdo

de danos do tipo ICL, na manutengdo da cromatina e na geracao de diversidade biologica.
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ABSTRACT

The genome of eukaryotic cells is a major target for damages induced by
environmental abiotic and biotic factors. Taking into account the molecular complexity of
DNA, it is not surprising that there are different types of lesions, each lesion with a variable
degree of severity. Considering all lesions that are found in DNA, the interstrand cross links
(ICLs) are the most dangerous. If not correctly repaired, one ICL can induce cell death.
Moreover, ICLs are chemically heterogeneous lesions, and ICLs have the ability to induce
conformational changes in the DNA structure, in a temporary or permanent way.

The biochemical pathways related to ICL repair are still poorly studied in
eukaryotes. Despite the discover of many proteins that seem to be essential for ICL repair,
there is not a unique model or pathway that explains the eukaryotic ICL repair processes.
However, amongst all proteins described, the nuclease Pso2/Snml proteins have an
important role in ICL repair.

The mode of action of Pso2/Snml proteins are not known, but data obtained with
Saccharomyces cerevisiae mutant strains and more recently with mammalian cells indicate
that the absence of Pso2p/Snmlp blocks the reconstitution and restablishment of high
molecular weigth DNA. On the other hand, it was shown that Pso2p/Snmlp probably acts
as an eukaryotic genome caretaker in a not fully understood manner. One protein that
belongs to the Pso2p/Snmlp family, Artemis, has a central role in the development of the
adaptive immunological system of metazoans, and seems to be essential for other DNA
metabolic processes.

Therefore, the purpose of this work was to study the Pso2p/Snm1p family by means
of phylogenetic and sequences analyses, comparing the Pso2/Snml sequences with

homologous proteins already described for other organisms. Moreover, this comparison
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allows to estabilish a functional correlation between them for DNA repair and eukaryotic
genome caretaking.

The phylogenetic and sequence analyses clearly demonstrated that Pso2/Snml
proteins can be grouped in four major groups instead of three, as previously known. Three
of four groups are composed of specific subgroups that probably act in DNA repair,
genome caretaking and generation of biological diversity in a non-redundant manner. On
the other hand, the hydrophobic cluster analysis (HCA) of Pso2/Snml sequences from
different groups indicated a high degree of primary and secondary structure similarities,
indicating that the structure is important for protein functions in DNA metabolism. The
HCA allowed to map four conserved regions (CRs) in all Pso2/Snml proteins studied,
which together compose the Pso2p/Snmlp domain. It was seen that, in some cases, the
Pso2p/Snmlp is found fused to other catalytic domains. A new family of plant-specific
ATP-dependent DNA ligases characterizes an example of a fusion between Pso2p/Snmlp
with other domains. This new family, named Lig6p, probably has important functions in
plant DNA metabolism. Moreover, this is the first DNA ligase with nucleasic function
identified in eukaryotes.

Taking the results obtained in this work together with the data of other authors, a
mode of action of Pso2p/Snmlp in the repair of ICLs, genome caretaking, and generation of

biological diversity is suggested.
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Introducao




1. Introducéo geral

As células eucaridticas, de uma maneira geral, sdo constantemente desafiadas pelo
ambiente que as rodeia. Sendo formadas por inumeras moléculas orgénicas, por ions
metalicos e ndo-metélicos, as células sdo estruturas bioquimicas complexas e dinamicas,
que podem interagir e reagir com agentes ambientais de natureza quimica ou fisica,
resultando na geracdo de respostas celulares apropriadas para cada agente.

Duas grandes classes de moléculas organicas compdem a vasta rede bioquimica da
célula eucaridtica. A primeira classe de compostos organicos ¢ formada por moléculas
quimicas simples, mas fundamentais para a manutengdo da vitalidade celular, tais como
acucares redutores, aminoacidos, acidos graxos, bases nitrogenadas, nucleosideos e
nucleotideos, entre outros (Nelson & Cox, 2000). A segunda classe de compostos organicos
¢ formada por macromoléculas provenientes da polimeriza¢do controlada de substancias
simples (Nelson & Cox, 2000). Esta classe pode ser dividida em trés grupos principais de
macromoléculas: (i) os polissacarideos (formados pela polimerizagdo de agucares), (ii) as
proteinas (um polimero de aminodacidos) e (iii) os acidos nucléicos [polimeros formados por
ribonucleotideos (RNA) ou por desoxirribonucleotideos (DNA)] (Nelson & Cox, 2000).

As proteinas e os dacidos nucléicos sdo moléculas que carregam informagao
bioldgica que, em ultima andlise, geram as respostas celulares aos estimulos/agentes
provenientes do ambiente (Nelson & Cox, 2000). Estes estimulos, de uma maneira geral,
podem sinalizar para o inicio ou a parada da divisdo celular, para processos de
diferencia¢do tecidual, para a captacdo de nutrientes do ambiente, para a excrecdo de
moléculas sinalizadoras, para a reparacao de danos ou mesmo para induzir a célula a morte
em determinadas condi¢cdes (Nelson & Cox, 2000). Contudo, muitos destes estimulos
também sdo capazes de gerar danos quimicos (temporarios ou permanentes) em proteinas e

em acidos nucléicos, resultando na modificagdo ou na perda total da informagao original. A



perda destas informagdes produz uma modificagdo do fendtipo celular o qual, em sua
maioria, inviabiliza o organismo e resulta na incapacidade do mesmo em sobreviver as
mudangas ambientais.

Neste sentido, os acidos nucléicos sdo alvos faceis para agentes indutores de danos,
sejam estes de origem bioldgica, quimica ou fisica. Por exemplo, mais de 10* lesdes didrias
ocorrem no genoma de mamiferos, provenientes do tautomerismo e da oxidagdo de bases,
assim como por erros de replicagdo (Slupphaug et al., 2003). Os agentes quimicos e fisicos
externos, como a fumaga de tabaco, os derivados petroquimicos, a radiagdo ultravioleta
(UV) e a radiagdo ionizante sdo importantes para a indu¢do de danos no DNA eucaridtico
(Slupphaug et al., 2003). Por sua vez, os agentes quimicos de origem biologica, como as
espécies reativas de oxigénio (EROs), também sdo uma fonte importante de danos. Neste
caso, cabe salientar que as modificagdes que ocorrem no equilibrio redox celular aumentam
enormemente os danos causados ao DNA (Slupphaug et al., 2003).

Entretanto, os danos podem ser propositalmente introduzidos no genoma de uma
determinada célula por processos bioldgicos distintos. Tais modificagdes possuem o
propésito Unico de gerar diversidade bioldogica como uma forma de aumentar a
sobrevivéncia e a resposta do organismo a agentes patogénicos (como ¢ o caso do sistema
imunolégico adaptativo de vertebrados mandibulados) ou mesmo para gerar variabilidade
genética, tal como acontece na meiose eucariotica (Paques & Harber, 1999; Jeggo, 2002).

Em todos os casos, os danos gerados no DNA, sejam estes de forma acidental ou
proposital, necessitam ser reparados. A molécula de DNA ndo pode ser descartada ou
reciclada quando danificada, enquanto que outras macromoléculas, como RNA, proteinas e
polissacarideos sdo regularmente degradadas e ressintetizadas com base nas informagdes
contidas no DNA (Mitchell et al., 2003). Por este motivo, a auséncia de reparagdo ¢ uma

das causas principais para o surgimento de doencas hereditirias, de cancer e de



envelhecimento precoce, além de estar relacionada a disfungdes imunoldgicas em
mamiferos ou a deficiéncias neuroldgicas (Mitchell et al., 2003).

A reparagdo do DNA ¢é um processo bioquimicamente complexo, o qual emprega
inimeras proteinas com fungdes distintas, tanto espacialmente quanto temporalmente.
Conforme a natureza do dano ou a sua extensdo, determinados complexos protéicos serdo
preferencialmente utilizados. Estes complexos protéicos definem as chamadas ‘vias de
reparagdo de DNA’ e sdo responsaveis pela manutencdo do genoma em quaisquer
condicdes fisioldgicas. Interessantemente, uma sobreposi¢do funcional entre as diferentes
vias de reparagdo de DNA ¢ a regra na célula em vez da exce¢do (Lindahl & Wood, 1999;
Slupphaug et al., 2003), de forma que varios complexos atuam ao mesmo tempo na

reparacgdo de diferentes tipos de danos.

2. Tipos de lesdes mais comuns ao DNA

Os danos na molécula de DNA compreendem modificagdes quimicas que ocorrem
nas bases nitrogenadas (purinas e pirimidinas), na desoxirribose e na ponte fosfodiéster
(Figuras 1 e 2). Estas modificacdes, na sua totalidade, sdo provenientes da radiacao solar
(na forma de luz UV e radiagcdo ionizante), da geracdo de EROs através de diferentes
processos metabdlicos ou mesmo de substancias quimicas de origem natural e/ou sintética

(Figura 1).



UV e radiagao ionizante

| EROs

Substancias
quimicas

Orientacgao da fita de DNA
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Figura 1. Principais alvos para danos na molécula de DNA. Os danos, que
podem acontecer nas bases, na desoxirribose ou na ponte fosfodiéster (indicados pelos
circulos pontilhados) sdo originados a partir da radiacdo solar (na forma de radiacéo
UV e ionizante), de EROs e de substancias quimicas. A orientacdo da fita de DNA é
mostrada na figura. Siglas: timina, guanina, adenina e citosina (T, G, A e C,

respectivamente).



2.1. Bases modificadas

De todas as alteragdes quimicas que podem ocorrer no DNA, as bases modificadas
sdo as mais comuns ¢ também as mais perigosas, desde que ndo reparadas corretamente
(Figura 2; Slupphaug et al., 2003; Evans et al., 2004). Os processos quimicos que originam
as modificagdes nas bases nitrogenadas sdo complexos em sua natureza (Slupphaug et al.,
2003), e resultam de uma maior ou menor interacdo dos agentes indutores de danos per se
com moléculas de importancia bioldgica, tanto de natureza enzimatica (superéxido
dismutases, tiorredoxinas, citocromo P450, entre outros), como de natureza nao-enzimatica
(por exemplo, glutationa, aminoacidos sulfurados, agua ou O,) (Slupphaug et al., 2003;
Evans et al., 2004).

As bases modificadas que mais prevalecem no DNA sdo a 8-oxoguanina (8-OH-
Gua) e a timina glicol (Tg) (Slupphaug et al., 2003). A 8-OH-Gua ¢ uma base fracamente
mutagénica (freqiiéncia de mutacio de 2,5% a 4,8% em células de mamiferos; Leadon et
al., 1997), e resulta, em grande parte, em substitui¢des do tipo G — T. Alternativamente, a
8-OH-Gua pode emparelhar erroneamente com uma adenina, produzindo uma substitui¢ao
do tipo A — T (Cheng et al., 1992). Por outro lado, a Tg ¢ considerada como uma base
pouco mutagénica (freqiiéncia de mutacdo de 0,3% em células de mamiferos), causando
substitui¢des do tipo T — C (Basu et al., 1989). Contudo, a principal alteragdo causada pela
Tg ¢ a modificagdo da estrutura do DNA, o que leva a um bloqueio do processo de
replicagdo (McNulty et al., 1998). Este mesmo fendmeno é observado em outra alteragdo de
base: os dimeros de pirimidinas ou CPDs (ciclobutane pyrimidine dimers; Figura 2).
Diversos tipos de CPDs podem ser gerados in vivo na presenga de luz solar, tais como os
dimeros de timina-timina, a pirimidina-pirimidona (6,4)-fotoprodutos e os isdmeros de
‘Dewar’ (Vink & Roza, 2000). Os CPDs podem provocar modificagdes na estrutura do

DNA, causando bloqueios nos processos de replicacdo e transcricdo. Além disso, grande



parte da atividade mutagénica observada em células de mamiferos deve-se a formacao de
CPDs (Ravanat et al., 2001). Interessantemente, os CPDs foram as primeiras lesdes de
DNA estudadas (Beukers et al., 1960) e ainda possuem um papel de destaque nas pesquisas
relacionadas com as modificagdes de bases provocadas por agentes quimicos e fisicos, em
especial a luz solar (Vink & Roza, 2001; Douki et al., 2003). Recentemente, a atuagdo da
luz UV A na formagdo de CPDs ganhou importancia ao ser mostrado que esta radiagdo ¢ a
principal fonte de inducdo de CPDs em células de mamiferos, o que explicaria a alta
incidéncia de tumores de pele apds a exposicdo prolongada a radiagdo solar em seres

humanos (Douki et al., 2003).
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Figura 2. Exemplos de bases modificadas, comumente encontradas na molécula

de DNA, provenientes da acdo de radiagcdo UV, ionizante, EROs e de agentes quimicos

(adaptado de Slupphaug et al., 2003).

2.2. Adutos mono- e bifuncionais

A formagdo de ligagdes covalentes entre determinadas classes de substancias
quimicas e as bases nitrogenadas do DNA ¢ conhecida como adutos (Sharer, 2005).
Quimicamente, os compostos ou agentes formadores de adutos podem ser separados em

dois grandes grupos: (i) agentes monofuncionais, quando induzem a formacao de ligacao



covalente entre um composto quimico e apenas uma base nitrogenada (adutos
monofuncionais) e (ii) agentes bi- ou polifuncionais, quando a substancia quimica possui a
habilidade de se ligar covalentemente a duas bases nitrogenadas (adutos bifuncionais),
estejam estas situadas na mesma fita de DNA (pontes intracadeia) ou em fitas separadas
(pontes intercadeias — interstrand cross-links ou ICLs) (Sharer, 2005).

Os agentes monofuncionais compreendem varias classes de substiancias quimicas
dos quais destacam-se os agentes alquilantes. Estes agentes possuem a propriedade de se
ligarem as bases nitrogenadas do DNA por meio de grupos metila ou etila (Sanderson &
Shield, 1996). Neste grupo predominam varios compostos com finalidades terapéuticas,
especialmente para o tratamento de tumores. Um exemplo importante deste grupo ¢ a
ecteinascidina-743 (ET-743; Figura 3a), um alcaléide tetraidroisoquinolinico isolado do
urocordata Ecteinascidia turbinata, que possui alta eficiéncia no combate de sarcomas de
tecidos moles (D’Incalci et al., 2002; Soares et al., manuscrito submetido para a
publicacdo).

Por outro lado, os agentes bi- ou polifuncionais podem atuar tanto na inducdo de
adutos monofuncionais quanto de pontes intracadeias e ICLs (Dronkert & Kanaar, 2001).
Uma ampla variedade de compostos quimicos sdo considerados agentes bifuncionais, sendo
que muitos destes possuem aplicacdes diretas na terapia clinica para tratamento de tumores
ou patologias de pele (Dronkert & Kanaar, 2001). Dentre os agentes bifuncionais com
importancia médica estdo os psoralenos, a mitomicina C, a cisplatina e as mostardas
nitrogenadas (Figura 3a). Os psoralenos sdo representados por moléculas pertencentes a
classe das furocumarinas, que consistem de metabolitos secundarios isolados de plantas das
familias Umbelliferae, Rutaceae, Moraceeae e Leguminosae (Guo & Yamazoe, 2004).
Virios psoralenos sintéticos estdo hoje disponiveis para o uso clinico, dos quais destaca-se
o 8-metoxipsoraleno (8-MOP, Figura 3a), especialmente para o tratamento de psoriase, de

vitiligo e de mais 30 tipos diferentes de patologias de pele (Morison, 2004) O modo como



os psoralenos, em especial o 8-MOP, formam ICLs no DNA ¢ bastante conhecido (Bethea
et al., 1999) e consiste de duas etapas (Figura 3b). Na primeira etapa, o 8-MOP intercala-se
entre as bases pirimidicas (com alta afinidade por timinas) sem formar ligagdes covalentes
(Figura 3b). Na segunda etapa, os adutos sdo formados por uma fotocicloadi¢do entre a
dupla ligacao 4,5 do grupo furano ou 3,4 do grupo cumarinico com a ligagdo dupla 5,6 da
timina. Um segundo foton de luz UV A induz a formagao de ICLs (Figura 3b; Bethea et al.,
1999).

A mitomicina C (Figura 3a), por sua vez, ¢ um antibidtico natural que possui a
propriedade de formar monoadutos nas posi¢des N-7 ¢ N-2 da guanina, pontes intracadeias
e ICLs (Tomasz, 1995; Kumar et al., 1997). Neste tltimo caso, a formacdo de ICLs se da
entre as posi¢des N-2 da guanina em sequéncias do tipo CpG, e constituem cerca de 5% a
13% dos adutos totais em células de mamiferos (Warren et al., 1998). A mitomicina C
possui uma ampla aplicabilidade médica, sendo bastante utilizada em combinagdo com
outras drogas para o tratamento de tumores de mama, de pulmao, de prostata e de bexiga
(Cummings et al., 1998).

A cisplatina (Figura 3a) ¢ um dos compostos mais utilizados para o tratamento de
diferentes tipos de tumores (Gupta et al., 2005). As chances de cura para pacientes com
tumores de testiculos e de ovarios pode chegar a 90% quando a cisplatina ¢ administrada
em conjunto com outros quimioterapicos (Bosl & Motzer, 1997). A agdo genotoxica da
cisplatina deve-se a formacdo de adutos bifuncionais de DNA do tipo pontes intracadeia
(65% GpG e 25% ApG) e ICLs entre guaninas situadas em regides do DNA ricas em GpC
(5% a 8% do total de adutos) (Dronkert & Kanaar, 2001). Em comparagdo aos psoralenos e
a mitomicina C, a cisplatina provoca grandes distor¢des na estrutura do DNA, as quais
podem resultar em quebras da fita e bloqueios nos processos de replicagdo e transcri¢do de

DNA (Malinge et al., 1999).
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As mostardas nitrogenadas, em especial as bifuncionais (HN2; Figura 3a) possuem
um importante papel historico, visto o seu uso durante a Primeira e a Segunda Guerra
Mundiais como agentes quimicos (Sanderson & Shield, 1996). Contudo, as mostardas
constituem a principal classe de drogas antitumorais hoje disponiveis (Souliotis et al.,
2003). Seu mecanismo de acdo estd baseado na alta reatividade que possui com
macromoléculas biologicamente importantes, tais como DNA, RNA e proteinas, induzindo
multiplos tipos de lesdes (Souliotis et al., 2003). Entretanto, o seu principal alvo ¢ o DNA,
alquilando a posi¢do N-7 da guanina ou a posi¢do N-3 da adenina (Osborne et al., 1995).
Além disso, as mostardas nitrogenadas bifuncionais podem induzir a formagao de ICLs que
modificam radicalmente a estrutura do DNA (Rink & Hopkins, 1995), e que constituem

cerca de 5% de todos os danos gerados (Dronkert & Kanaar, 2001).
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formam-se as ligacfes covalentes do tipo 4’5’- e 3’4’-monoadutos (A e B) ou um aduto

bifuncional quando duas timinas estédo espacialmente proximas (C).

2.3. Quebras simples e duplas de DNA

As quebras de DNA podem acontecer como resultado do ataque de um agente
quimico ou fisico a ponte fosfodiéster (Caldecott, 2001; Dudas & Chovanec, 2004; Purdy &
Su, 2004), por um bloqueio no processo de replicagio do DNA (Michel et al., 2004) ou
podem ser induzidas por enzimas especificas com fungdes de reparacdo e por outras
proteinas que atuam no metabolismo geral do DNA (Haber, 1999; Pastink & Lohman,
1999; Flores-Rozas & Kolodner, 2000; Pastink et al., 2001; van den Bosch et al., 2002).

As lesdes do tipo quebras de DNA podem ser separadas em dois grupos: simples
(single strand breaks ou SSBs) e duplas (double strand breaks ou DSBs) (Caldecott, 2001;
Dudéas & Chovanec, 2004; Purdy & Su, 2004). As quebras simples sdo consideradas as
menos toxicas para a célula e milhares de SSBs sdo geradas por dia em células de
mamiferos como resultado das atividades de reparagdao ou metabdlicas do DNA (Caldecott,
2001). Contudo, esta falta de toxicidade se deve ao fato de que as SSBs sdo rapidamente
reparadas, e que, de outra forma, poderiam converter-se em DSBs (Caldecott, 2001). A
reparagdo de SSBs ¢ realizada por uma via bioquimica especializada, denominada de
‘SSBR’ (SSB repair; Caldecott, 2001). Interessantemente, a auséncia de reparagdo de SSBs
esta relacionada a um conjunto de patologias, tais como a ataxia espinocerebelar (Caldecott,
2003) e outros processos neurodegenerativos (Caldecott, 2004).

As lesdes do tipo DSBs s3o consideradas as mais toxicas para a célula (Dudas &
Chovanec, 2004). Quando nao reparadas corretamente, as DSBs podem originar mutagdes e
rearranjos cromossomicos (Jeggo, 1998; Kanaar et al., 1998; Haber, 1999). Por outro lado,

a auséncia de reparagdo de DSBs pode levar a morte celular ou a perda de cromossomos
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(Kaina, 2003; Dudas & Chovanec, 2004). Apesar de inimeros fatores fisioldgicos, tais
como a geragdo intracelular de EROs ou a atuagdo de agentes fisico-quimicos serem
considerados como os fatores primordiais na formacdo de DSBs, estas lesdes também sao
geradas propositalmente durante a recombinagdo meiodtica (Paques & Harber, 1999) ou
durante a recombinagdo V(D)J, a qual ocorre em linfocitos B ¢ T em desenvolvimento e

provém a base molecular para a formagao de imunoglobulinas (Jeggo, 2002).

3. Mecanismos de reparacéo de DNA

3.1. Vias de reparacdo de DNA

Como visto no item 2, a enorme complexidade dos diferentes tipos de lesdes que se
acumulam no DNA podem induzir a instabilidades gendmicas que, se ndo reparadas
corretamente, levam a morte celular ou a processos tumorais. Desta maneira, ndo ¢
surpreendente que a reparacdo de todas estas lesdes requer a atuacdo de vdrias proteinas
que, juntas, compdem vias ou mecanismos discretos, mas que se mostram espacialmente e
temporalmente interconectados (Eisen & Hanawalt, 1999). Esta diversidade de vias de
reparacdo de DNA pode ser observada quando as mesmas sdo comparadas entre si. Por
exemplo, algumas vias sdo usadas para reparar apenas um tipo de dano, enquanto que
outras sao mais abrangentes em seus requerimentos enzimaticos. Da mesma forma, algumas
vias de repara¢do sdo mecanisticamente simples, requerendo apenas algumas enzimas,
enquanto que outras sdo bastante complexas, envolvendo muitos passos enzimaticos e
diferentes tipos de complexos protéicos atuando, ndo s6 no processo de reparacdo em si,
mas também em outros processos celulares (Eisen & Hanawalt, 1999). Esta diversidade de
vias pode ser melhor compreendida quando as mesmas sdo agrupadas levando-se em conta

os mecanismos de agdo. Assim, trés grandes vias sdo atualmente conhecidas: a reparacao
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direta, a reparacao por excisdo e a reparacao recombinacional (Figura 4; Eisen & Hanawalt,
1999).

A reparagdao direta envolve dois mecanismos principais: (i) a fotorreativagao,
catalisada por enzimas pertencentes a familia das fotoliases/criptocromos (Figura 4;
Thompson & Sancar, 2002) e (ii) a reversdo de bases alquiladas, catalisadas pelas DNA
metiltransferases (Christmann et al., 2003). Por sua vez, a reparagdo por excisdo ¢ formada
por trés mecanismos principais: a excisdo de nucleotideos (nucleotide excision repair ou
NER, revisado em Prakash & Prakash, 2000; Christmann et al., 2003 e Costa et al., 2003), a
excisdao de bases (base excision repair ou BER, revisado em Boiteux & Guillet, 2004) ¢ a
reparagao de erros de emparelhamento de bases (mismatch repair ou MMR, revisado em
Christmann et al., 2003). Tanto as vias de reparagdo direta quanto a de excisdo sao
essenciais para a remo¢ao de bases modificadas e adutos, de forma que respondem por
grande parte da atividade de reparagdo de DNA na célula (Huang et al., 1994; Reardon et
al., 1997; Memisoglu & Samson, 2000). A reparagdo recombinacional (tratada em maiores
detalhes no item 3.2) ¢ recrutada para as lesdes do tipo quebra de DNA, geradas tanto por
agentes fisiologicos quanto por agentes fisico-quimicos.

Interessantemente, os dados gendmicos e filogenéticos permitem a comparacio
interespécies das trés vias principais de reparacdo de DNA e ajudam no entendimento da
evolugdo dos mecanismos de reparacdo e de tolerdncia aos danos. Assim, uma perspectiva
evoluciondria se faz necessaria em qualquer estudo comparativo porque ajuda a focar no
‘como’ e no ‘porqué’ do surgimento das similaridades e diferen¢as na histéria evolutiva de
um determinado grupo de organismos ou de uma familia de proteinas (Eisen & Hanawalt,
1999). Em termos de reparacdo de DNA, a perspectiva evoluciondria ¢ a chave para a
compreensdo das generalidades e particularidades existentes entre as diferentes vias em

diferentes espécies.
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Além da perspectiva comparativa e evolutiva, € preciso considerar a estruturagcao da
cromatina eucaridtica quando se trata de mecanismos de reparacdo de DNA. A cromatina
eucariotica ¢ uma estrutura altamente ordenada, formada por proteinas histonicas ¢ nao-
histonicas condensadas com o DNA (Allard et al., 2004). Sendo ordenada, a cromatina
eucariotica apresenta niveis de organizacdo, com o primeiro nivel composto pelo
enrolamento do DNA ao redor de um octdmero de histonas (duas copias das histonas H2A,
H2B, H3 ¢ H4), o que define a unidade basica da cromatina: o nucleossomo (Luger et al.,
1997). O segundo nivel de organizag¢do consiste no arranjo de nucleossomos na forma de
solenoide, estabilizado pela histona H1 (Wolffe, 1997). Desta maneira, sendo uma estrutura
condensada e ordenada, a cromatina necessita sofrer modificagdes a fim de que a
maquinaria de reparagdo de DNA tenha acesso as lesdes (Allard et al., 2004). Estas
modificacdes ou ‘remodelagens’ da cromatina sdo realizadas por dois mecanismos: (i)
modificacdo quimica das histonas nucleossomais por meio da sua fosforilagdo, acetilagdo,
metilagdo, ubiquitinacdo e ADP-ribosilagdo (Peterson, 2002; Koundrioukoff et al., 2004) ¢
(i1) uso da energia liberada pela hidrélise do ATP para alterar a estrutura da cromatina
(Turner, 2002). Em presenca de danos, a remodelagem da cromatina se processa pela
fosforilagdo de uma variante da histona H2A denominada de H2AX (Fernandez-Capetillo,
2004; Anexo 1). Esta fosforilagdo ¢ induzida por um grupo de proteinas, evolutivamente
conservadas, denominadas de ATM (Ataxia Telangiectasia Mutated) e ATR (ATM-/Rad3-
related proteins) em mamiferos (Meclp/Tellp em leveduras), as quais pertencem a familia
das fosfatidilinositol-3-cinases (PI3K) (Fernandez-Capetillo, 2004; Anexo 1). A H2AX
fosforilada ou y-H2AX ativa uma cascata de cinases, também pertencentes a familia das
PI3K, que rapidamente coordenardo os eventos de reparacao de DNA, bem como induzirdo
as paradas do ciclo celular (Zhou & Elledge, 2000; Rouse & Jackson, 2002). Além da y-
H2AX, diversas outras proteinas remodeladoras da cromatina sdo recrutadas conforme a
natureza do dano, seja uma quebra de DNA ou uma modificacdo de base. Por exemplo, as
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acetiltransferases de histonas (HATs), que compdem 6 familias distintas de proteinas
envolvidas na acetilagdo de histonas H3 e H4, sdo recrutadas para sinalizar danos
provocados por luz UV na cromatina (Moore & Krebs, 2004). Por fim, o recrutamento de
determinados tipos de remodeladores de cromatina também determinara quais das trés vias

serdo usadas durante a reparacdo (Allard et al., 2004).
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Figura 4. Diagrama esquematico dos trés mecanismos principais de reparagao
de DNA (recombinacional, excisdo e reparacao direta), bem como de algumas subvias
de reparacéo e sua atuacdo na cromatina eucariotica. Os diferentes niveis estruturais
da cromatina (de cromossomo a fita dupla de DNA) sdo mostrados na figura. A
presenca de varias lesbes em uma fita de DNA que esta replicando (tais como bases

modificadas, quebra simples e duplas, e adutos mono- e bifuncionais) sédo reconhecidas
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por subvias diferentes por meio de proteinas sensoras. Estas, por sua vez, recrutam as
proteinas que irdo executar os reparos necessarios, conforme cada situacao (flechas
menores). A dupla fita de DNA, bem como a replicacéo, sdo restituidas gracas a acao

de proteinas restauradoras, tais como as DNA polimerases e as DNA ligases.

3.2. Reparacédo recombinacional

Como visto previamente, a geragcdo de bases modificadas no DNA bem como adutos
mono- ¢ bifuncionais podem resultar em quebras altamente genotoxicas que, se ndo forem
reparadas, podem ser letais (Kaina, 2003; Dudas & Chovanec, 2004). Estas quebras sio
reparadas por um mecanismo especializado denominado de repara¢do recombinacional.

A reparacdo recombinacional abrange trés mecanismos: a recombina¢do homoéloga
(homologous recombination ou HR, ndo mutagénica), a recombinagdo ndo-homologa (non-
homologous end joining recombination ou NHEJ, mutagénica) e a recombinagdo V(D)J
(mutagénica). Cada uma destas vias possui requerimentos enzimaticos unicos, sendo que o
recrutamento de uma ou de outra via ¢ dependente de uma série de fatores fisiologicos
celulares (Lieber, 1999). Interessantemente, as vias HR e NHEJ podem ter fungdes
sobreponiveis para a manutencdo da integridade cromossomal em eucariotos de uma
maneira geral (Takata et al., 1998). Contudo, diferentes espécies podem usar uma via em
preferéncia a outra. Por exemplo, as leveduras utilizam a via HR para reparar DSBs,
enquanto que os eucariotos multicelulares usam, preferivelmente, a via NHEJ para lidar
com as DSBs (Jackson, 2002). Um motivo que possivelmente explicaria o uso preferencial
de uma via em relagdo a outra em leveduras e eucariotos multicelulares ¢ a organizagao
genOmica distinta que cada um destes apresenta. O genoma de eucariotos multicelulares, na
grande maioria das vezes, contém uma fragao substancial de DNA repetitivo, o que dificulta

a reparagdo por HR (Lieber et al., 2003). Exceto durante as fases S, G, e M, quando existe
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um posicionamento 6timo de cromatides irmas, a repara¢ao por HR de regides repetitivas

cromossomais pode resultar em translocagdes e/ou morte celular (Lieber et al., 2003).

3.2.1. Recombinacdo homéloga

A recombinacdo homoéloga em eucariotos ¢ uma via evolutivamente conservada,
sendo que os homologos protéicos, necessarios para realizar esta funcdo, estdo presentes
tanto em eucariotos unicelulares quanto multicelulares (Jackson, 2002; Anexo 1). Os
eventos relacionados a via HR sdo complexos em sua natureza, mas um modelo
simplificado permite a compreensdo das principais proteinas envolvidas no processo
(Figura 5). Este modelo representa apenas um de dois conhecidos, que sdo a reparagdo de
quebras duplas (double strand breaks repair ou DSBR) e a sintese dependente de
anelamento de fita (Synthesis-dependent strand annealing ou SDSA) (Krogh & Symington,
2004). Neste caso, o modelo descrito para esta se¢do representa a DSBR, pois esta ¢ a
principal via HR na célula (Krogh & Symington, 2004).

A fungdo primaria da HR em células mitoticas, independente do modelo proposto, €
o reparo de DSBs ou SSBs que se formam em conseqiiéncia do colapso da forquilha de
replicacdo de DNA e que ¢ resultante da acdo de diferentes mecanismos de reparagdo de
bases modificadas ou adutos (Krogh & Symington, 2004). A HR também ¢ requerida para a
manuten¢do telomérica e para a meiose, sendo essencial para estabelecer uma conexao
fisica entre cromossomos homologos a fim de assegurar a correta disjungdo dos mesmos na
primeira divisdo meiotica (Krogh & Symington, 2004). Adicionalmente, a alta freqiiéncia
de recombinag¢do meidtica promovida pela HR contribui para a geracdo de diversidade
genética observada nos gametas (Krogh & Symington, 2004).

Basicamente, a via HR envolve um conjunto de proteinas pertencentes ao chamado
‘grupo Rad52p’ (Wood et al., 2001; Krogh & Symington, 2004). Estas proteinas, tais como

Rad50, Rad51, Rad52, Rad54, Rad55, Rad57, Rad59, Rdh54, Mrell, Xrs2, entre outras
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(Anexo 1), possuem fungdes diversas, mas altamente sincronizadas, o que permite a
correcao das quebras de DNA quando uma fita homologa esta presente.

O primeiro evento relacionado a HR ¢ a ressec¢do nucleolitica da fita 5°-3°,
promovida por um complexo protéico que contém Rad50, Mrellp e Xrs2p (Complexo
MRX; Jackson, 2002; Krogh & Symington, 2004). Esta ressec¢do possui, como objetivo, a
geragdo de extremidades invasivas do tipo 3’ fita simples que resultardo no processo
recombinacional (Figura 5). Em E. coli, os homologos da Rad50p/Mrel 1p denominados de
SbcC/SbeD formam um grande complexo com atividades 3’—5’ exonucleasica ATP-
dependente e endonucledsica fita simples-dependente (Sharples & Leach, 1995; Connelly et
al., 1997). O repertorio nucleolitico da Mrel 1p inclui: (i) atividade exonucleasica 3’—5’
em extremidades cegas e rescindidas, (ii) atividade endonucleasica em fitas simples de
DNA, tanto circulares quanto lineares e (iii) atividade endonucledsica em estruturas
secundarias de DNA, como hairpins. A observa¢do de que homopolimeros fita simples de
DNA sdo resistentes a clivagem por Mrellp sugere que esta enzima reconhece estruturas
secundarias transientes de DNA, clivando especialmente em regides de transicdo fita
dupla/fita simples (Krogh & Symington, 2004). Uma vez que as extremidades 3’ fita
simples estdo disponiveis, a proteina Rad51 (um filamento nucleoprotéico) liga-se a estas e
inicia o evento de invasdo a uma fita homodloga (Figura 5). Esta invasdo ¢ grandemente
facilitada pelas proteinas mediadoras Rad54 e RPA, as quais s3o responsaveis pela
eliminagdo de estruturas secunddrias da regido 3’ terminal. Desta maneira, a regido 3’
terminal da fita danificada ¢ restaurada por uma DNA polimerase, que copia as informacao
da fita intacta. Terminada a extensdo, as extremidades livres sdo novamente reunidas pela
DNA ligase I (Figura 5). Entretanto, este processo gera juncdes do tipo Holliday, que
necessitam ser resolvidas a fim de gerarem duas moléculas intactas de DNA (Figura 5;
Krogh & Symington, 2004). A resolucdo das jun¢des de Holliday ¢ realizada pelas enzimas
Mus81 e Mms4 (Emel), as quais pertencem a familia XPF de endonucleases estrutura-
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especificas (Heyer, 2004). O resultado final da resolucdo das jungdes de Holliday pode ser
ou ndo a permuta de fitas (Crossover), especialmente durante o processo de recombinagao
meidtica (Krogh & Symington, 2004).

Em mamiferos, as deficiéncias na via HR resultantes de alguma mutagdo sdo
compensadas com um aumento de atividade das vias de recombinacdo nado-homologa
(Rassool, 2003). Como resultado da atividade diminuida da HR, duas patologias sdo
conhecidas em seres humanos: a anemia de Fanconi, cujos pacientes apresentam uma alta
instabilidade cromossOmica e propensdo a leucemias de origem mieloide (Faivre et al.,
2000), e a sindrome de Bloom, cujos pacientes apresentam uma alta propensido a
desenvolver diferentes tipos de tumores, além da instabilidade cromossomica associada

(Ellis & German, 1996).
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Figura 5. Modelo simplificado da via HR. A quebra dupla é reconhecida pelo
complexo Rad50p/Mrellp/Xrs2p, o qual induz a ressecgéo da fita 5’—>3’. Com a ajuda
das proteinas Rad51, Rad54 e RPA ocorre a invasdo das extremidades 3’ danificadas
na fita homdloga ndo danificada, a qual é utilizada como molde pela DNA polimerase.
Apoés a ligacdo dos fragmentos, as juncdes de Holliday resultantes sdo resolvidas e
ambas as fitas restauradas (adaptado de Jackson, 2002).
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3.2.2. Recombinacdo ndo homologa

A recombinacdo ndo homologa eucariotica ou NHEJ representa um dos ramos
principais da via recombinacional. Presente em todos os eucariotos, a via NHEJ ¢é recrutada
quando ha a necessidade de religar duas extremidades de DNA, resultantes de uma quebra,
e que nao possuem homologia entre si. Além disso, pequenas regioes de homologia (ou
microhomologias, quando abrangem apenas alguns nucleotideos) existentes entre duas fitas
nao homologas de DNA podem ser utilizadas pela via NHEJ para a reparagdo (Labhart,
1999). Assim, diversas subvias de reparacdo pertencentes a via NHEJ sdo conhecidas, cada
qual com caracteristicas proprias, mas cujo resultado final ¢ a reparacdo sujeita a erros de
DSBs.

Intimeras patologias associadas a deficiéncias na via NHEJ ja foram descritas em
seres humanos e outros mamiferos. Estas deficiéncias, em grande parte, resultam no
aumento da incidéncia de tumores malignos, no envelhecimento precoce, na inviabilidade
embrionaria e nas instabilidades cromossomicas de diferentes naturezas (Iliakis et al.,
2004). Embora os mecanismos moleculares da via NHEJ ainda ndo sejam conhecidos em
detalhes, a juncdo de duas extremidades de DNA requer, pelo menos, quatro passos: (1) a
detec¢do da DSB; (2) a formacdo de uma ponte molecular que mantenha as duas
extremidades proéximas uma da outra; (3) o processamento das extremidades, de forma a
torna-las compativeis para a ligacdo e (4) a ligagdo das extremidades (Weterings & van
Gent, 2004). Os requerimentos protéicos que sao necessarios para estes quatro passos estao
detalhados no Capitulo 1 assim como no Anexo 1 desta tese. Contudo, a maquinaria basica
da via NHEJ consiste nas proteinas Xrcc4, na DNA ligase IV, no heterodimero Ku70/Ku80
bem como na subunidade catalitica da cinase dependente de DNA (DNA-PKcs) (Weterings
& van Gent, 2004). Um modelo simplificado desta via ¢ apresentado a fim de facilitar a

compreensdo do processo (Figura 6).
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Em um primeiro momento, a detecgdo da DSB ¢ realizada por um holocomplexo
formado pela DNA-PKcs e pelo heterodimero Ku70/Ku80. Este holocomplexo, em
conjunto com as extremidades de DNA, constitui a chamada sinapse (DeFazio et al., 2002).
Uma vez formada a sinapse, diferentes endonucleases sdo recrutadas para modificar as
extremidades de DNA, das quais destacam-se o complexo MRX e a proteina homologa de
Pso2p/SnmIp conhecida como Artemis (Lees-Miller & Meek, 2003). Apos a modificacio,

DNA polimerases ¢ ligases restituem a dupla fita de DNA (Figura 6).
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Figura 6. Modelo simplificado da via NHEJ. Ap6s a deteccdo da DSB, forma-se
0 holocomplexo ao redor das extremidades livres, constituido pela DNA-PKcs e pelos
heterodimeros Ku70/80. Uma vez formado o holocomplexo, diferentes endonucleases

(Artemis e/ou complexo MRX) sdo recrutadas para modificar as extremidades livres a
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fim de torna-las compativeis para ligacdo. Por fim, as extremidades modificadas
servem de substrato para o complexo formado pela enzimas Xrcc4 e DNA ligase 1V, as

quais restauram a fita de DNA (adaptado de Rassool, 2003).

3.2.3. Recombinacao V(D)J

Em mamiferos, a geracdo de DSBs pode ser originada a partir de mecanismos
fisiologicos, tal como acontece durante a meiose (item 3.2.1). Contudo, um segundo
mecanismo de indu¢do de DSBs est4 relacionado ao aumento da diversidade imunologica
adaptativa em vertebrados mandibulados, sendo que a reparagdo destas quebras € realizada
por uma via recombinacional especializada denominada de recombinag¢do V(D)J. Este tipo
de recombinagdo ¢ caracteristico de células linféides, e baseia-se na introdu¢ao de DSBs em
seqiiéncias sinalizadoras de recombinagdo (recombination signal sequences ou RSSs) que
flanqueiam os locos que codificam para os receptores das células T e B (TCR e BCR,
respectivamente), e para as imunoglobulinas (Ig) (Gellert, 2002). Estes locos ndo contém
genes maduros que codificam para o TCR/BCR ou para a Ig, mas sim um arranjo de genes,
formados por trés segmentos separados denominados de V (para variable), de D (para
diversity) e J (joining) (Fugmann et al., 2000). Trés passos, altamente regulados e
coordenados entre si, sdo essenciais para a recombinacdao V(D)J (Figura 7): (1) a iniciacao,
caracterizada pela inducdo de DSBs nas RSSs e formagdo de estruturas secundarias de
DNA do tipo hairpins nos segmentos V e J; (2) a indu¢do de mecanismos de reparagao,
especialmente a via NHEJ e (3) a reparacao dos danos seguida da formagdo das seqiiéncias
maduras (Rooney et al., 2003).

A iniciacdo ¢ realizada por um conjunto de endonucleases linfocito-especificas com
caracteristicas de transposases denominadas de Ragl e Rag2 (recombination activating
genes ou Rags, Fugmann et al., 2000). Tanto a Ragl quanto a Rag2 possuem a funcdo de

reconhecer e introduzir DSBs nas regides proximas as RSSs, sendo esta agao facilitada por
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proteinas de alta mobilidade (high mobility group proteins ou HMGs), uma familia de
proteinas nao-histonicas que induzem modificacdes espaciais na cromatina (Figura 7,
Fugmann et al., 2000). Uma vez introduzidas as DSBs, as Rags geram dois tipos de
extremidades (Figura 7): cegas (que flanqueiam as RSSs; também denominadas nesta fase
de signal ends) e hairpins, sendo que esta tltima flanqueia os segmentos V e J (coding
ends) (Rooney et al., 2003). A geracdo de extremidades cegas e hairpins serve de base para
o recrutamento de proteinas de reparagdo da via NHEJ. Neste caso, o holocomplexo DNA-
PK liga-se em ambas as extremidades e recruta a proteina Artemis, responsavel pela
abertura dos hairpins (Rooney et al., 2003). Uma vez abertos os hairpins, as extremidades
sdo processadas pela enzima TdT (uma DNA polimerase independente de DNA), a qual
adiciona nucleotideos de forma aleatoria, e pelas enzimas DNA ligase IV e Xrcc4, que
promovem a ligagdo dos segmentos V e J (coding joint) e das RSSs (signal joint) (Figura
7).

As mutacdes que alteram o funcionamento de qualquer uma destas enzimas, sejam
linféide-especificas ou relacionadas a via NHEJ, originam um conjunto de patologias
imunologicas conhecidas como SCID (severe combined immunodeficiency syndrome). A
SCID possui como principal caracteristica a auséncia de Ig e de linfocitos B/T circulantes,
sendo que a severidade da patologia varia conforme a proteina afetada. Em geral, a SCID

tende a ser fatal logo nos primeiros meses de vida (Buckley, 2004).
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Figura 7. Diagrama esquemdtico da recombinacdo V(D)J. Trés passos sao
descritos para este processo. O primeiro passo (iniciacdo) é caracterizado pelo
reconhecimento das sequéncias RSSs que flanqueiam os segmentos V e J pelas
endonucleases Ragl/Rag2 e pelas proteinas de alta mobilidade 1 e 2 (HMG1/HMG2).
As Rags induzem DSBs nas RSSs e originam extremidades do tipo cegas e hairpins. No
segundo passo, caracterizado pelo reconhecimento dos danos, as proteinas DNA-PKcs,
Ku70/Ku80 e Artemis sdo recrutadas para a abertura dos hairpins sendo que, no

terceiro passo, as extremidades geradas pela abertura dos hairpins sdo processadas
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pelas enzimas TdT, Xrcc4 e DNA ligase 1V, originando as cadeias maduras de Ig e

TCR/BCR.

4. Os genes PSO

A fotoquimioterapia empregando psoralenos e¢ luz UVA (PUVA terapia) ¢
largamente utilizada para tratar desordens dermatologicas (ver item 2.2). Os produtos
formados pela fotoativacao de psoralenos nos fibroblastos da pele e em células tumorais sdao
responsaveis pela eficacia deste tratamento. Contudo, embora a PUVA terapia seja efetiva
na terapia clinica, os fotoprodutos resultantes sdo altamente citotoxicos, gerando espécies
reativas de oxigénio e inibindo a replicagdo e a transcricio do DNA gendmico e
mitocondrial. Neste sentido, as alteragdes promovidas pela PUVA terapia no metabolismo
de DNA podem resultar em diferentes tipos de mutagdes, em quebras simples e duplas, e
danos ao nivel cromossomal. Como conseqiiéncias gerais, a PUVA terapia pode induzir a
apoptose celular e elevar os riscos de surgimento de tumores, de um modo dose-dependente
(Dronkert & Kanaar, 2001; Greenberg et al., 2001).

Desta maneira, ¢ com o objetivo de estudar as conseqiiéncias fotoquimicas,
biologicas e genéticas da PUVA terapia em células vivas, Henriques & Moustacchi (1980)
isolaram, a partir de uma populacdo de células mutagenizadas com etil-metanossulfonato
(EMS), uma nova classe de mutantes (pso) de S. cerevisiae, sensiveis a fotoadigcdo de
psoralenos mono- (3-CPs) e bi-funcionais (8-MOP). A analise molecular desses genes e a
caracterizagdo fenotipica de seus alelos mutantes tém progredido consideravelmente
(revisado em Brendel et al.,, 2003; Anexo 1). Atualmente, dez genes PSO estdo
caracterizados fenotipicamente, sendo que nove foram identificados molecularmente. Os
dados mostram que sete genes PSO codificam para proteinas que estdo diretamente

envolvidas na reparagdo de lesdoes no DNA geradas pela fotoativagao de psoralenos e por
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outros mutagenos. Interessantemente, dois genes PSO nido estdo envolvidos diretamente na
reparagdo de lesdes de DNA, mas participam na manutencdo do equilibrio redox
intracelular (Brendel et al., 2003). As caracteristicas dos genes PSO1 a PSO10 estao
resumidas na Tabela 1 (para maiores detalhes sobre os genes PSO, ver Anexo 2).

Dentre todos os genes PSO conhecidos, o PSO2/SNM1 destaca-se por suas fungdes
especificas na reparagdo de danos do tipo ICLs. As caracteristicas da proteina Pso2/Snml,
bem como a sua presenca ¢ formas de atuagdo em diferentes organismos, sdo revistas no

Capitulo 1 desta tese.
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Tabela 1. Propriedades das proteinas codificadas pelos genes PSO e os fenotipos

dos seus alelos mutantes

Gene/Alelo Proteina (kDa)/Funcéo Fenotipo do mutante
PSO1/REV3
173; DNA polimerase Sensivel a radiagdo e a agentes
translesdo mutagénicos quimicos; baixa
mutabilidade
PSO2/SNM1 72; endo/exonuclease Sensivel ao tratamento com todos os
agentes indutores de ICLs
PSO3/RNR4 40; ribonucleotideo redutase  Reducdo na mutabilidade induzida e
recombinacgdo; as células ndo atingem a
fase estaciondria de crescimento
PSO4/PRP19 57; proteina associada ao Sensivel a agentes mutagénicos, nao
spliceosome recombina em mitose, baixa muta-
bilidade e defectivo em esporulacao
PSO5/RAD16 91; DNA helicase Sensivel a UVC e lesdes oxidativas
PSO6/ERG3 43; ergosterol dessaturase Sensivel a danos oxidativos
PSO7/COX11  28;associa-se ao complexoda  Células sensiveis a 4-NQO
citocromo oxidase
PSO8/RAD6 19; enzima conjugada a Sensivel a UVC e a varios agentes
ubiquitina mutagénicos; mutagénese reduzida
PSO9/MEC3 53; controle especifico de Sensivel a varios agentes mutagénicos;
parada de ciclo celular em mutagénese reduzida
resposta a danos no DNA na
fase G,
PSO10 Desconhecida Sensivel a varios agentes mutagénicos;

mutagénese reduzida; bloqueado em

esporulagao
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5. O uso da analise de sequiéncias e da filogenia para a predicéo

de funcdes protéicas

5.1. Analise de sequiéncias

5.1.1. Alinhamento multiplo de sequiéncias

Uma das pedras fundamentais que estabeleceram o campo da Bioinformatica ¢ a
comparagdo ou o alinhamento multiplo de seqiiéncias, tanto de proteinas quanto de acidos
nucléicos. Com a ajuda de diferentes metodologias de alinhamento de seqiiéncias € possivel
estudar, por exemplo, os padrdes estruturais de proteinas que sdo evolutivamente
conservadas, detectar ou demonstrar homologias entre seqiiéncias e/ou familias de
seqiiéncias, estabelecer correlagdes funcionais entre grupos ou familias protéicas e
determinar a relacdo ancestral existente entre organismos de diferentes espécies (Thompson
etal., 1994; Chenna et al., 2003).

Atualmente, sdo conhecidas duas formas principais de alinhamento multiplos: o
alinhamento local e o alinhamento global (Figura 8; Chenna et al., 2003). Cabe salientar
que os principios matematicos que operam ambos os métodos de alinhamentos sdo bastante
complexos, de forma que apenas uma visdo geral sera apresentada neste item.

Os métodos baseados em alinhamentos locais tentam determinar se subsegmentos de
uma seqiiéncia estdo presentes em outras seqiiéncias. Em outras palavras, estes métodos
utilizam apenas determinadas regides de uma seqiiéncia polipeptidica para o processo
comparativo (Phillips et al., 2000). Os alinhamentos locais possuem aplicagdes na busca de
seqiiéncias em bancos de dados gendmicos e/ou protedmicos, sendo que diversos
programas sdo usados rotineiramente para esta fungdo, tais como o BLAST (Basic Local
Alignment Search Tools) e/ou o PSI-BLAST (Position-Specific Iterated-BLAST) (Altschul

etal., 1997; Jones & Swindells, 2002).
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Embora os métodos de alinhamento local possam ter utilidade para a detecgdo de
seqiiéncias que possuam um certo grau de similaridade, os métodos de alinhamento global
sdo utilizados, principalmente, para a analise filogenética, sejam estas de proteinas ou de
acidos nucléicos (Phillips et al., 2000). Os métodos globais comparam seqiiéncias em sua
totalidade, ou seja, cada elemento de uma seqliéncia (que pode ser um residuo de
aminoacido ou de nucleotideo) ¢ comparado com os elementos de uma outra seqiiéncia.
Diferentes programas de alinhamento global tém sido descritos, sendo que o programa

ClustalW ¢ o mais utilizado (Thompson et al., 1994).

LGPSSKQTGKGS/-:SR IWDN
| | | | | ‘ | Alinhamento global
LN~I TKSAGKGA IMRLGDA
------- TBKG~ = m ==

| | | Alinhamento local
——————— AGKG------- -

Figura 8. Exemplos de um alinhamento global e um alinhamento local de duas
seqUéncias polipeptidicas. Os gaps (os quais representam insercdes e/ou delegdes de
residuos de aminoécidos) estdo indicados pelos circulos pontilhados.

Independente do método usado para o alinhamento de seqiiéncias, ha a necessidade
de se avaliar estatisticamente a significancia do resultado obtido (Baxevanis & Ouellete,
2001). Diferentes metodologias estatisticas tém sido propostas para este fim, de forma que a
maioria destas levam em conta a presenca € o numero de gaps originados a partir do
alinhamento de duas seqiiéncias (Figura 9). O gap ¢ o resultado de um processo de inser¢ao
e/ou de delegdo (indels) de residuos de aminoacidos de uma proteina ao longo de sua
histéria evolutiva, sendo que o uso destes gaps na analise estatistica de um alinhamento
permite identificar o quio semelhantes sdo duas seqiiéncias. Ou seja, quanto maior o

nimero de gaps, maior ¢ a chance de que o alinhamento seja fortuito (Baxevanis &

33



Ouellete, 2001). Além dos gaps, também sdo aplicadas as chamadas matrizes de
substitui¢do a fim de aumentar a sensibilidade e a qualidade dos alinhamentos obtidos
(Mount, 2001). E fato conhecido de que certos aminoacidos podem ser facilmente
substituidos por outros em proteinas relacionadas, sem a perda da funcdo (por exemplo, a
substitui¢ao de um aminoacido apolar por outro apolar ou a troca de um aminoacido basico
por outro basico). Contudo, estas substituigdes também podem levar a modificacdes
estruturais em proteinas com a conseqiiente perda de funcdo, especialmente quando a
substitui¢do afeta residuos de aminoacidos com propriedades fisico-quimicas distintas.
Assim, uma matriz de substituicdo leva em conta esta propriedade e atribui um valor,
negativo ou positivo, para cada par comparativo de aminoacidos (Mount, 2001). Os
exemplos mais comuns de matrizes de substituicdo sdo a BLOSUM (Blocks Substitution
Matrix) e a PAM (Point Accepted Mutation) (Mount, 2001).

Entretanto, deve ser salientado que estes métodos de alinhamento, apesar de seu
poder analitico, ndo sdo capazes de inferir as relagdes estruturais e/ou evolutivas existentes
entre duas seqiiéncias quando as mesmas possuem um indice de similaridade abaixo de
25% (também conhecido como twiligth zone) (Gaboriaud et al., 1987). Assim, um outro
método para o estudo de seqiliéncias, a andlise de agrupamentos hidrofobicos, permite
combinar a detec¢do de homologias entre estruturas primarias com a analise de estruturas
secundarias de proteinas mesmo quando estas possuem um indice baixo de similaridade

(Gaboriaud et al., 1987).

5.1.2. Anélise de agrupamentos hidrofobicos (HCA)

A andlise de agrupamentos hidrofobicos ou HCA ¢ uma poderosa ferramenta de
alinhamento de seqiiéncias e deteccdo de dominios globulares evolutivamente conservados
(Callebaut et al., 1997). A metodologia de HCA baseia-se no fato de que a maioria dos

aminodcidos hidrofobicos possui a tendéncia de formar dominios compactos e estaveis,
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caracteristicos de estruturas secundarias regulares, tais como as a-hélices e as B-estruturas
(Callebaut et al., 1997). A identificagdo destas estruturas em um diagrama de HCA, seja de
familias de proteinas correlatas ou ndo, permite mapear regides conservadas que, em Ultima
analise, podem estar associadas a dominios cataliticos ou estruturais necessarios para a
atividade da proteina (Gaboriaud et al., 1987; Callebaut et al., 1997).

Basicamente, um diagrama de HCA ¢ formado a partir da seqiiéncia primaria de
uma determinada proteina, onde esta ¢ disposta ao redor de um cilindro (Figura 9a). Este
cilindro ¢ cortado ao longo de seu eixo e o diagrama ¢ desenrolado, formando um diagrama
bi-dimensional (Figura 9b). O diagrama bi-dimensional ¢ entdo compactado e duplicado
(Figura 9c), de forma que os residuos hidrofobicos sdo agrupados e contornados (Figura
9d). As formas dos agrupamentos correspondem a estruturas secundarias regulares que, por
sua vez, comporao a estrutura terciaria da proteina (Figuras 9 e 10).

Uma vez que os diagramas de HCA de um determinado grupo de proteinas estdo
disponiveis, a comparagao de regides e de residuos de aminoacidos conservados, bem como
a disposicdo das regides globulares, ¢ realizada visualmente. Os dados gerados pelo HCA
sao utilizados, entdo, para a modelagem de proteinas ou para gerar informacgdo funcional

sobre as mesmas.
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Figura 9. Conversao de uma sequéncia primaria de aminoacidos (1D) em um
diagrama de HCA (2D). A estrutura primaria é enrolada ao redor de um cilindro (a)
que é cortado ao longo de seu eixo originando um diagrama bi-dimensional (b). Este
diagrama € duplicado e compactado (c), de forma que os agrupamentos hidrofébicos
sdo contornados (d). A forma que estes agrupamentos possuem correspondem a
estruturas secundarias regulares que, por sua vez, definirdo a estrutura tri-

dimensional da seqUéncia (3D). (Adaptado de Callebaut et al., 1997).
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Figura 10. Exemplos de diferentes formas de agrupamentos hidrofobicos que

correspondem a a-hélices e B-estruturas.

5.2. Analises filogenéticas

A filogenia busca determinar as relacdes evolutivas existentes entre as diferentes
familias de proteinas, de acidos nucléicos ou de organismos. Estas relacdes sdo comumente
representadas em graficos matematicos conhecidos como ‘arvores filogenéticas’ (Baxevanis
& Ouellete, 2001). Uma arvore filogenética possui ‘ramos’ (Figura 11), onde estio situadas
as seqliéncias ou os organismos em estudo, sendo que a proximidade de duas ou mais
seqiiéncias/organismos determina a sua relacdo evolutiva. Em outras palavras, quanto mais
proximo estiverem duas seqiiéncias, maior € a probabilidade de que ambas compartilhem
um ancestral comum (também conhecido como ‘né’ em uma arvore filogenética, Figura
11). Um grupo de proteinas que compartilha um ancestral comum constitui um clado
(Figura 11). Por este motivo, a filogenia de proteinas continua sendo a mais importante

ferramenta de andlise de seqiiéncias (Baxevanis & Ouellete, 2001). Uma vez que uma
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familia de proteinas ¢ encontrada em um organismo ou em um grupo de organismos, a
relacdo filogenética entre elas pode ajudar a prever quais proteinas terdo fungdes
equivalentes, previsdes estas que podem ser testadas e validadas por experimentos
bioquimicos e genéticos (Baxevanis & Ouellete, 2001).

Assim, o estudo da evolucdo de proteinas envolve a comparacdo de seqii€ncias
homologas, ou seja, seqiiéncias que possuem origens comuns, mas que podem ter ou nao a
mesma fungdo. Estas seqiiéncias homodlogas podem ser classificadas como: (i) ortélogas
(proteinas de diferentes organismos que derivam de um ancestral comum, sendo que,
normalmente, apresentam a mesma fung¢ao), (ii) paralogas (proteinas homoélogas originadas
a partir de um evento de duplicagdo em um determinado organismo; na maioria das vezes,
as proteinas paradlogas possuem fungdes diferenciadas) e (iii) xendlogas (proteinas
homologas originadas a partir de um evento de transferéncia horizontal entre dois
organismos) (Figura 11; Baxevanis & Ouellete, 2001; Mount, 2001).

Uma analise filogenética requer trés passos: (i) o alinhamento das seqiiéncias, (2) a
determina¢do do modelo evolutivo e (3) o desenho da arvore a partir dos resultados obtidos
com o modelo evolutivo. Os métodos utilizados para o alinhamento de seqiiéncias foram
detalhados no item 5.1.1., sendo que um bom alinhamento ¢ fundamental para a geragdo de
dados de qualidade para a andlise filogenética.

A determina¢do do modelo evolutivo também ¢ essencial para a obtencdo de dados
que correspondam a histdria evolutiva de uma familia de seqiiéncias e que permitam o
desenho ideal da arvore filogenética. Atualmente sdo descritos quatro modelos evolutivos
(Li, 1997): (1) métodos de distancia [dos quais destacam-se Neighbor-Joining (NJ) ¢ a
Evolu¢do Minima (ME)], (2) métodos de maxima parciménia, (3) método da maxima
verossimilhanca e (4) inferéncia Bayesiana. Cada modelo possui caracteristicas
matematicas Unicas, sendo que a escolha do modelo depende do tipo de dado a ser

analisado (Li, 1997; Baxevanis & Ouellete, 2001). Contudo, para andlises filogenéticas de
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proteinas, os métodos de distancia e de mdxima parcimonia sdo os mais utilizados,
considerando-se a velocidade com que os dados sdo analisados e a qualidade dos resultados
gerados (Li, 1997).

Por fim, a robustez de uma arvore filogenética, independente do modelo evolutivo
usado, deve ser testada estatisticamente a fim de garantir que o padrdo evolutivo de uma
arvore filogenética representa a realidade bioldgica (Li, 1997). Diferentes metodologias
estatisticas tém sido propostas para este fim, destacando-se o bootstrap e a analise de ramos
internos (Baxevanis & Ouellete, 2001). Ambos os métodos baseiam-se na reamostragem
dos resultados obtidos a partir de um modelo filogenético, de forma que o niumero de vezes
que um determinado ramo se forma, a partir de novas arvores filogenéticas geradas
aleatoriamente pelo método, ¢ considerado como um teste de confiabilidade. Em outras
palavras, quanto maior o numero de vezes que o ramo se forma, maiores sdo as chances de

que este represente uma verdadeira relacdo filogenética (Mount, 2001)

Clado

‘“0
y Eucarioto C

Eucarioto B

sobo|o10

Eucarioto A

Eucarioto D2

Eucarioto D1

Bactéria D

sobojous) sobojeied

Eucarioto D

Figura 11. Exemplo de uma arvore filogenética contendo sequiéncias ortélogas
(eucarioto A, B e C), paralogas (eucarioto D1 e D2) e xenologas (bactéria e eucarioto
D). Nesta arvore também estéo representados os principais elementos de um filograma

como o no (circulo pontilhado), o ramo e o clado (quadrado pontilhado).
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Objetivos




1. Objetivo geral

Estudar a proteina Pso2/Snml de Saccharomyces cerevisiae por meio da analise

filogenética e de seqiliéncias, comparando-a com proteinas homdlogas ja descritas para

outros organismos e cujas fungdes, tanto na reparacdo de DNA quanto na manuten¢do da

cromatina eucariotica, ja estejam estabelecidas.

2. Objetivos especificos

Analisar a presenga de seqiliéncias ortélogas e pardlogas a Pso2p em organismos
pertencentes aos filos Viridiplantae, Metazoa, Fungi e Protozoa utilizando, para
este fim, HCA, modelagem de proteinas e analises filogenéticas;

Determinar a presenca de dominios conservados nas proteinas Pso2 por meio da
técnica de HCA;

Determinar a natureza ¢ o nimero de grupos que compdem a familia
Pso2p/Snm1p por meio de andlises filogenéticas;

Caracterizar novas seqiiéncias do grupo Artemis, identificadas em metazoarios e
fungos, por meio da andlise de seqiiéncias, filogenia e modelagem de proteinas;
Caracterizar, por filogenia e analise de seqiiéncias, uma nova familia de DNA
ligases de plantas a qual possui um dominio Pso2p/Snmlp em sua extremidade

N-terminal.
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Abstract

DNA double-strand breaks (DSBs) represent a major threat to the
genomic stability of eukaryotic cells. DNA repair mechanisms such
as non-homologous end joining (NHEJ) are responsible for the
maintenance of eukaryotic genomes. Dysfunction of one or more
of the many protein complexes that function in NHEJ can lead to
sensitivity to DNA damaging agents, apoptosis, genomic instabil-
ity, and severe combined immunodeficiency. One protein, Pso2p,
was shown to participate in the repair of DSBs induced by DNA
inter-strand cross-linking (ICL) agents such as cisplatin, nitrogen
mustard or photo-activated bi-functional psoralens. The molecular
function of Pso2p in DNA repair is unknown, but yeast and mam-
malian cell line mutants for PSO2 show the same cellular responses
as strains with defects in NHEJ, e.g., sensitivity to ICLs and apop-
tosis. The Pso2p human homologue Artemis participates in V(D)J
recombination. Mutations in Artemis induce a variety of immuno-
logical deficiencies, a predisposition to lymphomas, and an in-
crease in chromosomal aberrations. In order to better understand
the role of Pso2p in the repair of DSBs generated as repair interme-
diates of ICLs, an in silico approach was used to characterize the
catalytic domain of Pso2p, which led to identification of novel
Pso2p homologues in other organisms. Moreover, we found the
catalytic core of Pso2p fused to different domains. In plants, a
specific ATP-dependent DNA ligase I contains the catalytic core
of Pso2p, constituting a new DNA ligase family, which was named
LIG6. The possible functions of Pso2p/Artemis/Lig6p in NHEJ and
V(D)J recombination and in other cellular metabolic reactions are
discussed.

Key words

« Non-homologous end joining
« Double-strand breaks

- V(D))
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Introduction

The chromatin of all eukaryotic cells,
without exception, is a special target for
chemical or physical agents that can induce
different kinds of DNA damage, including

base-pairing mismatches, abasic sites, chemi-
cally modified bases, single- and double-
strand breaks (DSBs), and intra- and/or in-
ter-strand cross-links (ICLs) (1). Depending
on the extent of chromatin damage, these
alterations may have a profound effect on
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Figure 1. Schematic drawing of
double-strand break (DSB) re-
pair in mammalian cells. DSB
induced by inter-strand cross-
link (ICL) generated by physical
agents (UVC), chemical sub-
stances (nitrogen mustard, 8-
MOP + UVA), or even cellular
metabolism (gray box) on DNA
during replication can be re-
paired by two biochemical path-
ways: homologous recombina-
tion (HR) or non-homologous
end joining (NHEJ). HR is the
major DNA repair pathway used
when two homologous DNA
strands are present. NHEJ is
used when the homologous
DNA strand is not present. The
protein complexes that are used
for NHEJ repair depend on the
type of DNA ends present in
the DSB (cohesive ends, blunt
ends, or hairpin-capped ends).
Protein complexes 1 and 3 re-
pair both cohesive and blunt
ends, while hairpin-capped
ends are repaired by Artemis/
Pso2p/DNA-PKcs (complex 2).
The final result is the restitution
of high molecular weight DNA,
with loss (NHEJ) or without loss
(HR) of DNA base pairs (bp).
UVC = UVa54 nm; 8-MOP + UVA
= 8-methoxypsoralen plus UVA;
UVA = UV3g5 nm; DNA-PKcs =
DNA-dependent protein kinase
catalytic subunit

Braz ] Med Biol Res 38(3) 2005

cellular well being, leading to cell cycle ar-
rest, tumorigenesis, cell death, or severe
combined immunodeficiency disease (SCID)
inmammals (1). Among the various forms of
DNA lesions that are induced by physical or
chemical agents, probably the most danger-
ous are the DNA DSBs (1,2). DSBs can
occur in response to ionizing radiation, to
radiomimetic agents or chemical substances

uve Nitrogen mustard

D. Bonatto et al.

that induce DNA ICLs such as bi-functional
nitrogen mustards or 8-methoxypsoralen plus
UVA (Figure 1). DSBs also arise as a conse-
quence of natural processes such as V(D)J
recombination (a lymphoid-specific process
required for gene rearrangement and matura-
tion of T and B cells), and as a by-product of
normal cellular metabolism (Figure 1) (3). If
not repaired prior to DNA replication or

8-MOP + UVA

Physical or chemical damage (ICL)

DNA replication
direction

Cellular metabolism
(transposition, V(D)J)

Cohesive ends/  Hairpin-capped ends
Blunt ends
DNA-PKcs DNA-PKcs
Ku70/Ku86 Ku70/Ku86 @
XRCC4 XRCC4
Rad50/Mre11/Xrs2 Rad50/Mre11/Xrs2
DNA polymerase p Artemis/Pso2p @
DNA ligase IV DNA-PKes
DNA polymerase p
bp DNA ligase IV @

Repaired DNA !
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mitosis, DSBs can induce cell death (4) and,
if misrepaired, DSBs have the potential to
lead to chromosome translocations, genom-
ic instability and predisposition to cancer
(2,5). Interestingly, only one DSB can kill a
cellifitleads to the inactivation of an essential
gene or triggers apoptosis (2,4,6). More-
over, mutations in many of the factors in-
volved in sensing and repair of DSB damage
lead to increased pre-disposition to cancer in
man and in animal models (2,7).

In yeast and mammalian cells, DSBs are
predominantly repaired by one of two path-
ways (1),1.e.,homologous recombination (HR),
or non-homologous end joining (NHEJ) (Fig-
ure 1). In addition, NHEJ is also used to repair
DSBs that arise during early mammalian lym-
phocyte development in the context of V(D)J
recombination (8). HR and NHEJ have over-
lapping roles in maintaining chromosomal in-
tegrity (9) and can act together to preserve
genomic integrity in eukaryotic cells (10).
Yeast, unlike multicellular eukaryotes, repairs
most of its DSBs using HR, a process that
occurs without the loss of genetic information
(11). However, NHEJ can be detected in yeast
when the mechanisms of HR are inactivated
(11). Multicellular eukaryotes use NHEJ as the
predominant DNA repair system and this pref-
erence could be intrinsic to their genomic
organization. The genomes of multicellular
eukaryotes contain a substantial fraction of
repetitive DNA and, therefore, the homology
search process for repair of DSBs by HR is
inviable when the breaks occur in the portion
of the genome that is repetitive, further leading
to chromosomal translocations or cell death
(11). Except during late S, G2 and M, when
a sister chromatid is physically positioned
optimally, homology partners for repetitive
regions might be chosen inappropriately from
any of the chromosomes (11).

Cells with a defect in NHEJ age in culture
more quickly when compared to NHEJ-
proficient cells (12). Mouse mutants in either
component of the DNA ligase complex
(XRCC4 or DNA ligase IV) show defects in

V(D)J recombination (13,14), just as human
pre-B cells do (15). These mice die during the
final days of gestation, showing an increased
apoptotic death of neurons at specific loca-
tions in the nervous system at specific times
during gestation (11). It is still unclear why
some cells die and others do not. Interest-
ingly, Ku70-deficient mice show a depletion
of enteric neurons (16). Presumably this
apoptotic cell death is triggered by an inability
to repair DSBs. Also, the inactivation of
NHEJ leads to increased sensitivity to ioniz-
ing radiation, genomic instability, and SCID,
resulting from the inability to join Rag-cleaved
gene segments in progenitor (pro)-B and T
lymphocytes (17). Despite their inability to
repair DSBs, NHEJ-deficient mice show, at
most, a modest predisposition to lympho-
mas, because cells with unrepaired breaks
are eliminated by the checkpoint protein p53
(17). Inactivation of p53 restores pro-B lym-
phocyte numbers, although it does not res-
cue NHEJ or lymphocyte development (18).
Combined deficiencies for p53 and all NHEJ
factors have been analyzed and all were
found to lead to consistent development of
early-onset pro-B lymphomas (18).

NHE]J basically involves modification of
the two broken ends to make them compat-
ible prior to rejoining, resulting in the loss of
some information between the two DNA
ends. Hence, NHEJ is an imperfect process
from the standpoint of preserving genetic
information (11). Proteins known to be in-
volved in NHEJ include the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs),
XRCC4,Ku70 and Ku86, DNA ligase IV, and
the Rad50/Xrs2/Mrell complex (19). These
proteins, to be described in more detail be-
low, form complexes with specific func-
tions in the modification of DNA ends for
rejoining, or in the stabilization of DNA
extremities for further processing.

DNA-PKcs

The DNA-PKcs, which is activated by
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double stranded DNA ends, phosphorylates
proteins bound to the same DNA molecule.
Apart from its large size (469 kDa), the most
noticeable feature of DNA-PKcs is a carboxy-
terminal catalytic domain which bears amino
acid similarity to the catalytic domain of the
phosphoinositide-3,4-kinase family of lipid ki-
nases (20). The presence of this conserved
region classifies DNA-PKcs as a member of
the phosphatidylinositol-3-kinase-related pro-
tein kinases (21,22). Ku70 and Ku86 are pro-
teins that form a heterodimer with high affinity
for DNA ends and are generally considered to
comprise the DNA-binding “subunit” of DNA-
PK. However, their association with DNA-
PKcs appears not to be obligatory and there is
clear evidence for DNA-PKcs-independent
functions (Table 1) (23).

Ku70/Ku86

Cells that lack Ku are radiosensitive and
defective in DSB repair, and animals lacking

Table 1. Eukaryotic non-homologous end joining proteins.

D. Bonatto et al.

either one of the Ku subunits share many
characteristics with DNA-PKcs null animals,
e.g., radiosensitivity, immune deficiency, and
defective DNA DSB repair (Table 1). In addi-
tion, Ku70 and Ku80 null animals have growth
defects and premature senescence, indicating
that Ku and DNA-PKcs have distinct and
overlapping functions (2,11). In plants, specif-
ically Arabidopsis thaliana, the expression of
both Ku70 and Ku80 genes is up-regulated in
response to the induction of DSBs in chrom-
osomal DNA by either bleomycin or methyl-
methanesulfonate. Mutant lines of A. thaliana
for Ku80 showed hypersensitivity to the DNA-
damaging agents bleomycin and menadione
which cause single- and DSBs in DNA, a
phenotype consistent with a role in the NHEJ
pathway (Table 1) (24,25).

DNA ligase IV

DNA ligase IV, an ATP-dependent DNA
ligase that has a special role in NHEJ and

Proteins Organisms Tissues/cells® Cellular process Substrates Phosphorylation® Deficiencies®
DNA-PKcs Metazoa All NHEJ, V(D)J, telomeric DSB Yes Sensitivity to cross-links,
maintenance SCID, senescence
DNA ligase Eukaryotes All NHEJ, V(D)J, telomeric DSB Yes Sensitivity to cross-links, SCID,
IV (Lig4) maintenance senescence, neuronal apoptosis
Mre11 Eukaryotes All NHEJ, V(D)J, telomeric DSB, DNA Inconclusive Sensitivity to cross-links, senescence
maintenance hairpins
Rad50 Eukaryotes All NHEJ, V(D)J, telomeric DSB, DNA Inconclusive Sensitivity to cross-links, senescence
maintenance hairpins
Xrs2 Metazoa, All NHEJ, V(D)J, telomeric DSB, DNA Inconclusive Sensitivity to cross-links, senescence
fungi maintenance hairpins
Ku70/Ku80 Eukaryotes All NHEJ, V(D)J, telomeric DSB Yes Sensitivity to cross-links, SCID,
maintenance senescence
XRCC4 Eukaryotes All NHEJ, V(D)J, telomeric DSB Yes Sensitivity to cross-links, SCID,
maintenance neuronal apoptosis, senescence
Pso2 Eukaryotes All NHEJ, possible other Unknown Unknown Sensitivity to cross-links
functions in cellular processes
Artemis Metazoa Lymphocytes NHEJ, V(D)J DSB, DNA Yes Sensitivity to cross-links, SCID
hairpins
DNA ligase Plants Unknown Unknown Unknown Unknown Unknown
VI (Lig6)

aProteins present in different types of tissues or cells. PIndicates if protein activity is induced or modified by site-specific phosphorylation.
CPhysiological deficiencies induced by partially functional or non-functional proteins related to NHEJ, V(D)J recombination, and telomeric
maintenance. NHEJ = non-homologous end joining; DSB = double-strand break; SCID = severe combined immunodeficiency disease; DNA-
PKcs = DNA-dependent protein kinase catalytic subunit.
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V(D)J, is present in eukaryotes as diverse as
yeast, plants, and metazoa (26). The homo-
logue of the mammalian gene for DNA ligase
IV was isolated from A. thaliana, and its
expression profile indicates that this gene is
regulated by ionizing radiation-induced DSBs
(26). Deletion of mammalian DNA ligase [V
results in death during embryogenesis due to
massive neuronal apoptosis (Table 1) (14). A
highly radiation-sensitive human cell line iso-
lated from a leukemia patient was found to
express a dysfunctional form of DNA ligase
IV (Table 1) (14).

XRCC4

XRCC4 exists in a tight complex with
DNA ligase IV (27), which is essential for the
ligation step in NHEJ and may also be in-
volved in alignment or gap filling prior to
ligation (28). In mammalian cells, XRCC4
can interact with DNA, DNA-PKcs, Ku, and
DNA polymerase p, but its precise role in
NHEJ is unknown (1). Cells that lack XRCC4
are radio-sensitive, defective in V(D)J re-
combination and DSB repair, and disruption
of XRCC4 in mice is embryonically lethal due
to neuronal apoptosis (Table 1) (14). A plant
gene with high homology to mammalian
XRCC4, that also interacts with DNA ligase
IV and has its expression pattern modulated
by DSBs, was identified in 4. thaliana (29).

Rad50/Xrs2/Mrel1

The Rad50/Xrs2/Mrel1 complex is also
very well conserved in all eukaryotes studied
so far. These three physically interacting
gene products were best characterized in
yeast, where they participated in Ku-depend-
ent end joining in vitro (30). Mammalian
homologues for Rad50p and Mrellp have
been identified, but due to the lethality of the
mutations no mutants exist (Table 1). In
human cells the Mrellp, Rad50p, Nbslp
(MRN complex) is involved in DNA damage
signaling, possibly by holding opposing ends

of'a DSB in proximity, or participating, via its
exonuclease activity, in processing DNA
ends prior to ligation (30). It is interesting to
note that many proteins participating in NHEJ
or V(D)J recombination share a high homol-
ogy from yeasts to plants and animals, indi-
cating the essentiality of these mechanism to
cellular well-being. One protein that partici-
pates in NHEJ and V(D)J recombination, and
whose function is still largely unknown, is
Pso2p/Artemis, which belongs to the metallo-
3-lactamase associated CPSF Artemis
SNM1/PSO2 (B-CASP) family.

The R-CASP family

The B-CASP family comprises a group of
related proteins that use nucleic acids as
substrate and function in DNA repair, RNA
processing, and V(D)J recombination (31).
Hydrophobic cluster analysis (HCA) recently
allowed this group to be identified in all three
life domains (31). HCA is a sensitive method
of sequence comparison that detects 2- and
3-dimensional similarities between protein
domains showing very limited amino acid
relatedness, typically below the so-called
“twilight zone” (25-30%) (31). The method
consisted of displaying the primary protein
structure on a duplicated a-helical net, where
the hydrophobic residues are automatically
contoured. The positions of these hydropho-
bic clusters within the protein correspond
well to the secondary protein structures and
thus are extremely valuable for phylogenetic
inferences. Moreover, conserved protein
domains can be mapped with HCA using
orthologous sequences from different spe-
cies. Characteristically, all the proteins of the
B3-CASP family use as substrate a compound
containing an ester linkage and a negative
charge in its molecular structure and catalyze
the hydrolysis of the former. They are com-
posed of five domains and have an evolution-
arily highly conserved HxHxDH signature
and a binuclear Zn(II) center, necessary for
the ester cleavage (31). In the B-CASP fam-
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ily, a conserved carboxy-terminal region,
defined as the “B-CASP” motif, contains the
three domains A, B and C, where C plays an
important role in nucleic acid metabolism
(31). The best-characterized member of this
group is Artemis, a protein isolated from cells

A N C
ScePso2p
HsaPso2p
OsaPso2p
B Conserved core
N reent
CRI CRIl CRIII
N + C
.;I.\, .....
I N
\'\
£ g
e
“I
Y
C
N C
! N
O ICPRENIEVNREEEAN | AthLig6p (1415 amino acids)
:m:ScePSOZp (661 amino acids)
| I HsaArtemis (434 amino acids)

Figure 2. Hydrophobic cluster analysis of yeast (Saccharomyces cerevisiae, Sce), human
(Homo sapiens, Hsa), and rice (Oriza sativa, Osa) Pso2p sequences (A). The three
conserved regions (CRI-CRIII) of the Pso2 catalytic core are indicated. Conserved
hydrophobic amino acid residues appear in gray and conserved hydrophilic amino acid
residues are contoured. The way to read the sequence and special symbols is indicated
in the gray inset. In B, the Pso2p catalytic core is represented by a dotted box containing
the three CRs. A three-dimensional model of CRI and CRIl is shown inside the box. A
comparison of ScePso2p, Arabidopsis thaliana Ligbp (AthLig6p), and HsaArtemis do-
mains is shown in C. The length of sequences is given in parentheses and the direction
of proteins, from N-terminus to C-terminus, is indicated by an arrow. CS = conserved
sequence; NCD = non-catalytic domain.
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of patients suffering from a special type of
SCID associated with radiosensitivity (RS-
SCID) (32). This disease was found in a
group of Athabascan-speaking American
Indians and has been genetically character-
ized (33). An Artemis/DNA-PKcs complex,
with endonucleolytic activity on DSBs or
hairpins generated by the Ragl/Rag2 pro-
teins, might act on NHEJ and V(D)J recom-
bination, respectively (34,35). Preliminary
protein sequence analyses, including the
Artemis/Pso2 sequences, Elacl, Elac2, Cpsf
73-, and Cpsf 100-kDa proteins, indicate
similar functions (31). The activity of Elac1/
Elac2 proteins is unknown, but sequence
analysis suggests a hydrolase function
(36,37). Elacl/Elac2 mutant variants have
been associated with human prostate cancer
(36). Cpsf 100 kDa and Cpsf 73 kDa hydro-
lyze mRNA, and this protein group has con-
served domains in eukaryotes as well as in
archaea (38). They are important compo-
nents of the eukaryotic machinery that pro-
cesses the 3' end of mRNAs, acting together
with two other Cpsf proteins (30/160 kDa),
as well as with the cleavage stimulation
factor, poly(ADP-ribose) polymerase, two
additional cleavage factors (I, and II,,,), and
poly(A)-binding protein II (38). Of the three
motif domains A, B and C of B-CASP,
domain C, according to HCA, has a con-
served hydrophobic residue typical of pro-
teins that use DNA as substrate and a histi-
dine residue conserved in proteins that bind
RNA (31). Our phylogenetic analysis indi-
cates that Elacl/Elac2, Cpsf 73/Cpsf 100
and Artemis/Pso2 proteins are paraphyletic,
not sharing a recent common ancestor. More-
over, the phylogeny of these proteins shows
only a functional homology, based on nucleic
acid phosphodiesterase activity (Bonatto D,
Revers LF, Brendel M and Henriques JAP,
unpublished results).

The Ps02/Snm1 protein

Experimental data accumulated over the
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20 years since the isolation and characteriza-
tion of pso2/snml mutants of S. cerevisiae
(39-43; for reviews, see 44,45) so far give no
clue to the function of the Pso2p/Snmlp in
ICL repair (Table 1). Clearly, pso2/snml
mutants are extremely sensitive to ICL-in-
ducing agents, irrespective of their chemical
composition (e.g., ICL induced by 8-MOP +
UVA, nitrogen or sulfur mustards, cisplatin,
and many others; 39-42); however, they are
only mildly sensitive to UVC and not sensitive
to ionizing radiation (41,42). Furthermore, S.
cerevisiae pso2/snm1 mutants, though inca-
pable of forming high molecular weight DNA
(data from neutral sucrose gradient assays)
during repair of ICL, are not defective in
repair of DSBs (40,43). Stability of the mito-
chondrial DNA is also affected in these
mutants, as they have a higher-than-wild-
type phenotype frequency of spontaneous
“petit” mutations (46). This suggests a pos-
sible function for Pso2p/Snmlp in mtDNA
recombination or repair in yeast. Pso2p/
Snmlp mutants also have lower induced
mutagenesis when compared to the wild-
type strain (41).

In order to better understand the possible
functions of Pso2p in DNA repair of S.
cerevisiae, we have used an in silico analysis
combining a phylogenetic approach and HCA
to characterize the conserved regions (CRs)
found between Pso2p and its orthologues.
All sequences were obtained directly from
GenBank in the National Center for Biotech-
nological Information web page [http://
www.ncbi.nlm.nih.gov/] followed by global
pair-wise multiple-alignments. The results of
the alignments were then used for HCA
(DRAWHCA program, available as a freeware
at http://www.lmcp.jussieu.fr). Using the
closest species of S. cerevisiae, as well as
more distant fungal species, we could iden-
tify three CRs that are also found in the
Artemis/Pso2p/Ligbp sequences of metazoa,
protozoa, and plants (Figures 2A-C and 3).
These three CRs, which share many con-
served amino acid residues (Figures 2A and
3), compose the Pso2p conserved core (CRI,
CRII, and CRIII; Figures 2B and 3). It is
interesting to note that both CRI and CRII
could be three-dimensionally modeled with
the Swiss-Pdb Viewer software (http://

; CRI .
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Figure 3. Multiple alignment of Pso2p conserved region sequences (CRI to CRII) from yeast (Saccharomyces
cerevisiae, ScePso2p), humans (Homo sapiens, HsaPso2p), filamentous fungi (Neurospora crassa, NcrPso2p),
fruit flies (Drosophila melanogaster, DmePso2p), and rice (Oriza sativa, OsaPso2p). Identical amino acid residues
are indicated by an asterisk and amino acid residues with similar physico-chemical characteristics by one or two
dots in CRs. The positions of the CRs are indicated by arrows.
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Some specialized tissues

Pso2p - NHEJ

Fungi

Last universal common
eukaryotic ancestor

Pso2p - NHEJ Pso2p - NHEJ
Lig6p - unknown function Artemis - V(D)J

Highly specialized tissues

Figure 4. Evolutionary diversification of Pso2p in fungi, animals, and plants from a last
universal common eukaryotic ancestor. Artemis and Lig6p are represented within animals
and plants, respectively. Animals and plants contain paralogous PSOZ2 genes, but they are
represented by a single sequence for clarity. Fungi contain only one Pso2p sequence.
This diversification might be linked to the tissue diversity found in higher eukaryotes
(animals and plants). NHEJ = non-homologous end joining.
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www.expasy.org/spdbv) (Figure 2B) using
as template the penicillinase sequence of
Pseudomonas aeruginosa, which belongs to
the metallo-B-lactamase superfamily (Pro-
tein Data Bank accession number 1dd6) and
exhibited some degree of similarity with
Pso2p. All Pso2p sequences analyzed so far
show highly divergent N- and C-termini,
indicative of different types of enzymatic
regulations (Bonatto D, Brendel M and
Henriques JAP, unpublished results). More-
over, the conserved Pso2p core was found
to be associated with other functional do-
mains, e.g., plant-specific DNA Lig6p, which
contains a DNA ligase I domain in its C-
terminus (Figure 2C), and the Pso2p of
Aspergillus nidulans, which has a cyto-
chrome P450 domain also in its C-terminus
(data not shown). The biochemical signifi-
cance of these fused domains is still un-
known, but we may speculate that these
proteins have specific roles in DNA repair or
even in chromatin remodeling.

The phylogenetic data indicate the pres-
ence of multiple paralogous PSO2 genes that
arise from a last universal common eukary-
otic ancestor of metazoa and plants. Again
we can speculate that the presence of paralo-
gous PSO?2 genes in multicellular eukaryotes
may be associated with the tissue diversity
unknown for fungi, suggesting a more spe-
cialized function for DNA repair or genome
caretaking in plants or metazoa (Figure 4).

The deletion of the PSO2 gene in Schizo-
saccharomyces pombe, an evolutionarily dis-
tant yeast, generates mutant cells that are
only modestly sensitive to a variety of cross-
linking agents (47). In comparison to yeast,
there is much less information available for
mammalian Pso2p, making it difficult to
predict a physiological function for this pro-
tein family. In terms of molecular data,
human PSO2/SNM1 (hPSO2/hSNM]I)
mRNA contains an unusually long 5' UTR
which is predicted to form an extensive
secondary structure, and which is inter-
spersed with 16 translation initiation codons.
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In fact, the function of this long 5' UTR may
be to maintain hPso2p at low levels since
over-expression should be highly toxic to
mammalian cells and appears to result in
apoptosis (48). Nevertheless, the regulation
of hPSO2/hSNM1 during mitosis suggests
that this gene may play a role in mitotic
progression, particularly in response to ICL-
inducing agents, and especially during the
G2/M transition. In this regard, it is interest-
ing to note that cisplatin-treated cells of the S.
cerevisiae pso2 mutant arrest permanently
during the G2/M transition (49). The pro-
longed arrest in G2/M suggests that the cell
is attempting repair or initiating repair in this
phase of the cell cycle but cannot complete
it without a functional Pso2p (49). Recent
data reported by Yu et al. (50) indicate a
possible function of Pso2p in DNA repair of
hairpins induced by transposition of 4c/Dc
elements from Zea mays in S. cerevisiae. In
this case, the expression of Ac/Dc elements
in S. cerevisiae allows to assay the repair of
excision sites in a variety of yeast mutant
backgrounds, specifically of DNA hairpins
that appear to form in the host DNA during
transposition. This indicates that Pso2p may
recognize a DNA hairpin as a structure simi-
lar to a covalent ICL lesion and may bind to
it, as the Artemis protein of vertebrates does
during V(D)J recombination (50).

The Artemis protein

The best-characterized member of the §3-
CASP family is Artemis (Table 1), which
was isolated from cells of patients suffering
from a special type of RS-SCID (33). SCID
is clinically characterized by opportunistic
infections, frequent diarrhea, and failure to
thrive. Patients generally die within the first
year of life unless treated with, e.g., bone
marrow transplantation.

Artemis has 5' to 3' exonucleolytic activ-
ity with single-strand DNA specificity and,
when associated with DNA-PKcs, forms a
phosphorylated complex with endonucle-

olytic activity on both 5' and 3' DNA over-
hangs; furthermore, it can cleave hairpins
generated by the Rag1/Rag?2 proteins in V(D)J
recombination (34,35). It has been shown
that Artemis cooperates with p53 to sup-
press chromosomal translocations and tu-
mor development in mice. Therefore, it can
be considered a tumor suppressor gene. Like
other NHEJ/p53 doubly deficient mice, most
Artemis-deficient mice succumb to pro-B
cell lymphomas by 11-12 weeks of age (10).
Despite the striking relationship between
NHEJ deficiencies and tumorigenesis in
mouse models, potential roles for NHEJ in
tumor suppression in humans have remained
unclear (10). However, inactivating muta-
tions of Ku70, Ku80, DNA-PKcs, XRCC4,
and ligase IV have not been observed in the
context of human immunodeficiencies, pos-
sibly because of a more severe impact of
NHEJ mutations on human cells (10). In
contrast, mutations in Artemis have been
identified in several cohorts of human SCID
patients (10). Therefore, the finding that
Artemis functions as a tumor suppressor in
mice raises the possibility of a similar func-
tion in humans. In this regard, hypomorphic
alleles of Artemis have been identified in
humans and have been associated with a
predisposition to lymphomas (18).
Richardson and Jasin (7) observed that
Artemis-deficient mice have increased num-
bers of chromosomal aberrations, e.g.,
chromosomal fragmentation, detached cen-
tromeres, fusions, and translocations. Artemis
thus seems to play an important role as a
genomic caretaker (10,18). In addition,
Artemis may also function in telomere cap-
ping. This hypothesis is based on the in-
creased levels of telomere fusions observed
in Artemis-deficient embryonic stem cells
(10). Although the precise function of Artemis
with respect to telomeres remains unclear, it
is highly probable that the Artemis-DNA-
PKcs complex may not only function in
V(D)J recombination and general DNA DSB
repair, but also in telomere maintenance (10).
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Figure 5. Non-homologous end
joining recombination mediated
by Snm1p/Pso2p in growing
cells after inter-strand cross-link-
ing (ICL) induction during DNA
replication. In the presence of a
sister strain, DNA repair may pro-
ceed via homologous recombi-
nation (HR pathways) mediated
by Rad4p-Rad23p and HR pro-
teins. Alternatively, the ICL can
induce the formation of cruci-
form DNA structures, especially
when palindromic sequences
are present. These cruciform
structures are recognized by
Mre11p/Radb50p/Xrs2p com-
plex that cuts the single-strand
DNA regions and induces the
formation of DNA hairpins.
These DNA hairpins are cleaved
by the phosphorylated Artemis
(Snm1p-like) DNA-PK/Ku pro-
tein complex in metazoa or by
phosphorylated Snm1/Pak1p/
yKup in fungi, generating a sub-
strate for DNA polymerase A
(Poldp in yeast) and DNA ligase
IV, which perform, together with
Ku and PCNA, the rejoining of
non-homologous DNA frag-
ments (gray DNA chain) and res-
titute the DNA replication pro-
cess. NER = nucleotide exci-
sion repair; PCNA = proliferat-
ing cell nuclear antigen; SSB =
single-strand binding proteins.
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system named Sleeping Beauty in an Artemis-
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and the Ragl V(D)J recombinase, catalyzes
a remarkably similar “overall chemistry” of
DNA recombination. However, the structure
of Sleeping Beauty transposition intermedi-
ates is unknown, and they probably do not
comprise DNA hairpins, as was seen in Ac/
Ds elements of maize (51).

Artemis protein was recently used by
Poinsignon et al. (52) for site-specific mu-
tagenesis in order to dissect the role of the
metallo-B-lactamase and B-CASP domains
of Artemis with regard to V(D)J recombina-
tion and DNA repair after ionizing radiation.
This study demonstrated that Artemis can be
divided into two critical regions, with the
COOH-terminal region probably playing an
important role in protein stabilization and in
DNA repair after ionizing radiation (52).
However, the authors concentrated their ef-
forts on the study of the CRI and CRII of the
Pso2p catalytic core (which encompasses
the metallo-B-lactamase and B-CASP do-
mains), necessary for V(D)J recombination
but not for DNA repair. In this case, the
CRIII should be required for DNA repair
functions induced by ionizing radiation or
even by ICLs.

The Pso2p/Snm1p of plants:
a special case

In contrast to animals, plants are con-
stantly being challenged by sunlight-con-
tained UV radiation because of their obliga-
tory requirement of sunlight for photosyn-
thesis (53). This radiation penetrates plant
surface tissues and damages their genome
and other cellular targets such as photosys-
tem II and plasma membrane ATPase (53).
Characteristically, plants also show endo-
phytic fungi living asymptomatically within
their tissues (54), where they can produce
potentially DNA-damaging mycotoxins (55).
Moreover, secondary metabolites (e.g.,
furocoumarin) can be photo-activated by
sunlight and induce DNA ICLs in leaves or
aerial parts (55). It is thus likely that different

DNA repair systems are required to repair the
errors induced by biotic or abiotic factors in
aplant’s genome. The NHEJ process in plant
tissues is largely unknown, and the DSB
repair products have been characterized as
excision products of transposable elements,
or insertion products of Agrobacterium sp
T-DNA (56). Interestingly, the analysis of
NHEJ proteins in A4. thaliana (e.g., DNA
ligase IV, Ku80, and XRCC4) indicates the
conservation of basic DSB repair mechan-
isms (26).

Using the available genomic information
from public databases, we have carried out a
phylogenetic study with the aim to find plant-
specific Pso2p sequences. Interestingly, we
detected paralogous PSO?2 genes in the com-
plete genomes of 4. thaliana and O. sativa,
and also a new group of ATP-dependent
DNA ligases that contain a Pso2p catalytic
core (Table 1, Figure 4) (57). The sequence
analyses of these proteins show that the
Pso2p catalytic core is localized within the
N-terminal part of the protein, while a DNA
ligase I domain can be detected in the C-
terminal end (Figure 2C), with both domains
displaying homology with Pso2p and DNA
ligase I of animals and yeasts. Moreover,
additional data of microsynteny analysis indi-
cate that these genes of the new DNA ligase
family are linked to the S and SLL2 loci of
Brassica sp and A. thaliana, respectively. It
should be noted that the Brassica S and the
Arabidopsis SLL2 loci consist of a gene
complex with distinct stigma-expressed and
anther-expressed sequences that determine
1) self-incompatibility specificity, ii) some
plant defense mechanisms, and iii) floral
development (58). Taking into account all of
the data obtained, we propose the definition
of a new family of DNA ligases, named
LIG6. Our present knowledge, sustained by
theoretical data, suggests that these Lig6-
orthologous proteins could be necessary to
conserve genomic integrity in plant tissues,
especially in reproductive organs with high
DNA turnover, where the DNA ligase func-

331

Braz ) Med Biol Res 38(3) 2005


Diego Bonatto
Text Box
53


332

tion seems to be essential. Biochemical anal-
ysis as well as mutational studies are cur-
rently in progress in order to determine the
roles of these plant-specific DNA ligases in
DNA metabolism.

Unfortunately, little is known about the
Pso2 proteins in plants. However, the pres-
ence of paralogous PSO2 genes in A. thali-
ana and O. sativa is a good indication that,
like the tissue diversity found in metazoa, the
presence of specialized plant tissues may
have specific requirements for repair of DSB
or ICL DNA repair.

Concluding remarks

The studies of Pso2p functions in DNA
repair or in genome maintenance are just
beginning. Since most of the information on
putative Pso2p functions comes from its
human homologue Artemis, more research is
necessary in order to clarify the exact role of
Pso2p in DNA metabolism. Since its first
genetic studies using mutants of S. cerevi-
siae sensitive to photo-addition of bi-func-
tional psoralens and to nitrogen mustards
(39-44), little information has been obtained
by conventional genetical approaches. If
Pso2p is necessary for reconstitution of high
molecular weight DNA, why do yeast mu-
tants, cell lines, or even animal models
knocked-out for PSO2 show a wild-type
response phenotype to DNA damaging agents,
except ICL-generating chemicals? The an-
swer to this question may be found in the
structure of DNA, more specifically in the
secondary structures like DNA hairpins that

D. Bonatto et al.

can arise from palindromic regions during
DNA replication slippage or stalled DNA
replication forks (59). Recently, we pro-
posed a model where Pso2p would act on
DNA hairpin substrates induced by ICLs
during DNA replication (46), a feature also
shown in the present review (Figure 5). This
model proposes that the potential endonucle-
olytic function of Pso2p is activated via
Paklp-induced phosphorylation. The spe-
cific function in DNA repair of this potential
protein kinase of S. cerevisiae is unknown,
but when over-expressed, Paklp acts as a
suppressor of thermo-labile DNA polymer-
ase oo mutations (60). Pak1p was identified in
a two-hybrid screening of potential protein
partners of Pso2p (Revers LF, Strauss M,
Bonatto D, Brendel M and Henriques JAP,
unpublished results). Our model helps to
explain the specific function of Pso2p in
repair of DSB that are generated during repair
processing of ICLs. Moreover, it also helps
to explain the evolution of Artemis in terms of
its function on V(D)J recombination. Since
Artemis also binds hairpin-capped DNA ends
induced by RAG proteins, it may also have
the ability to bind hairpin-intermediates gen-
erated during some step(s) of DNA ICL
repair.

The existence of multiple PSO2 paralo-
gous genes in metazoa and plants suggests
tissue-specific NHEJ functions that are not
found in fungi, and this deserves the attention
of all researchers interested in NHEJ. Pos-
sible new and exciting mechanisms of DNA
repair, especially repair of DNA hairpins,
could arise from the studies of Pso2p.
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ABSTRACT. The eukaryotic family of Pso2/Snm1 exo/endonuclease proteins has important
functions in repair of DNA damages induced by chemical interstrand cross-linking agents
and ionizing radiation. These exo/endonucleases are also necessary for V(D)J
recombination and genomic caretaking. However, despite the growing biochemical data
about this family, little is known about the number of orthologous/paralogous
Pso2p/Snm1p sequences in eukaryotes and how they are phylogenetically organized. In this
work we have characterized new Pso2p/Snm1p sequences from the finished and unfinished
eukaryotic genomes and performed an in-depth phylogenetic analysis. The results indicate
that four phylogenetically related groups compose the Pso2p/Snmlp family: (i) the
Artemis/Artemis-like group, (ii) the Pso2p A group, (iii) the Pso2p B group and (iv), the
Pso2p Plasmodium group. Using the available biochemical and genomic information about
Pso2p/Snmlp family, we concentrate our research in the study of Pso2p A, B and
Plasmodium groups. The phylogenetic results showed that A and B groups can be
organized in specific subgroups, with different functions in DNA metabolism. Moreover,
we subjected selected Pso2p A, B and Plasmodium proteins to hydrophobic cluster analysis
(HCA) in order to map and to compare conserved regions within these sequences. Four
conserved regions could be detected by HCA, which are distributed along the metallo-p3-
lactamase and B-CASP motifs. Interestingly, both Pso2p A and B proteins are structurally
similar, while Pso2p Plasmodium proteins have an unique domain organization. The
possible functions of A, B and Plasmodium groups are discussed.

Key words: Pso2p/Snmlp family; Pso2p A group; Pso2p B group; Pso2p Plasmodium

group; hydrophobic cluster analysis; protein phylogeny.
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INTRODUCTION

The metallo-B-lactamase superfamily is composed by proteins with important
functions for general metabolism in both prokaryotic and eukaryotic organisms.*?
Characteristically, all proteins of the metallo-p-lactamase superfamily use as substrate a
compound containing an ester linkage and a negative charge in its molecular structure; they
catalyze the hydrolysis of the former.'? Moreover, the proteins of metallo-B-lactamase
family have a highly conserved HxHxDH signature and a binuclear Zn*" center (the
metallo-B-lactamase motif), which is necessary for the ester cleavage step.*” The
characteristic metallo-p-lactamase fold consists of external a-helices and two internal
layers of B-sheets.® In general, the metallo-B-lactamase fold allows for remarkably different
catalytic activities and metal selectivities.®

Using the methodology of hydrophobic cluster analysis (HCA), Callebaut et al.
recently described a new family of metallo-p-lactamases proteins, which is present in all
three Domains of Life.? This family, the metallo-B-lactamase associated CPSF Artemis
SNM1/PSO2 (B-CASP) proteins, has important functions in DNA and RNA metabolism.?
A detailed analysis of conserved domains showed that all proteins of the B-CASP family
contain two conserved regions: (i) a metallo-p-lactamase motif and (ii) a “p-CASP” motif,
composed by 3 domains named A, B and C, which are necessary for the protein functions.?
Preliminary protein sequence analyses, including the Artemis/Pso2 sequences, Elacl/Elac2
and cleavage and polyadenylation specificity factor (CPSF) 73 kDa/100 kDa indicate
similar functions.? The Elacl/Elac2 proteins, also known as binuclear metallohydrolase
zinc phosphodiesterase (ZiPD) enzymes, are essential for tRNA biosynthesis in both

prokaryotes and eukaryotes.>® Interestingly, Elac2 mutant variants have been associated
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with human prostate cancer’® and studies of mMRNA expression revealed that both human
proteins were expressed in all tissues analyzed.’®!! The CPSF 73 kDa hydrolyzes mRNA,
and this group is conserved in eukaryotes as well as in archaea.'? These proteins are
important component of the eukaryotic machinery that processes the 3’ end of mRNAs,
acting together with three other CPSF proteins (30/100/160 kDa), as well as with the
cleavage stimulation factor (CstF), poly(ADP-ribose) polymerase (PARP), two additional
cleavage factors (CF Im and CF I1Im), and poly(A)-binding protein I (PAB I1).'2

However, the best-characterized member of the B-CASP family is Artemis, a
protein isolated from cells of patients suffering from a special type of severe combined
immunodeficiency syndrome associated with radiosensitivity (RS-SCID).*® Artemis has 5’
to 3’ exonucleolytic activity with single-strand DNA specificity and when associated with
DNA-dependent protein kinase (DNA-PKcs) forms a phosphorylated complex with
endonucleolytic activity on both 5 and 3° DNA overhangs. Furthermore it can cleave
hairpins generated by the Ragl/Rag2 proteins.**!> The Artemis protein is part of
Pso2p/Snmlp family, which has been characterized in eukaryotes. Actually, the
Pso2p/Snmlp family can be subdivided into three phylogenetic related groups:
Pso2p/Snmlp A, Pso2p/Snmlp B, and Artemis.’® With exception of Artemis, the
function(s) of Pso2p/Snm1p A and B groups in DNA metabolism are not fully understood.
However, many authors agree that these proteins act in a post-incision step during the
repair of interstrand cross-links (ICLs) induced by chemical compounds in eukaryotic
cells.**® Recent data indicate that Artemis and Pso2 A group proteins could have an
important role in the maintenance of genomic integrity in vertebrate cells.® On the other

hand, the B group appears to have a broader function when compared to A group, with
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proteins that are recruited for the repair of DNA damages induced by ICLs or ionizing
radiation (IR).2° As the importance of Pso2p/Snm1p family is exponentially growing, it has
become clear that it is necessary to re-analyze the phylogenetic position and the structural
features of the Pso2p/Snmlp A and B groups. In this work we have identified and
characterized new members of Pso2p/Snmlp A and B groups from eukaryotic genomic
databases using sensitive methods of phylogenetic analysis. The phylogeny indicates that A
and B groups are composed of distinct subgroups. Moreover, our results point to a not
previously described Plasmodium Pso2p/Snmlp group. Additional HCA allowed us to
refine the results obtained from phylogeny and to map conserved domains of these proteins.
MATERIALS AND METHODS

Protein data mining

Eighty-five protein sequences (representing the B-CASP family) were obtained
directly from the following databases: (i) GenBank hosted in the National Center for
Biotechnological Information (NCBI) web page [http://www.ncbi.nlm.nih.gov/]; (ii)
Genolevures Database [http://cbi.labri.fr/Genolevures/index.php]; (iii) Fugu Genome
Project [http://www.fugu-sg.org]; (iv) Chlamydomonas Genetics Center
[http://www.biology.duke.edu/chlamy]; (v) Solanaceae Genomics Network
[http://www.sgn.cornell.edu]; and  (vi) Danio rerio  Sequencing  Project
[http://www.sanger.ac.uk/Projects/D_rerio]. BLAST, PSI-BLAST and TBLASTN
programs were used for initial domain screening and comparison® with ScePso2p (Table 1)
as query sequence. All searches were made to saturation. Wise2 program at European
Bioinformatics Institute (http://www.ebi.ac.uk/wise2/) was used to identify Pso2/Snml

proteins from unfinished genomic sequences of eukaryotic species. The parameters for
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prediction were: local mode; no intron bias; splice site modeled; synchronous model; and
GeneWise623 algorithm.
Sequence comparison and phylogenetic inference

Global pair-wise multiple-alignment of members of eukaryotic 3-CASP family was
performed in the CLUSTALX 1.8 program.? The alignment parameters used were: gap
open penalty 10.00; gap extension 0.20; sequences >10% diverged delayed; BLOSUM
series matrix; residue-specific penalties on; and hydrophilic penalties on. When necessary
the alignments were manually adjusted using the BioEdit program.?® Phylogenetic and
molecular evolutionary analyses were conducted using MEGA version 2.1.2* Neighbor-
Joining (NJ) method was used for phylogenetic tree searching and inference. The statistical
reliability of the phylogenetic trees was tested by interior branch analysis with 1,000
replications. Moreover, the Poisson correction was applied in NJ for distance estimation.
The pair-wise deletion option was used in handling gaps or missing data obtained from the
alignment.

Hydrophobic cluster analysis (HCA)

HCA of selected Pso2p/Snm1p sequences was performed as previously published®
and consisted in displaying the primary protein structure on a duplicated a-helical net,
where the hydrophobic residues are automatically contourned. The hydrophobic clusters
observed in an HCA plot are not distributed in a random manner, but correspond highly to
the secondary protein structures associated with conserved globular domains. Thus, HCA
plots are extremely valuable for phylogenetic inferences when protein sequences have a
weak homology (<25% of identity/similarity) or to define conserved domains and sequence

signatures in a set of homologous proteins.? It should be noted that HCA, when compared
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to ‘linear’ or one-dimensional methods of database screening, e.g. BLAST and PSI-BLAST
(which need, at least, >30% of aa identity/similarity over a sufficient length), is a more
effective tool to detect sequence similarity that reflects a true three-dimensional
relationship between two or more proteins.”® Moreover, HCA has the advantage that
sequence conservation can be detected in a group of proteins without any previous one-
dimensional alignment.?®?” The program DRAWHCA, used in such analysis, is available as
a freeware at http://www.Imcp.jussieu.fr.
RESULTS AND DISCUSSION

The phylogeny of Pso2p/Snm1p family

In order to identify new potential Pso2 A and B proteins from the available
eukaryotic genomic databases, a data mining approach was taken using the ScePso2p
(Table 2) as query in BLAST, PSI-BLAST and TBLASTN programs. We could identify
many orthologues/paralogues Pso2 proteins (present as complete and incomplete
sequences) in Protozoa, Fungal, Metazoa, and Viridiplantae databases (Tables 1-3). With
the objective of determining the global phylogenetic relationship of the Pso2 proteins
(Tables 1 and 2) within the B-CASP family, the sequences obtained from genomic database
mining were subjected to a global sequence comparison followed by a phylogenetic
analysis with selected eukaryotic Elac2 and CPSF 73 kDa proteins (Table 3). As expected,
both Elac2 and CPSF 73 kDa sequences compose two distinct phylogenetic groups, with
function on RNA metabolism (Fig. 1). The Elac proteins were previously identified in all
three domains, but their function is not very well understood.**° Sequence analyses of Elac
proteins grouped these proteins in two major clades: (i) the ubiquitous Elacl clade, present

in eukaryotes, eubacteria, and archaebacteria and (ii) the Elac2 clade, formed by eukaryotic
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sequences.'® Biochemical studies of Escherichia coli elaC protein, which belongs to Elacl
clade, showed that this enzyme is a 3’ tRNase responsible for the removal of a 3’ trailer
from precursor tRNA (pre-tRNA).* The enzyme cleaves pre-tRNA immediately

2829 onto which the CCA residues are added to

downstream of a discriminator nucleotide,
produce mature tRNA. The same enzymatic reaction was observed in metazoans and plants
Elac2 proteins, acting in various nuclear and organellar pre-tRNAs.**! Interestingly,
human ELAC2 gene was the first prostate cancer susceptibility gene identified by linkage
analysis and positional cloning.® Recent data suggest that human Elac2 interact with y-
tubulin, an indicative that Elac proteins could have an active role on cell cycle control.* On
the other hand, CPSF 73 kDa plays a central role in pre-mRNA processing, specifically in
the addition of a poly(A) tail.** This mRNA modification is an essential process that

promotes transcription termination, transport of the mMRNA from the nucleus,*

optimal
translation and regulate mRNA stability.®” The addition of the poly(A) tail in vivo is
accomplished in two-step, tightly coupled reactions comprising endonucleolytic cleavage of
the ‘U- or GU-rich’ downstream elements and subsequent addition of a poly(A) tail.*® A set
of protein factors is required to reconstitute the complete polyadenylation reaction in vitro,
and most of these factors consist of several subunits.>* Until now, four CPSF proteins were
described in eukaryotic cells: CPSF 160 kDa, CPSF 100 kDa, CPSF 73 kDa and CPSF 30
kDa.® The functions of CPSF 160 kDa and CPSF 30 kDa in pre-mRNA processing are
well established, but less is known about the roles of CPSF 100 kDa and CPSF 73 kDa.
Recently, Ryan et al.** showed that the induction of point mutations in the metallo-p-

lactamase motif of CPSF 73 kDa inactivated the enzyme. Moreover, they also showed that

the 3' processing endonuclease activity is dependent on Zn?* as co-factor, a characteristic of
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almost all proteins of B-CASP family.** In Arabidopsis thaliana, two genes encoding
products with significant homology to CPSF 73 kDa subunit were identified: AtCPSF73-I
and AtCPSF73-11.** Genetic analysis indicated that the disruption of the AtCPSF73-11 gene
in A. thaliana heterozygous mutant lines caused severe reduction in genetic transmission of
female gametes due to a loss of fertility, while the transmission of male gametes was

1.** As observed in yeast,"’ the homozygous mutant lines for AtCPSF73-11 were not

norma
viable,*! again corroborating the essentiality of CPSF 73 kDa for cellular function.

The global sequence alignment and phylogenetic analysis of Pso2p/Snmlp family
showed that these proteins can be grouped in four distinct clades, all statistically supported
by internal branch analysis, with functions on DNA metabolism: (i) the Pso2p Plasmodium
group (PPG), which is apparently the oldest group of Pso2p/Snmlp family, (ii) the
Artemis/Artemis-like group, (iii) the Pso2p B group and (iv) Pso2p A group (Fig. 1).
Artemis/Artemis-like group forms a clade that diverged early in the evolution of
Pso2p/Snm1p family, while Pso2p A and Pso2p B groups compose two clades that share a
recent common ancestor (Fig. 1). Despite the interesting results obtained in this work with
Artemis/Artemis-like sequences, this group was analyzed in depth elsewhere (Bonatto et
al., manuscript submitted). Thus, we focus our efforts on the study of Pso2p A, B and
Plasmodium groups using the phylogenetic data associated with HCA of selected
sequences.

The Pso2p A group
The Pso2p A group is the largest clade within the Pso2p/Snm1p family (Figs. 1 and

2). Probably all eukaryotic organisms contain at least one gene that codifies for a Pso2p A

sequence. The phylogeny allowed us to divide this large group in 4 related subgroups, all
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supported by internal branch analysis: (i) the plant-specific A (PSA) subgroup, (ii) the
multicellular eukaryotic A (MEA) subgroup, (iii) the protozoan A (PRA) subgroup and (iv)
the Pso2p fungal A (FA) subgroup (Table 2, Fig. 2).

The plant Pso2p sequences are the most diversified proteins within the Pso2p A
group. The phylogeny shows that these sequences are present in both PSA and MEA
subgroups (Fig. 2). The PSA subgroup contains sequences that belong to the plant-specific
Pso2p A and to ATP-dependent DNA ligase VI (Lig6) proteins (Fig. 2). The functions of
the Pso2p PSA sequences on plant DNA metabolism are unknown. However, we recently
described that the Lig6p composes a distinct clade which shares a last universal common

ancestor with eukaryotic DNA ligases 1.

A HCA mapping of conserved regions in Lig6p
from different plant species shows two highly conserved domains: (i) a Pso2p/Snmlp
domain in the N-terminus of the protein; and (ii) a DNA ligase | domain situated in the C-
terminus of the sequence.*

The other plant sequences belong to MEA subgroup. We identified two plant
members in this group, one A. thaliana sequence (AthPso2p MEA, Table 2 and Fig. 2) and
one Oryza sativa sequence (OsaPso2p MEA, Table 2 and Fig. 2). A possible function of
AthPso2p MEA on plant DNA metabolism was recently studied, and the results indicated
that this protein is required for recombinational repair of DNA lesions induced by reactive
oxygen species,* a function that was not previously described for the Pso2p/Snm1p family.

The metazoan and protozoan Pso2p form two distinct subgroups (MEA and PA,
respectively) within A group. Differently from plant sequences, we could not detect
paralogous proteins in these organisms (Fig. 2). The functions of MEA subgroup in DNA

repair have been studied in mammalian cells and, recently, in chicken B-cell line.***® The

disruption of Pso2p MEA sequences in mouse embryonic stem (ES) cells induces an
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increase sensitivity to mitomycin C (MMC) but not to other cross-linking agents or to IR.**
It has been described that HsaPso2p MEA is located within multiple punctate foci or
forming one or two larger bodies in the nucleus.” Moreover, HsaPso2p MEA colocalizes
in a DNA damage-independent manner with the p53 binding-protein (53BP1), a protein
that plays a role in the cellular response to IR.* The function of this complex is not fully
understood, but Akhter et al.*® recently demonstrated that HsaPso2p MEA and 53BP1
interact with components of the anaphase-promoting complex (APC)/cyclosome,
suggesting that HsaPso2p MEA is a component of a mitotic stress checkpoint that
negatively targets the APC prior to chromosome condensation. The disruption of chicken
GgaPso2p MEA also results in an increased sensibility to MMC and cisplatin but not to
other DNA damage agents.'® These facts support a role of Pso2p MEA in the repair of ICLs
in multicellular eukaryotes. Additionally, it has been shown that chicken GgaPso2p MEA
physically interacts with PIAS1, a small ubiquitin-like modifier (SUMO) E3 ligase, an
indicative that HsaPso2p could be sumoylated during the ICL repair.’® As both plant and
metazoan Pso2p MEA sequences form a strongly cohesive subgroup (Fig. 2), and
considering that plant MEA sequences have a role in the repair of oxidative damage, it
should be interesting to test if Pso2p MEA-defective metazoan cells are also sensitive to
oxidative damages in DNA.

In the protozoan species Dictiostelyum discoideum and Entamoeba histolytica we
could identify two Pso2p A sequences, which together compose the PA subgroup (Table 2,
Fig. 2). The available data about a possible function of Pso2p A proteins in protozoan cells
practically do not exist, but taking into account the closest phylogenetic relationship of PA
subgroup with the MEA and PSA subgroups, these proteins probable have a role in the

repair of ICL or oxidative DNA damages.
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In comparison to PSA, MEA and PA subgroups, the Pso2p sequences of fungi (FA
subgroup) appear to have diverged early during the evolution of Pso2p A group, forming a
separated clade (Fig. 2). Some proteins of the FA subgroup, e.g. the Pso2p FA of
Saccharomyces cerevisiae, have been genetically and biochemically characterized. Despite
the large experimental data accumulated since the isolation of pso2/snml mutants of S.
cerevisiae, the function of ScePso2p FA in ICL repair is unknown.”®*®® The yeast
pso2/snm1 mutants are extremely sensitive to ICL-inducing agents,*®*® being only mildly
sensitive to UVC and not sensitive to IR.***® Furthermore, S. cerevisiae pso2/snmil
mutants, though incapable of forming high molecular weight DNA during repair of ICL,
are not defective in repair of DSBs.*"*° Stability of the mitochondrial DNA is also affected
in these mutants, as they have a higher-than-WT frequency of spontaneous “petit”
mutations,”* suggesting a possible function for Pso2p/Snm1p in mtDNA repair in yeast.
Recently, we have proposed a model in which the Pso2p would act on DNA hairpin
substrates induced by ICLs during DNA replication."” This model was partially
corroborated when Yu et al. showed that ScePso2p FA could function in DNA repair of
hairpins induced by transposition of Ac/Dc elements from Zea mays in S. cerevisiae.> In
this case, the expression of Ac/Dc elements in S. cerevisiae allows assaying the repair of
excision sites in a variety of yeast mutant backgrounds.>® This indicates that ScePso2p FA
may recognize a DNA hairpin as a structure similar to a covalent ICL lesion and may bind
to it, as the Artemis protein of vertebrates does during V(D)J recombination.”® Recently, it
was demonstrated that purified, non-phosphorylated ScePso2p FA has an in vitro single-
stranded 5’ exonuclease activity.>*

While biochemical data of Pso2p A proteins is becoming available, much less is

known about the structural requirements and essential aa residues for Pso2 A function.
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With this fact in mind, we refined the results obtained with the phylogeny and subjected
some sequences representing the different Pso2p A subgroups to HCA. Four conserved
regions could be detected in selected Pso2p proteins (CRI-CRIV, Fig. 3), which encompass
the metallo-B-lactamase and B-CASP motifs.? Also, a striking conservation of secondary
structures and hydrophilic aa residues was evident in all subgroups analyzed (Fig. 3). CRI,
which is part of metallo-B-lactamase motif, displays the HFHXDHxGxxK signature
between a B-strand and an a-helix structure (Fig. 3). In all proteins of Pso2p A group
observed, an invariant residue of phenylalanine was identified between the two first
histidines of HFHXDHXGxxK sequence. As previously described,*? the HFHXDHXGxxK
sequence is essential for Zn** binding, and point mutations in this signature normally
abolish the protein function.>® In CRI a conserved (T,S)xxT sequence could be detected in
all Pso2p A sequences. CRII contains three consensus sequences (Fig. 3). The first
consensus sequence (E,D)xNHCPG is situated between an a-helix and a B-strand (Fig. 3).
The second and third HTGDFR and D(N,T)T consensus sequences, respectively, are both
located in the end of a B-strand structure (Fig. 3). Mutational studies in HsaArtemis protein,
which contains similar signatures, showed that these aa residues are necessary for protein
function.”® The CRIII and CRIV domains, both belonging to B-CASP motif, contain a
GxoxdpGKE (where ¢ is any hydrophobic aa residue) and a SEHSS sequences, respectively
(Fig. 3). The CRIIlI domain has not been previously described, and the presence of a
conserved lysine and glutamic acid residues in this sequence probably indicate a function in
metal or structure coordination. On the other hand, point mutations that change the
conserved histidine residue in Artemis CRIV domain for alanine disrupt the nucleasic

activity of this protein.”

13


Diego Bonatto
Text Box
70


One finding that is very interesting is related to the Pso2 FA protein of the
filamentous fungi Aspergillus nidulans (Table 2, Fig. 2). The AniPso2p is a very large
protein (2408 aa) and using sequence analyses, we could map four independent functional
domains (Fig. 4A). The first domain correspond to an UbIiE sequence situated around aa
700 and 880 of AniPso2p FA, which has similarity with UbiE protein of E. coli (Fig. 4B).
The UbIE is a C-methyltransferase enzyme, being necessary for both ubiquinone (CoQ) and
menaquinone biosynthesis.® The corresponding C-methyltransferase gene in yeast was
identified as COQ5.>” CoQ/UbIE functions in the respiratory electron transport chain of the
inner mitochondrial membranes of eukaryotes and in the plasma membrane of
prokaryotes.®® In addition to respiratory electron and proton transport, the redox properties
of CoQ/UDbIE allow the reduced form (CoQH2) to scavenge lipid peroxyl radicals either
directly or indirectly as mediated through o-tocopherol.®® This antioxidant function of
CoQH2 serves to protect cells from the oxidative, damaging effect of polyunsaturated fatty
acids.®® The second conserved sequence, which spans a region between aa 1000 and 1090,
shows a high similarity with the active domain of SceSnp3p (Fig. 4B). This protein has an
important function in binding and stabilization of the 3’ end of the spliceosomal U6
snRNA.®! AniPso2p FA shows a highly conserved Pso2p A domain situated around aa 1440
and 1820 (third domain, Fig. 4B). The fourth sequence shows an elevated identity with the
active domain of cytochrome P450 enzymes, a large superfamily of haemoprotein
monooxygenases present in prokaryotes and eukaryotes that play an important role in the
oxidative metabolism of a wide variety of both exogenous and endogenous substrates.®? It
should be noted that A. nidulans is a mycotoxigenic fungus, which produces and

accumulates the molecular precursor of aflatoxines denominated sterigmatocystin.®
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Despite being less potent than aflatoxines, sterigmatocystin is able to bind covalently to
DNA and induce DNA adducts.** Moreover, sterigmatocystin is very carcinogenic in
mammalian models.** Interestingly, A. nidulans mutant strains that produce no
sterigmatocystin or accumulate different intermediates of this mycotoxin have been shown
to be less fit than wild-type strains, as defined by reduced sporulation.®® Taking into
account all these data, we speculate that AniPso2p FA could have an important function in
protecting the genome of A. nidulans during the vegetative growth or sporulation. Both
UbiE and P450 domains could be important to keep the redox equilibrium in the vicinity of
A. nidulans genome, while both Snp3p and Pso2p A domains would be necessary to induce
the appropriate mMRNA maintenance or DNA repair pathway in sterigmatocystin-rich cells.
The Pso2p/Snm1p B group

The data analyses of Pso2p B group showed very interesting results (Fig. 5A). In
comparison to its sister Pso2p A group (Fig. 1), the Pso2p B group is less diversified and is
basically restrict to protozoan, metazoan and plant species (Table 3 and Fig. 5A).
Additionally, our data prospection was not able to reveal any fungal Pso2p B sequences.
Three subgroups within Pso2p B group could be identified on the basis of sequence
analysis and phylogeny (Fig. 5A): (i) the Leishmania B (LB) sequences, (ii) the Pso2p plant
specific B (PSB) sequences, and (iii) the multicellular eukaryotic B (MEB) sequences.
Interestingly, the protozoan Leishmania major has two paralogous LB sequences (LB1 and
LB2, Fig. 5A), but the biological significance of this fact is unknown. In plants, as
observed with Pso2p A sequences, we found paralogous proteins that fall in both PSB and
MEB subgroups (Fig. 5A). However, the importance of these proteins for plant genome’s
maintenance is completely ignored. The lack of experimental data is also observed for

metazoan MEB sequences. Noteworthy, two Pso2p B sequences were found in a cDNA
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database of M. musculus (MmuPso2p MEB1 and MmuPso2p MEB2, Table 3). Both
sequences are codified by one gene situated in the mouse chromosome 3 and it is likely that
differential splicing generate these proteins (data not shown). It is possible that other
mammalian Pso2p MEB sequences are also subjected to the same cellular process.

While the functions of Pso2p A group in eukaryotic DNA repair or genome
caretaking are becoming established, much less is known about the functions of Pso2p B.
Some recent works showed that the cellular depletion of HsaPso2p and GgaPso2p MEB
(Table 3) resulted in hypersensitivity to different DNA ICLs agents and to IR.***" Whether
these cellular phenotypes arise because the Pso2p B proteins are directly involved in the
repair of this DNA damage or play a more indirect role, it is a question that remains
unsolved.!” The HCA of selected Pso2p sequences of LB, PSB and MEB subgroup showed
similar secondary structure conservation with Pso2p A sequences and also the same number
of CRs (Fig. 5B). However, the signature sequences associated with CRs show fewer
conserved aa residues. CRI of Pso2 B group is characterized by the consensus sequence
HxHXDHXG (Fig. 5B). CRII, as observed in Pso2p A sequences, contains three signatures:
XxAXHCPG, G(x)sHTGDFR and D(C,T)T (Fig. 5B), all probably related to the Zn** atom
coordination together with CRI. Otherwise, the signatures of CRIII [G(K,Q)E; Fig. 5B] and
CRIV [SxHS(C,S); Fig. 5B] are similar to those Pso2p A group.

The Pso2p/Snm1p Plasmodium group family

The Pso2p sequences corresponding to the Plasmodium species comprise a very
ancient and distinct clade within the Pso2p/Snm1p family, as revealed by phylogeny [the
Pso2p Plasmodium group (PPG), Figs. 1 and 6A]. Two complete and one incomplete Pso2p
PPG sequences, from Plasmodium falciparum, Plasmodium yoelli and Plasmodium

chabaudi, were identified in genomic databases (Table 3). These sequences, when
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submitted to HCA, showed a distinct domain organization in comparison to proteins of
Pso2p A and B groups (Fig. 6B). While in Pso2p A and B groups the metallo-p-lactamase
motif (which comprises CRI and part of CRIl domains) is fused to B-CASP motif
(comprising part of CRII domain and the totality of CRIII and CRIV domains), in Pso2p
PPG these motifs are separated from each other by a stretch of 250-300 aa residues (Fig.
6B). Within this stretch, many secondary structures and hydrophilic aa residues are
conserved, indicating that this intermediary sequence probably has an important role on
Plasmodium Pso2 protein function. The PfaPso2p PPG and PyoPso2p PPG also show a
hinge sequence situated in the vicinity of aa 485 and 537, respectively (Fig. 6B). This hinge
sequence is mainly composed of the neutral but fully polar asparagine and serine residues
(data not shown). However, the biological significance of this hinge sequence is unknown.
All Plasmodium species belong to the large and diverse Apicomplexa phylum,
which has a great economical and medical importance.?® The members of this phylum are
all parasites, with a complex life cycle, and some are important causative agents of human
and animal diseases.®®®” The most important of apicomplexans is Plasmodium, the agent of
malaria, recognized by the World Health Organization as being one of the top three killers
in the world.?®®" The phylogeny of Plasmodium species is still controversial, but many
studies point that they form a very ancient group, probably diverging from all other
Apicomplexan species before the Cambrian.®® Moreover, little is known about the
mechanisms of DNA repair in Plasmodium species. Being intracellular parasites, the
Plasmodium species employ antigenic variation in their cell surface in order to survive
against the host immune pressure.®® The antigenic variations in the Plasmodium species are

linked to genetic rearrangements that arise during the repair of DNA breaks in the parasite
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genome.”®® Many evidences suggest that a NHEJ pathway could be operating in these
species, which partially explain the high level of clonal variation that Plasmodium species
show, even in the absence of immunological pressure.®® Like the mammalian Artemis
proteins, which compose an ancient group of Pso2p/Snmlp family (Fig. 1), and are
necessary for generation of immunological diversity during V(D)J recombination,™ we
speculate that the Pso2p Plasmodium group sequences could also have a role in the
generation of parasite antigenic variation.
CONCLUSIONS

The Pso2p/Snm1p is an expanding family of DNA repair and genomic caretaking
sequences with important biochemical mechanisms that are poorly understood. Until now,
we are far from a final conclusion of Pso2p/Snm1p functions in DNA metabolism.

The fast growing genomic data allow us to study the presence and/or absence of
Pso2p/Snm1p family in virtually all eukaryotic kingdoms. As we show in this work, the
Pso2p/Snmlp family can be divided in four distinct groups, each containing specific
subgroups. Our efforts were conducted with the objective to better understand the
phylogenetic organization and the structural conservation of the Pso2p A and B groups,
together with the previously undescribed Pso2p Plasmodium group. The importance of
Pso2p A group for eukaryotic DNA repair is apparent, taking into account the experimental
data already accumulated and the presence of very conserved sequences in all kingdoms, as
shown in this work. On the other hand, the importance of Pso2p B group for DNA repair or
genomic maintenance in metazoans, plants and Leishmania species is largely unknown,
despite its structural homology with Pso2p A sequences. The same conclusion is valid for
the Pso2p sequences of Plasmodium species, which form a separated ancient group within

the Pso2p/Snmlp family. Characteristically, these parasites species show extensive clonal
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variation and we cannot rule out a possible function of Pso2p Plasmodium sequences in this
process. Interestingly, the Artemis sequences, which belong to Pso2p/Snmlp family,
generate immunological diversity in jawed vertebrates, a function that was retained by
selected Pso2/Snml proteins during the irradiation of the metazoan adaptative immune
system. Actually, many biochemical data about the functions of Pso2p/Snm1p family came
from the studies of mammalian Artemis sequences, a specific protein required for V(D)J
recombination and genome maintenance. However, the presence of Pso2p paralogous
sequences in almost all eukaryotes studied here indicates that, despite its structural
similarities, each Pso2p group could have a more specific function in DNA metabolism,
which can be recruited for determined situations in the organism’s life cycle, like oxidative
DNA damages, ICLs, or recombinational processes. The accumulating biochemical and
genomic evidences about the functions of Pso2p/Snm1p family will clarify the importance
of each Pso2p group for DNA metabolism in different eukaryotic species.
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TABLES

Table 1. Pso2p/Snm1p A Group proteins

Subgroup Species Protein name Accession number
Pso2p PSA
Arabidopsis thaliana AthLig6p 0i|12597768|
Brassica napus BnaLig6p gi|7657880|
Brassica rapa BralLig6p 0i|30314605|
Chlamydomonas reinhardtii CreLig6p scaffold 704|1|38579
Medicago truncatula MtrLig6p i|38257195|
Oryza sativa OsaL.ig6p gi|20805031|
Arabidopsis thaliana AthPso2p PSA 0i|15225548|
Oryza sativa OsaPso2p PSA 0i|51091393]
Petunia hybrida PhyPso2p PSA SGN-U210424
Pso2p MEA
Anopheles gambiae AgaPso2p MEA gi|31205277|
Arabidopsis thaliana AthPso2p MEA gi|15231597|
Drosophila melanogaster DmePso2p MEA 0i|21357063|
Homo sapiens HsaPso2p MEA 0i|23618907|
Mus musculus MmuPso2p MEA gi|9055350|
Oryza sativa OsaPso2p MEA 0i|21740626|
Pan troglodytes PtrPso2p MEA 0i|55634570|
Takifugu rubripes TruPso2p MEA scaffold_384
Pso2p PA
Dictyostelium discoideum DdiPso2p PA 0i|28828251|
Entamoeba histolytica EhiPso2p PA 0i|56469541|
Pso2p FA
Ashbya gossypii AgoPso2p FA gi|54299553|
Aspergillus nidulans AniPso2p FA gi|50257057|
Candida albicans CalPso2p FA 0i|46443342]
Coprinopsis cinerea CciPso2p FA 0i|33347022
Cryptococcus neoformans CnePso2p FA 0i|50257057|
Debaryomyces hansenii DhaPso2p FA 0i|50418215|
Fusarium virguliforme FviPso2p FA 0i|38262419
Gibberella zeae GzePso2p FA i|49243354]
Kluyveromyces lactis KlaPso2p FA 0i|50311643
Kluyveromyces waltii KwaPso2p FA 0i|45444537|
Magnaporthe grisea MgrPso2p FA 0i|38101788|
Neurospora crassa NcrPso2p FA 0i|32423615|
Saccharomyces bayanus ShaPso2p FA 0i|29365317|
Saccharomyces castellii ScaPso2p FA 0i|30988063]
Saccharomyces cerevisiae ScePso2p FA 0i|6323786|
Saccharomyces mikatae SmiPso2p FA 0i|29363588|
Schizosaccharomyces pombe  SpoPso2p FA 0i|19113674]
Ustilago maydis UmaPso2p FA gi|49083214|
Yarrowia lipolytica YIiPso2p FA 0i|50550517|

29


Diego Bonatto
Text Box
86


Table 2. Pso2p/Snm1p B and Plasmodium Group

Group Subgroup Species Protein name Accession number
Pso2p/Snmlp B
group
Pso2p LB
Leishmania major LmaPso2p LB1 gi|11061630|
Leishmania major LmaPso2p LB2 gnl|TIGR 5693|
Pso2p PSB
Arabidopsis thaliana AthPso2p PSB gi|25402874|
Lycopersicon esculentum  LesPso2p PSB SGN-U236949
Oryza sativa OsaPs02p PSB 0i|20161430|
Pso2p MEB
Arabidopsis thaliana AthPso2p MEB gi|20148601|
Homo sapiens HsaPso2p MEB 0i|12383082]
Lotus corniculatus LcoPso2p MEB gi|29122758|
Mus musculus MmuPso2p MEB1 gi|26338211|
Mus musculus MmuPso2p MEB2 0i|26339774|
Oryza sativa OsaPso2p MEB 0i|34910110|
Pan troglodytes PtrPso2p MEB gi|55587855|
Rattus norvegicus RnoPso2p MEB gi|27660542|

Solanum tuberosum

StuPso2p MEB

SGN-U262534

Tetraodon nigroviridis TniPso2p MEB Qil47228753]
Pso2p Plasmodium
Group
Plasmodium chabaudi PchPso2p PPG 0i|56520598|
Plasmodium falciparum  PfaPso2p PPG gi|23509933|
Plasmodium yoelii PyoPso2p PPG 0i|23490291|
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Table 3. Artemis/Artemis-like, Elac2 and CPSF 73 proteins

Group

Species

Protein name

Accession number

Artemis/Artemis-like

Anopheles gambiae AgaArtemis-like gi|31203062|
Apis mellifera AmeArtemis-like gi|48096919|
Candida albicans CalArtemis-like 0i|46438865|
Canis familiaris CfaArtemis 0i|50205195|
Ciona intestinalis CinArtemis-like gi|23587642|
Cryptococcus neoformans CneArtemis-like 0i|50255259|
Debaryomyces hansenii DhaArtemis-like gi|50424115|
Gallus gallus GgaArtemis 0i|50764059|
Gibberella zeae GzeArtemis-like gi|42551205|
Homo sapiens HsaArtemis 0i|13872809|
Mus musculus MmuArtemis 0i[22023549|
Pongo pygmaeus PpyArtemis 0i|55731498|
Rattus norvegicus RnoArtemis 0i|22023557|
Tetraodon nigroviridis TniArtemis-like gi|47218348|
Yarrowia lipolytica YliArtemis-like gil49650441|
CPSF 73
Bos taurus BtaCPSF 73 kDa gi|1707412|
Homo sapiens HsaCPSF 73 kDa gi|7706427|
Mus musculus MmuCPSF 73 kDa gi|9055194|
Saccharomyces kudriavzevii ~ SkuYshlp gi|6323307|
Saccharomyces cerevisiae SceYshlp 0i|6323307|
Schizosaccharomyces pombe  SpoYshlp 0i|19112240]|
Elac2p
Caenorhabditis elegans CelElac2p gi|42559555|
Gorilla gorilla GgoElac2p 0i|10946489|
Homo sapiens HsaElac2p 0i|10880933]
Macaca fascicularis MfaElac2p gi|26000220|
Mus musculus MmuElac2p 0i|13540343]
Saccharomyces cerevisiae SceTrzlp 0i|6322932|
Saccharomyces kluyveri SkITrzlp 0i|30987496|
Schizosaccharomyces pombe  SpoTrzlp 0i|19112306|
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FIGURE LEGENDS
Fig.1. Topological view of an unrooted phylogenetic tree obtained from the global
alignment of all proteins listed in Tables 1 to 3. Both Elac2 and CPSF 73 kDa proteins
compose two groups phylogenetically related to RNA metabolism, as indicated by the
external dashed bar. The Pso2p/Snmlp family, related to eukaryotic DNA metabolism
(external solid line) is formed by four groups (each group indicated by different gray
shades): the PPG sequences (showed by a triangle), the Artemis/Artemis-like sequences
(losangle), the Pso2p B group (square) and the Pso2p A group (circle). The unrooted tree is
supported by an internal branch analysis value of > 90%.
Fig. 2. Topological view of an unrooted phylogenetic tree of Pso2p A group. Numbers at
nodes indicate internal branch analysis values (1,000 replicates). The Pso2p PSA, MEA,
PA and FA subgroups are indicated in the figure. Symbol: LUCA (last universal common
ancestor).
Fig. 3. Hydrophobic cluster analysis (HCA) of selected Pso2p A group proteins. Conserved
hydrophobic aa residues are shaded in gray, while conserved hydrophilic aa residues are
circled. The boundaries of the metallo-B-lactamase and B-CASP motifs as well as the
conserved regions | to IV (CRI to CRIV) of Pso2p A sequences are shown in the figure.
The way to read the sequences and special symbols are indicated in the inset.
Fig. 4. Schematic representation (A) of AniPso2p FA sequence and its four conserved
domains (UbiE, Snp3p, Pso2p A and P450). The direction of protein, from N-terminus to
C-terminus, is indicated by an arrow. In (B), HCA of the four domains identified in

AniPso2p FA sequence is indicated. The GenBank accession number of the sequences used
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for HCA is: ScePso2p (gi|6323786|), SceSnp3p (gi|536027|), EcoUbiIE (gi|17380538|) and
AnibphA (gi|117178)).

Fig. 5. Topological view (A) of an unrooted phylogenetic tree of Pso2p B group. Numbers
at nodes indicate internal branch analysis values (1,000 replicates). The Pso2p LB, PSB and
MEB subgroups are indicated. In (B), hydrophobic cluster analysis (HCA) of selected
Pso2p B group proteins are shown. Conserved hydrophobic aa residues are shaded in gray,
while conserved hydrophilic aa residues are circled. The boundaries of the metallo-f-
lactamase and B-CASP motifs are shown by a dashed line. Conserved regions | to IV (CRI
to CRIV) of Pso2p B sequences as well as the consensus sequence derived from HCA
alignment are indicated in the figure. The way to read the sequences and special symbols of
HCA are indicated in the inset.

Fig. 6. Topological view (A) of an unrooted phylogenetic tree of Pso2p PPG group.
Numbers at nodes indicate internal branch analysis values (1,000 replicates). In (B),
hydrophobic cluster analysis (HCA) of PfaPso2p PPG and PyoPso2p PPG proteins. The
four conserved regions (CRI to CRIV) were highlighted by an empty box in both
sequences. Moreover, a separated box shows the HCA of the 300 (PfaPso2p PPG) and 250
aa stretch (PyoPso2p PPG). An empty box also highlighted the conserved secondary
structures within this stretch. A hinge region is indicated in both sequences. The boundaries
of the metallo-B-lactamase and B-CASP motifs are shown by a dashed line. The way to

read the sequences and special symbols are indicated in the inset.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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ABSTRACT

The Artemis Group comprises mammalian proteins with important functions in the
repair of ionizing radiation-induced DNA double-strand breaks and in the cleavage of
DNA hairpin extremities generated during V(D)J recombination. Little is known about
the presence of Artemis/Artemis-like proteins in non-mammalian species. We have
characterized new Artemis/Artemis-like sequences from the genomes of some
unconventional fungi and from non-mammalian metazoan species. An in-depth
phylogenetic analysis of these new Artemis/Artemis-like sequences showed that they
form a distinct clade within the Pso2p/Snmlp A and B Groups. Hydrophobic cluster
analysis and three-dimensional modeling allowed to map and to compare conserved
regions in these Artemis/Artemis-like proteins. The results indicates that Artemis
probably belongs to an ancient DNA recombination mechanism that diversified with the
evolution of multi-cellular eukaryotic lineage.

KEY WORDS: Artemis/Artemis-like proteins, Pso2p/Snmlp, DNA recombination,

hydrophobic cluster analysis, protein phylogeny
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1. INTRODUCTION

Eukaryotic chromatin is a relatively easy target for reactive chemical and physical
agents, including cross-linking substances and ionizing radiation, respectively. Both
DNA and the nucleoproteins that compose chromatin can be irreversibly modified by
these agents, resulting in chromosomal rearrangements, deletions and other genetic
alterations (Lees-Miller and Meek, 2003). As chromosomal DNA contains most of an
organism’s genetic information, modifications introduced in this molecule are
potentially lethal if not repaired. Amongst all of these DNA lesions the double strand
breaks (DSB) are the most dangerous lesions (Jackson, 2002; Lees-Miller and Meek,
2003). Interestingly, the generation of DSB in genomic DNA is a common process in
eukaryotic cells, occurring during certain stages of the life cycle, e.g. in meiosis or in
DNA re-arrangements for antibody production in B cells (Kuzminov, 2001; Lee et al.,
2004; Paques and Haber, 1999). During evolution, eukaryotic cells have developed a
complex network of proteins that, by sensing all types of DNA-damage and inducing
the appropriate response, maintain the genome’s integrity. This network can be sub-
divided into different DNA repair pathways, each controlled by cell cycle, damage types
and substrate requirements (Bernstein et al., 2002; Cline and Hanawalt, 2003). DSBs
are primarily repaired by homologous recombination (HR) and/or by non-homologous
end joining recombination (NHEJ). In the case of HR, the presence of a DSB elicits a
genomic search for similar (homologous) sequences and the repair involves base pairing
of long stretches of matched base pairs (Aylon and Kupiec, 2004). In contrast, NHEJ is
a mechanism able to join DNA ends with no, or minimal, homology (Aylon and Kupiec,
2004). In addition, NHEJ is also used to repair DSBs that arise during early lymphocyte
development in the context of VV(D)J recombination (Lieber et al., 2003; Rooney et al.,
2003). The NHEJ pathway contains six protein members namely Ku70, Ku80, XRCC4,

DNA ligase 4 (Lig4), DNA-dependent protein kinase catalytic subunit (DNA-PKGcs),
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and Artemis (Rooney et al., 2003). Many proteins that participate in NHEJ or V(D)J
recombination share a high homology, from yeasts to plants and animals, indicating the
essentiality of this mechanism for cellular well-being (Lees-Miller and Meek, 2003).
Artemis is a group of proteins that belongs to the B-CASP family, a member of
the metallo-p-lactamase superfamily (Callebaut et al., 2002). Artemis has 5 to 3’
exonucleolytic activity with single-strand DNA specificity and, when associated with
DNA-PKcs, forms a phosphorylated complex with endonucleolytic activity on both 5’
and 3° DNA overhangs. Furthermore, it can cleave hairpins generated by the Rag-
1/Rag-2 proteins in V(D)J recombination (Jeggo and O’Neill, 2002; Schlissel, 2002).
Artemis cooperates with p53 to suppress chromosomal translocation and tumor
development in mice and, therefore, can be considered a tumor suppressor. Like other
NHEJ/p53 doubly-deficient mice, most Artemis-deficient mice succumb to pro-B cell
lymphomas at the age of 11-12 weeks (Richardson and Jasin, 2000). Moreover, Artemis
interacts with the checkpoint kinase ataxia telangiectasia mutated protein (ATM) and
ATM-/Rad3-related proteins (ATR) after exposure of cells to ionizing radiation (IR) or
UV irradiation, respectively (Zhang et al., 2004). These findings indicate that Artemis is
required for the maintenance of a normal DNA damage-induced G2/M cell cycle arrest
(Zhang et al., 2004). However, despite the data obtained with mammalian cells on
Artemis, little is known about how and when Artemis protein is recruited for DNA
repair. Due to intrinsic difficulties in constructing mammalian cell lines with more than
one knockout or knockdown gene, an alternative biological model allowing the study of
Artemis in DNA repair would be welcome. Yeasts, especially the conventional species
Saccharomyces cerevisiae and Schizosaccharomyces pombe, have many advantages as
model organisms when compared to plants or metazoans (Aylon and Kupiec, 2004). A
large number of yeast mutant strains for many metabolic pathways and cellular
components can be easily isolated, using a combination of sophisticated genetic and
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biochemical analyses. Also, yeast cells can grow rapidly in defined or complete culture
media, their cell cycle can be synchronized, and many mutant strains can be tested for
different phenotypes at the same time (Aylon and Kupiec, 2004).

An Artemis-like protein has not been discovered in conventional yeast species
until now. But fungi, plants and metazoans contain an Artemis orthologue protein
known as Pso2p/Snmlp. The family of Pso2p/Snm1lp is divided in two groups: A and
B, both associated with the recombinational repair of DSBs induced by chemical agents
(Brendel et al., 2003; Demuth et al., 2004; Molinier et al., 2004). Artemis and
Pso2p/Snm1p have low aa sequence homology (Moshous et al., 2001), indicating that
both proteins possibly have different functions in DNA repair in metazoan cells
(Bonatto et al., 2005).

In this work, we have identified and characterized new members of the Artemis
protein family, by searching in eukaryotic genomic databases using sensitive methods of
phylogenetic analysis. Additional hydrophobic cluster analysis (HCA) allowed us to
refine the results obtained from phylogeny and to map conserved domains in these new
Artemis/Artemis-like proteins. HCA data was further confirmed by three-dimensional
sequence modeling.

2. MATERIALS AND METHODS
2.1. Protein data mining and sequence analyses

Sixty-four protein sequences (representing the eukaryotic Pso2p family, which
includes the Pso2p A, B, and Artemis proteins) were obtained directly from GenBank
hosted in the National Center for Biotechnological Information (NCBI) web page
[http://wvww.ncbi.nlm.nih.gov/]. BLAST and PSI-BLAST programs were used for initial
domain screening and comparison (Altschul et al., 1997). Moreover, the HsaArtemis
sequence (Table 1) was wused as template in the Genolevures Database

[http://cbi.labri.fr/Genolevures/index.php] in order to identify possible new Artemis
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homologous sequences in unconventional yeast species. All searches were made to
saturation. Wise2 program at European Bioinformatics Institute
(http://www.ebi.ac.uk/wise2/) was used to identify Artemis-like/Artemis proteins from
the unfinished genomic sequences of fungi and metazoan species. The parameters for
prediction were: local mode; no intron bias; splice site modeled; synchronous model;
and GeneWise623 algorithm. The theoretical pl and molecular weight of selected
Artemis proteins (complete sequences) were calculated with COMPUTE pl/Mw
program hosted in ExPASy Molecular Biology Server at Swiss Institute of
Bioinformatics [http://us.expasy.org/tools/pitool.html].

2.2. Algorithms for sequence comparison and phylogenetic inference

Sequence to sequence BLAST (BL2SEQ); Tatusova et al., 1999) was used for
local alignment of Artemis proteins with default options (program blastp; matrix
BLOSUMG62; open gap penalty 11; and gap extension 1). Global pair-wise multiple-
alignment of members of eukaryotic Pso2p family was performed in the CLUSTALX
1.8 program (Thompson et al., 1994). The following alignment parameters were used:
gap open penalty 10.00; gap extension 0.20; sequences >10% diverged delayed; PAM
series matrix; residue-specific penalties on; and hydrophilic penalties on. When
necessary, the alignments were manually adjusted using the BioEdit program (Hall,
1999).

Phylogenetic and molecular evolutionary analyses were conducted using MEGA
version 2.1 (Kumar et al., 2001). Minimum Evolution (ME) method was used for
phylogenetic tree searching and inference. The statistical reliability of the phylogenetic
trees was tested by interior branch analysis with 1,000 replications. Moreover, the
Poisson correction was applied in ME for distance estimation. The pair-wise deletion
option was used in handling gaps or missing data obtained from the alignment. The

branches representing the Pso2p A and B Groups sequences were condensed. From
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these 64 proteins we have chosen 13 Artemis-like/Artemis orthologous proteins for
subsequent sequence analyses (Table 1).
2.3. Hydrophobic cluster analysis (HCA)

HCA of selected Artemis sequences was performed as previously published
(Gaboriaud et al., 1987). Briefly, it consisted in displaying the primary protein structure
on a duplicated a-helical net, where the hydrophobic residues are automatically
contourned. The hydrophobic clusters observed in an HCA plot are not distributed in a
random manner, but correspond highly with the secondary protein structures associated
with conserved globular domains. Thus, HCA plots are extremely valuable for
phylogenetic inferences when protein sequences have a weak homology (<25% of
identity/similarity) or to define conserved domains and sequence signatures in a set of
homologous proteins (Gaboriaud et al., 1987). It should be noted that HCA, when
compared with ‘linear’ or one-dimensional methods of database screening, e.g. BLAST
and PSI-BLAST (which needs, at least, >30% of aa identity/similarity over a sufficient
length), is a more effective tool to detect sequence similarity that reflects a true three-
dimensional relationship between two or more proteins (Callebaut et al., 1997).
Moreover, HCA has the advantage that sequence conservation can be detected in a
group of proteins without any previous one-dimensional alignment (Callebaut et al.,
1997; Lemesle-Varloot et al., 1990). The program DRAWHCA, used in such analysis,
is available as a freeware at http://www.Imcp.jussieu.fr.

2.4. Three-dimensional modeling

In silico three-dimensional modeling of DhaArtemis-like and HsaArtemis
sequences was performed with 3D-JIGSAW (Bates et al., 2001) algorithm using as
template  the penicillinase  sequence of  Stenotrophomonas maltophilia
(SmaPenicillinase, EC number 3.5.2.6), which belongs to the metallo-p-lactamase
superfamily (Protein Data Bank accession number 1sml). Three-dimensional
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comparative models were generated by UCSF Chimera software (Huang et al., 1996).
The zinc-binding sites of DhaArtemis-like, HsaArtemis and SmaPenicillinase sequences
were determined with MetSite software (Sodhi et al., 2004).
3. RESULTS
3.1. Identification of new metazoan and fungal Artemis/Artemis-like sequences
With the aim of identifying new Artemis sequences in metazoan and in other
unrelated groups, the human Artemis sequence (HsaArtemis, Table 1) was used as
query in BLAST and PSI-BLAST programs, available in GenBank and in Genolevures
databases. The data mining performed in metazoan sequences allowed us to identify
new Artemis/Artemis-like proteins in the unfinished genome of two arthropods [Apis
mellifera  (AmeArtemis-like) and Anopheles gambiae (AgaArtemis-like)], one
urochordate [Ciona intestinalis (CinArtemis-like)], one puffer fish species [Tetraodon
nigroviridis (TniArtemis)], and the domestic dog [Canis familiaris (CfaArtemis)] (Table
1). A BL2SEQ analysis of the new metazoan Artemis/artemis-like sequences indicated
that these proteins have a high similarity when compared with the best-studied
HsaArtemis, with the following ranking: AmeArtemis-like, 57%; AgaArtemis-like,
45%; CinArtemis-like, 56%; TniArtemis, 76%; and CfaArtemis, 86%. When the same
data mining was performed in different fungal genomes, we could identify four
complete Artemis-like sequences that show some degree of homology with HsaArtemis.
These sequences were identified in a phytopathogenic fungus [Gibberela zeae
(GzeArtemis-like)], in an alkane-using yeast [Yarrowia lipolytica (YliArtemis-like)], in
a human vyeast pathogen [Candida albicans (CalArtemis-like)], and in an
halotolerant/cryotolerant yeast [Debaryomyces hansenii (DhaArtemis-like)] (Table 1).
The comparative BL2SEQ with HsaArtemis gave the following ranking: GzeArtemis-
like, 47%; YliArtemis-like, 46%; CalArtemis-like, 40%; and DhaArtemis-like, 40%. A

sequence screening of more conventional fungi species (S. cerevisiae, S. pombe, and
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Neurospora crassa) using HsaArtemis as template did not reveal any Artemis-like
protein. Moreover, we could not identify Artemis/Artemis-like sequences in complete or
genomic databases of plants or protozoans.

These new metazoan and fungal Artemis/Artemis-like sequences were subjected
to a global sequence comparison followed by a phylogenetic analysis in order to
determine their relationship with the family of eukaryotic Pso2/Snml proteins. As
expected, the Pso2p A and B Groups, together with Artemis Group, compose three
phylogenetically distinct clades highly supported by interior branch analysis (Figure 1).
Both Pso2p A and B Groups share a common ancestor, with Artemis Group composing
a more ancient clade (Figure 1). An in-depth phylogenetic analysis of Artemis Group
indicated that the clade can be subdivided in two subgroups (supported by internal
branch analysis) with both sharing a last universal common ancestor (LUCA) (Figure
1). The first subgroup comprises the previously un-characterized fungal Artemis-like
sequences while the second contains the best-characterized members of metazoan
Artemis/Artemis-like sequences (Figure 1).

This phylogenetic result led us to analyze the theoretical physico-chemical
properties of the new fungal Artemis-like proteins by comparing them with the best-
known HsaArtemis and the Artemis sequence of Mus musculus (MmuArtemis, Table 2).
The physico-chemical data indicated that fungal Artemis-like proteins have similar
acidic pl (between 5.72 to 6.70), as MmuArtemis and HsaArtemis (5.77 and 5.69,
respectively) (Table 2). The exception is YliArtemis, with a basic pl of 8.14 (Table 2).
In terms of size and m.w., the fungal Artemis-like proteins have polypeptide chains
varying from 537 aa to 839 aa (m.w. from 67.5 kDa to 94 kDa, Table 2). For all
subsequent studies, we chose the DhaArtemis-like protein because of its good
agreement of sequence homology with metazoan Artemis/Artemis-like proteins.

3.2. HCA of Artemis/Artemis-like sequences
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HCA is a very sensitive method of sequence comparison that detects 2- and 3-
dimensional similarities between protein domains showing very limited aa relatedness,
typically below the so-called “twilight zone” (25-30%) (Gaboriaud et al., 1987). The
method uses aa hydrophobic cluster plots to identify globular domains associated with
structurally or functionally conserved features. In this case, moderate or highly
hydrophobic aa form clusters of various shapes and sizes. Thus, a horizontal diamond-
shaped cluster corresponds to the hydrophobic face of an a-helix; internal B-strands are
represented by a cluster that alters hydrophobic residues on the left and on the right of
an HCA plot; and surface strands are shown by ‘zig-zag’ patterns. Moreover, conserved
protein domains can be mapped with HCA using orthologous sequences from different
species. An HCA comparison between metazoan Artemis/Artemis-like and
DhaArtemis-like sequences indicated that the N-terminus of the Artemis/Artemis-like
proteins can be subdivided in four conserved regions (CR, Figures 2 and 3). The first
CR (CRI) is the smallest globular domain of the four CR, and is basically composed by
B-structures (Figure 2). It contains the characteristic signature of the metallo-p-
lactamase family, the highly conserved sequence H(V,C)HXDH(M,L)XG situated
between a B-strand (B1) and an a-helix (al) structures (Figure 2). Three signatures
compose the CRII domain: (i) a consensus sequence (S,P)AxXHCPG found between two
B-strands (B4 and 5), (ii) the signature TGD(IF)R, situated between a B-strand (36) and
an a-helix (a2) and, (iii) the D(S,T)T signature, located closest to an a-f structure (j3-
al) (Figure 2). CRIII is composed mainly by a-helices and has only a small signature
(XGXEX) located between two-conserved a-helices (a4 and a5). CRIV is a large
globular domain characterized by the SxH(A,S)S signature situated closest to a highly

conserved a-helix (a9, Figure 3). The average HCA and global alignment homology
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scores calculated for each CR gave similar results, with CRII containing the highest
number of conserved hydrophilic and hydrophobic aa residues (Figures 2 and 3).
3.3. Three-dimensional modeling of Artemis/Artemis-like sequences
Three-dimensional modeling of DhaArtemis-like and HsaArtemis was done in
order to confirm the results obtained by HCA. When compared with other proteins of
the metallo-B-lactamase superfamily, the DhaArtemis-like and HsaArtemis CRI domain
exhibited structural similarity with the N-terminus domain of S. maltophilia
penicillinase enzyme (E-values of 3 x 10! and 2 x 10, respectively). Using this
information, we modeled the N-terminus of HsaArtemis and DhaArtemis-like. As
expected, this resulted in a similar three-dimensional conformation of DhaArtemis-like,
HsaArtemis and SmaPenicillinase N-termini, with the CRI and CRII domains present in
both proteins (Figures 4A to C). CRIIl and CRIV domains are only present in the
Artemis Group and could not be modeled using the SmaPenicillinase template. When
the results of three-dimensional modeling were refined, taking into account the potential
zinc-binding properties of CRI domain of SmaPenicillinase, HsaArtemis, and
DhaArtemis-like protein (Figure 5A to C), it became clear that all analyzed CRI
domains have similar tertiary conformation. In the case of SmaPenicillinase, the aa
residues H84, H86 and H160 (not shown) coordinate a zinc atom (Figure 5A). Similar
aa residues could coordinate a zinc atom in CRI domain of HsaArtemis [aa residues
H33, H35 and H115 (not shown); Figure 5B] and DhaArtemis-like protein [aa residues
H39, H41 and H107 (not shown); Figure 5C]. Interestingly, both CRI domains of
HsaArtemis and DhaArtemis-like protein have a cysteine residue between the two first
histidines (C34 and C40, respectively; Figure 5B and 5C). This cysteine residue is
characteristic of metazoan Artemis/Artemis-like protein, and it is not found in other
proteins of Pso2p A and B Groups (data not shown).
4. DISCUSSION
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The results obtained by primary sequence analysis and phylogeny, combined
with HCA and protein three-dimensional modeling of selected Artemis sequences,
clearly indicated that Artemis can be found in non-mammalian organisms. A
comparison of these sequences showed that, despite their difference in length, all CR
studied have similar disposition, being located within the N-terminus of the
Artemis/Artemis-like proteins (Figure 6). This similar location indicates structural
conservation during the evolution of the Artemis Group. Moreover, both HCA and
three-dimensional modeling highlight conserved hydrophilic and hydrophobic residues
that are considered to be necessary for Artemis function (Figures 2 and 3). For example,
the presence of a cysteine residue between two important histidine of the metallo-f3-
lactamase domain (CRI, Figures 5B and 5C) is characteristic for metazoan
Artemis/Artemis-like protein, and it is also present in fungal Artemis-like sequences.
The histidine residues of CRI seem necessary for the coordination of a zinc atom
(Callebaut et al., 2002), but little importance has been given for this cysteine residue. In
an engineered human carbonic anhydrase Il (CAIll, EC number 4.2.1.1), a zinc-
containing metalloenzyme that catalyzes the reversible hydration of CO, to HCO3, a
non-natural cysteine together with three histidine residues could bind to a zinc atom
(His3Cys pocket) (Ippolito and Christianson, 1993; Kiefer et al., 1993). In this case, the
cysteine induces the formation of a zinc-thiolate bond, which optimally coordinates the
zinc cofactor (Ippolito and Christianson, 1993). The His3Cys pocket is also found in the
zinc binding sites of pB-lactamase Il from Bacillus cereus (Sutton et al., 1987) and in
matrix metalloproteinase pro-enzymes (Holz et al.,, 1992; Salowe et al.,, 1992).
Probably, the His3Cys pocket has an important role in the zinc cofactor coordination in
metazoan Artemis and fungal Artemis-like proteins. The role of the other CR is still
subject of biochemical studies. Recently, Pannicke et al. (2004) mutated nine
evolutionary conserved histidine and aspartic acid residues within the HsaArtemis
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protein. With the exception of one of them (H38), all other residues seem essential for
overhang endonucleolytic and hairpin-opening activities. Identical aa residues can be
found in non-mammalian metazoan and in fungal Artemis/Artemis-like sequences,
again suggesting that the Artemis Group is not exclusive to jawed vertebrates.

The mammalian Artemis proteins are the best-characterized members of the
Pso2p/Snm1p family, which itself is a member of the B-CASP family (Callebaut et al.,
2002). The Pso2p/Snmlp family is composed of three distinct groups (Callebaut et al.,
2002): (i) the A Group, whose function is associated exclusively with the repair of
chemically-induced ICLs in DNA (Brendel et al., 2003; Ishiai et al., 2004); (ii) the B
Group, composed by proteins that are recruited for recombinational repair of lesions
induced by oxidative agents (Molinier et al., 2004), by ICLs or IR (Demuth et al.,
2004); and (iii) the proper Artemis Group. Multi-cellular organisms like plants and
metazoans, contain one or more proteins that belong to Pso2/Snm1 A and B Groups,
while fungi and other lower eukaryotes apparently have only one protein of the
Pso2/Snm1 A Group (Bonatto et al., 2005). This fact could reflect the tissue complexity
of higher eukaryotes, where proteins with redundant or specific functions are required
for maintenance of genomic integrity (Bonatto et al., 2005). However, the presence of
an Artemis-like sequence in different fungi, in two arthropods and in an urochordate
species indicates that the Artemis Group proteins could have more functions than are
presently known. Many mammalian organisms and cells, e.g. homozygous knockout
murine models or human Artemis-deficient cell cultures, have been largely used to
study the function(s) of Artemis (Noordzij et al., 2003; Rooney et al., 2002; Rooney et
al., 2003). Until now, all data clearly indicate that the mammalian Artemis proteins play
a role in consolidating the adaptative immune system, participating in V(D)J
recombination (Le Deist et al., 2004). In vertebrates, adaptive immune responses also

play a crucial role in defense against pathogens and depend on the generation of a vast
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repertoire of soluble and membrane-bound antigen receptors presented by B-
lymphocytes and T-lymphocytes, respectively. This assembly process is highly
conserved throughout evolution in all jawed vertebrates, starting with sharks (Le Deist
et al., 2004). A consistent phenotype in all types of Artemis-deficient cells is the low
efficiency in opening of hairpin coding ends, as reflected by the accumulation of hairpin
intermediates generated by Rag-1/Rag-2 proteins in Artemis-deficient thymocytes
(Rooney et al., 2002). Experimental data accumulated on mammalian Artemis indicate
that these proteins are genomic caretakers, as Artemis-deficient murine cells have
increased chromosomal instability, including telomeric fusions (Rooney et al., 2003).
Thus, Artemis might function in a subset of NHEJ reactions that require end processing
(Rooney et al., 2003). Artemis clearly functions in a common repair pathway of IR-
induced DSB in which the proteins y-H2AX, 53BP1, Nbsl, Mrell, and DNA-PK also
play a role (Riballo et al., 2004).

As Artemis is an important protein for vertebrates, it was not surprising to find
an Artemis protein in the puffer fish T. nigroviridis. Both B (Ig) and TCR genes of
Danio rerio (zebrafish) genes undergo V(D)J recombination (Haire et al., 2000).
Mechanistically, this process of somatic diversification of the rearranging antigen
receptors found in fish appears to resemble that seen in mammals (Yoder et al., 2002),
and both Rag-1 and Rag-2 proteins have been identified in zebrafish and thus may
function in this process (Willett et al., 1997).

However, the presence of an Artemis protein in an urochordate, C. intestinalis
(CinArtemis-like), is not easily explained. C. intestinalis is an organism that occupies a
key phylogenetic position in vertebrate evolution, as it belongs to the subphylum
Urochordata, that together with the subphyla Vertebrata and Cephalochordata composes
the phylum Chordata (Cameron et al., 2000). Despite the complexity of the immune

repertoire of the Vertebrata subphylum, genomic analysis of the immunity-related genes
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in C. intestinalis suggests the presence of a well and uniquely developed innate immune
system (Azumi et al., 2003). Although some possible precursors of the jawed vertebrate
adaptive immune system were identified, they still appear distant from functional
adaptive immunity that is equipped with somatic mechanisms for generation of diversity
(Azumi et al., 2003). Moreover, the specific genes that are required for V(D)J
recombination as 1g, TCR, MHC class I and 11, RAG-1 and 2, and AID, were not found
in the C. intestinalis genome (Azumi et al., 2003). Thus, we can speculate that the
CinArtemis-like protein probably has a more specific function in DNA repair, possibly
acting in NHEJ recombination. In this sense, the presence of Artemis-like protein in two
arthropods, A. mellifera (AmeArtemis-like) and A. gambiae (AgaArtemis-like), could
give some clues about the functions of Artemis in lower metazoa. A DNA-PKcs gene
was recently identified in the genomes of Drosophila melanogaster, in A. gambiae and
in A. mellifera (Doré et al., 2004). DNA-PKcs plays a key role in NHEJ, in V(D)J
recombination and in telomeric maintenance (Blunt et al., 1995; Smith and Jackson,
1999). It seems likely that the DNA-PKcs and Artemis proteins are not a late
evolutionary add-on as previously thought (Doré et al., 2004). The arthropod
AmeArtemis-like and AgaArtemis-like proteins give a strong support for the hypothesis
of an ancient NHEJ machinery that later developed into a VV(D)J recombination in jawed
vertebrates, necessary for an adaptative immune system.

The same hypothesis could be raised for fungal Artemis-like proteins. As these
proteins were found in four fungal species, we think that Artemis could be a reminiscent
protein of an ancestral DNA recombination process that, by some evolutive reason, was
kept in a few lower eukaryotes.

The species G. zeae is a mycotoxigenic filamentous fungus that causes
destructive epidemics of maize ear rot and wheat and barley head blight in temperate

regions (Desjardins, 2003); Y. lipolytica is a dimorphic yeast species that is able to use
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several unusual carbon sources like parafins, various alcohols and acetate (Casaregola et
al., 2000); C. albicans is also a dimorphic fungus and is the most common human
fungal pathogen, causing both mucosal and systemic infections, particularly in immuno-
compromised people (Johnson, 2003); and D. hansenii is a cryotolerant, marine yeast,
which can tolerate salinity levels up to 24% (Lépinglea et al., 2000). Despite their
biological differences, all fungal species listed here are capable of surviving in highly
stress-inducing environments. It is possible that the metazoan and fungal
Artemis/Artemis-like proteins could be recruited by some other genetic mechanism that
also generates biological diversity, a necessary condition for survival in stressing
environments.

In sexually reproducing organisms, genetic diversity and viability of the gametes
are ensured by recombination occurring during meiosis (Borde et al., 2004). Meiotic
recombination can be divided into three successive stages: (i) initiation, which consists
in the formation of programmed DNA double strand breaks (DSBs) and their
subsequent processing by 5" to 3" resection to form single-strand tails; (ii) the repair of
these initiating lesions through homologous recombination; and (iii) the formation of
the crossover products that create a physical interhomolog connection ensuring their
proper segregation during meiosis | (Borde et al., 2004). Interestingly, many proteins
that are related to DSB repair of somatic cells (e.g. Mrellp, Rad50p, and Xrs2p) also
have an important role in the repair of programmed DSB during meiosis (Borde et al.,
2004). Proteins involved in generation of meiotic DSB in higher eukaryotes have not
been identified and, in lower eukaryotes, the data indicates that DSB are created by
endonuclease Spollp (Paques and Harber, 1999). However, the exact role of Spollp in
DSB formation is not fully understood (Bhuiyan and Schmekel, 2004). A Rag-2 like
protein, named Peas, which is evolutionarily conserved among metazoans, was analyzed

by expression and immuno-histochemical assays and shown to be specifically expressed
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in testis, particularly in pachytene spermatocytes, pointing to its putative involvement in
meiotic recombination (Ohinata et al., 2003). The same was found for ARTEMIS where
of all human tissues expression is highest in ovarian and testis cells (Moshous et al.,
2001). Taking into account our data and the results of others, we may speculate that the
Artemis Group could also act in the repair of DSB introduced during meiosis, thus
helping in generating the observed genetic diversity. During evolution of multi-cellular
organisms, with the increase of tissue diversity and the dawn of refined DNA
recombination systems [V(D)J and NHEJ], the role of Artemis also changed and
became a more specialized one, as is now seen in mammalian cells.

The identification of fungal Artemis-like proteins is important in many aspects.
Firstly, in yeast advanced molecular techniques can be used to study the function of
these proteins and to compare them with their mammalian counterparts. Secondly, as
the yeast genome is easily manipulated, single, double or multiple mutants of genes
encoding Artemis-like proteins can be combined with defect DNA repair genes and the
resulting phenotypes studied under stressing or DNA-damaging conditions.
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TABLES

Table 1. Protein sequences used in this work.

Protein Group

Sequence name

Species

Acession No.

(GenBank)

Fungal Artemis-like

Metazoan

Artemis/Artemis-like

DhaArtemis-like
CalArtemis-like
YliArtemis-like

GzeArtemis-like

AmeArtemis-like
AgaArtemis-like
CinArtemis-like
TniArtemis-like
GgaArtemis
CfaArtemis
HsaArtemis
RnoArtemis

MmuArtemis

Debaryomyces hansenii
Candida albicans
Yarrowia lipolytica

Gibberella zeae

Apis mellifera
Anopheles gambiae
Ciona intestinalis
Tetraodon nigroviridis
Gallus gallus

Canis familiaris
Homo sapiens

Rattus norvegicus

Mus musculus

gi[50424115|
gi[46438865|
gi[49650441]

gi[42551205|

gi[48096919)
gi[31203062)
gi[23587642)
gi[47218348)
gi[50764059)
gb|AAEX01006067.1]
gi[13872809)
gi[22023557

gi[22023549|
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Table 2. Physico-chemical analyses of fungal Artemis-like proteins and two mammalian

Artemis proteins (metazoan Artemis Group).

Protein Group Protein name Length pI M.W. (Da)
Fungal Artemis-like
DhaArtemis-like 783  6.45  90218.9
CalArtemis-like 537 6.70  60890.1
YliArtemis-like 839 8.14  94004.6
GzeArtemis-like 600 572  67467.3
Metazoan Artemis
HsaArtemis 692 5.69 784223
MmuArtemis 705  5.77  78920.5
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FIGURE LEGENDS

Figure 1. Unrooted phylogenetic tree of Pso2p A, Pso2p B, and Artemis Groups.
Numbers at nodes indicate internal branch analysis values (1,000 replicates) and the
horizontal bar represents a distance of 0.5 substitutions per site. The Pso2p A and B
Group clades are shown in a condensed form. The representative subclades of metazoan
and fungal Artemis/Artemis-like sequences are highlighted in gray. Symbol: LUCA
(last universal common ancestor).

Figure 2. Hydrophobic cluster analysis (HCA) of the conserved region | (CRI) and
conserved region Il (CRII) sequences from mammalian Artemis (HsaArtemis), non-
mammalian metazoan Artemis/Artemis-like (TniArtemis, CinArtemis-like and
AgaArtemis-like), and fungal Artemis-like (DhaArtemis-like) proteins. Conserved
hydrophobic and hydrophilic aa residues are shaded in gray and black, respectively.
Secondary structures (o, B or a-B structures) derived from HCA are shown in the
figure. A consensus sequence derived from HCA of Artemis CRI and CRII followed by
an average homology score (%), calculated from HCA and global alignment for each
CR, is also indicated in the figure. The direction of polypeptide chain, from N-terminus
to C-terminus, is indicated by an arrow. The way to read the sequences and special
symbols are indicated in the inset.

Figure 3. Hydrophobic cluster analysis (HCA) of the conserved region Il (CRIII) and
conserved region IV (CRIV) sequences from mammalian Artemis (HsaArtemis), non-
mammalian metazoan Artemis/Artemis-like (TniArtemis, CinArtemis-like and
AgaArtemis-like), and fungal Artemis-like (DhaArtemis-like) proteins. Conserved
hydrophobic and hydrophilic aa residues are shaded in gray and black, respectively.
Secondary structures (o, B or a-B structures) derived from HCA are shown in the
figure. A consensus sequence derived from HCA of Artemis CRIII and CRIV followed
by an average homology score (%), calculated from HCA and global alignment for each
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CR, is also indicated in the figure. The direction of polypeptide chain, from N-terminus
to C-terminus, is indicated by an arrow. The way to read the sequences and special
symbols are indicated in the inset.

Figure 4. Three-dimensional model of SmaPenicillinase (A), HsaArtemis (B) and
DhaArtemis-like (C) proteins. The models were turned in an angle of 180° to show the
Artemis and Penicillinase conserved region | (CRI) and conserved region Il (CRII). The
secondary structures that compose the CRI and CRII are highlighted in black and gray,
respectively. CRIII and CRIV could not be modeled due to its low similarity with
SmaPenicillinase sequence. The N-terminus (NH,) and the C-terminus (HOOC) are
indicated.

Figure 5. Three-dimensional analysis of conserved region | (CRI) of SmaPenicillinase
(A), HsaArtemis (B) and DhaArtemis-like (C). Conserved aa residues that belong to the
zinc binding pocket are shown in light gray. Other conserved CRI aa residues are
indicated in dark gray.

Figure 6. Schematic representation of HsaArtemis, TniArtemis, CinArtemis-like,
AgaArtemis-like and DhaArtemis-like sequences. The direction of proteins, from N-
terminus to C-terminus, is indicated by a line. The length of sequences (in aa residues)
is shown on the right side of the figure. Incomplete sequence lengths are shown between
parentheses. Abbreviations: conserved region I, 1I, 11I, IV (CRI), (CRII), (CRIII), and
(CRIV), respectively. The dotted lines between all CRs of Artemis/Artemis-like

proteins indicate high level of primary and secondary sequence homologies.
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Figure 3.
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Figure 4.
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Figure 6.
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Abstract. The eukaryotic ATP-dependent DNA ligases comprise a group of orthologous proteins that have distinct
roles in DNA metabolism. In contrast with the well-known DNA ligases of animal cells, the DNA ligases of plant
cells are poorly described. Until now, only two DNA ligases (I and IV) genes of Arabidopsis thaliana (L.) Heynh were
isolated and characterised. Use of the complete genomic sequences of Oryza sativa L. and A. thaliana, as well as the
partially assembled genomic data of Medicago truncatula L. and Brassica spp., allowed us to identify a new family
of ATP-dependent DNA ligases that are found only in the Viridiplantae kingdom. An in-depth phylogenetic analysis
of protein sequences showed that this family composes a distinct clade, which shares a last universal common
ancestor with DNA ligases 1. In silico sequence studies indicate that these proteins have distinct physico-chemical
properties when compared with those of animal and fungal DNA ligases. Moreover, hydrophobic cluster analysis
and 3-dimensional modelling allowed us to map two conserved domains within these DNA ligases I-like proteins.
Additional data of microsynteny analysis indicate that these DNA ligases I-like genes are linked to the S and SLL2
loci of Brassica spp. and A. thaliana, respectively. Combining the results of all analyses, we propose the creation
of the DNA ligases VI (LIG6) family, which is composed by plant-specific DNA ligases.

Keywords: DNA ligase 1, eukaryotic DNA ligases, hydrophobic cluster analysis, plant DNA ligases, protein

Functional Plant Biology, 2005, 32, 161-174

phylogeny, Pso2p/Snm1p/ Artemis.

Introduction

Maintenance of genomic integrity is necessary for the
viability of cells and the health of prokaryotic and
eukaryotic organisms. Some metabolic processes, such as
DNA replication, DNA recombination or DNA repair, can
yield genotoxic DNA lesions by introducing gaps in one
or both DNA strands (Tuteja ef al. 2001). Normally, these
gaps are sealed by a group of specialised and ubiquitous
enzymes named DNA ligases. Belonging to the superfamily
of nucleotidyltransferases, DNA ligases can be grouped into
two classes by virtue of co-factor requirement for either

NADT (EC 6.5.1.2, prokaryotic DNA ligases) or ATP (EC
6.5.1.1, mainly eukaryotic DNA ligases).

The family of ATP-dependent DNA ligases is structurally
and functionally conserved in all eukaryotes (Martin and
MacNeill 2002), sharing a common ancestor with mRNA-
capping enzymes (Schuman and Schwer 1995). Their
functional structure is well characterised and features at least
two conserved domains, the catalytic core domain (CD) and
the non-catalytic domain (NCD). The CD is composed of
six sequence motifs related to prokaryotic NAD-dependent
ligases and it is highly conserved between DNA ligases and

Abbreviations used: aa, amino acid; BER, base excision repair; CD, catalytic core domain; CRs, conserved regions; CS, conserved sequence;
DSB, double-strand DNA breaks; ESTs, expressed sequence tags; HCA, hydrophobic cluster analysis; MCE, mRNA-capping enzymes;
NCD, non-catalytic domain; NHEJ, non-homologous end-joining; NJ, neighbour-joining; NP, nucleoplasmin; PCNA, proliferating cell nuclear

antigen; SI, self-incompatibility; SSB, single-strand DNA breaks.
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mRNA-capping enzymes (Schuman and Schwer 1995). The
CD is responsible for joining the phosphodiester backbone
single-strand breaks in a three-step manner: a complex of
AMP and DNA-ligase catalyses the transfer of activated
AMP to the 5’ phosphate of the nick, allowing the formation
of the phosphodiester bond, and then seals the nick with
the concomitant release of AMP (Wilkinson and Bowater
2001). The function of NCD on DNA ligase activity is largely
unknown (Martin and MacNeill 2002).

Until now, five subclasses of eukaryotic DNA ligases
were described — DNA ligase I to V — with DNA ligase I,
IIT and IV being the best characterised in terms of genetic
and biochemical properties. DNA ligases I, III and IV have
important roles in DNA metabolism, acting in replication,
repair and recombination (Timson et al. 2000). The function
of DNA ligase V has yet to be identified, and DNA ligase II
seems to be a degradation product of DNA ligase I1I (Martin
and MacNeill 2002).

In contrast with mammalian cells, little is known about
the number and function of DNA ligases in plant cells. Some
early work on plant DNA ligases has partially analysed the
activity of these enzymes in extracts of Pisum sativum L.
(Kessler 1971), in Daucus carota L. (Tsukada and Nishi
1971), in Lilium microspores (Howell and Hecht 1971), and
in Secale cereale L. (Elder et al. 1987). Recently, two genes
of A. thaliana corresponding to the DNA ligases I and IV
have been isolated and characterised (Taylor et al. 1998;
West et al. 2000). Both proteins show high functional and
structural similarity with DNA ligases I and IV of fungi and
animals, indicating their evolutionary conservation related
to DNA metabolism in eukaryotes (Taylor et al. 1998; West
et al. 2000).

Despite the valuable biological information made
available by the completed genomic projects of A. thaliana
(The Arabidopsis Genome Initiative 2000) and Oryza sativa
(Yu etal. 2002), as well as partial genomic analysis of
different plant species, e.g. Medicago truncatula (Waugh
et al. 2002) and Brassica spp. (Brassica Genome Initiative;
http://brassica.bbsrc.ac.uk/ validated 19 January 2005), little
attention has been paid to screening for potential new DNA
ligases that could have different functions in plants, e.g. repair
of DNA damage induced by sunlight or phytopathogens,
DNA replication or DNA recombination.

In this work we have identified and characterised a new
group of plant-specific DNA ligases (which we named
DNA ligase VI or LIG6) that can be found in plant
genomic databases using sensitive methods of phylogenetic
analysis. Additional hydrophobic cluster analysis (HCA) and
3-dimensional protein modelling have allowed us to refine
the results obtained from phylogeny and to map conserved
domains of this new group of eukaryotic ATP-dependent
DNA ligases. Microsynteny analysis of LIG6 points out to
specific functions of DNA ligase VI in plant physiology.

D. Bonatto et al.

Materials and methods
Protein data mining and sequence analyses

Forty protein sequences (representing the superfamily of eukaryotic
nucleotidyltransferases) were obtained directly from GenBank hosted
in the National Center for Biotechnological Information (NCBI)
web page (http://www.ncbi.nlm.nih.gov/ validated 19 January 2005).
BLAST and PSI-BLAST programs were used for initial domain
screening and comparison (Altschul ef al. 1997). DNA ligase I of
Arabidopsis thaliana (L.) Heynh (Table 1) was used as a query to
search possible orthologous/paralogous proteins in Plant Genomes
Central  (http://www.ncbi.nlm.nih.gov/genomes/PLANTS/PlantList.
html validated 19 January) and in the Solanaceae Genomics Network
(http://soldb.cit.cornell.edu/index.html validated 19 January 2005). All
searches were made to saturation. The theoretical pl and molecular
weight of proteins were calculated with COMPUTE pl/Mw program
hosted in ExPASy Molecular Biology Server at Swiss Institute of
Bioinformatics (http://us.expasy.org/ validated 19 January 2005).

Algorithms for sequence comparison

Global pair-wise multiple-alignments were performed with the amino
acid (aa) sequences in the ClustalX 1.8 program (Thompson et al.
1994). The alignment parameters used were: gap open penalty 10.00;
gap extension 0.20; sequences >10% diverged delayed; BLOSUM
series matrix; residue-specific penalties on; and hydrophylic penalties
on. When necessary the alignments were manually adjusted with the
BioEdit program (Hall 1999).

Gene prediction and microsynteny analysis

Wise2 program at European Bioinformatics Institute (http://www.ebi.
ac.uk/Wise2/ validated 19 January 2005) was used to identify plant-
specific DNA ligase genes from the unfinished genomic sequences of
Brassica rapa L., Brassica napus L., and Medicago truncatula L. The
parameters for prediction were: local mode; no intron bias; splice site
modelled; synchronous model; and GeneWise623 algorithm. The DNA
ligase VI of 4. thaliana (AthLig6p) was used as query in all searches.
Microsynteny analysis was initially made with TBLASTX programme
(NCBI) using as a query a genomic fragment of approximately
30495nt from chromosome 1 of A4. thaliana (GenBank accession
number NC_003070.4,nt sequence from 24938643 to 24969 137)
which contains the locus of AthLIG6. The microsynteny analysis was
restricted to Viridiplantae database keeping the standard parameters.

Algorithms for phylogenetic inference

Phylogenetic and molecular evolutionary analyses were conducted using
MEGA version 2.1 (Kumar et al.2001). Neighbour-joining (NJ) method
was used for phylogenetic tree searching and inference. The statistical
reliability of the phylogenetic trees was tested by bootstrap analysis
with 1000 replications. Moreover, the Poisson correction was applied in
NIJ for distance estimation. The complete deletion option was used in
handling gaps or missing data obtained from the alignment.

Hydrophobic cluster analysis

Hydrophobic cluster analysis (HCA) of selected sequences was
performed as previously published (Gaboriaud efal. 1987), and
consisted in displaying the primary protein structure on a duplicated
o-helical net, where the hydrophobic residues are automatically
contourned. These hydrophobic clusters observed in an HCA plot
are not distributed in a random manner, but correspond highly with
the secondary protein structures associated with conserved globular
domains. Thus, HCA plots are extremely valuable for phylogenetic
inferences when protein sequences have a weak homology (<25%
of identity/similarity) or to define conserved domains and sequence
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ATP-dependent DNA ligases VI

Table 1. Protein sequences used in the present study

Functional Plant Biology

Protein group Sequence name

Species

GenBank
acession no.

ATP-dependent DNA ligases |
DNA ligase 1
DNA ligase 1
DNA ligase 1
DNA ligase I
DNA ligase I
DNA ligase I
DNA ligase I
DNA ligase 1
DNA ligase 1
DNA ligase I

ATP-dependent DNA ligases VI
DNA ligase VI
DNA ligase VI
DNA ligase VI
DNA ligase VI
DNA ligase VI

ATP-dependent DNA ligases 111
DNA ligase II-ot
DNA ligase III-ot
DNA ligase II-o
DNA ligase ITI-U
DNA ligase I1I-U
DNA ligase I1I-

ATP-dependent DNA ligases IV
DNA ligase IV
DNA ligase IV
DNA ligase IV
DNA ligase IV
DNA ligase IV
DNA ligase IV
DNA ligase IV
DNA ligase IV

mRNA-capping enzymes
MCEI
MCEI
MCEI
MCEI
MCEI
MCEI
MCEI
MCEI
MCEI
MCE!-like
MCE1-like

Arabidopsis thaliana 2i|1359495|
Caenorhabditis elegans 2i|17562602|
Schizossacharomyces pombe gi|118774|
Crithidia fasciculata gi[312384]
Homo sapiens gi[4557719|
Mus musculus 2i|6754544]

Oryza sativa

Rattus norvegicus
Saccharomyces cerevisiae
Xenopus laevi

Arabidopsis thaliana

gi[16905197]
gi|13540673)|
gi[3515|
gi[2118374]

2i|12597768|

Oryza sativa 2i[20805031|
Brassica napus 2i|7657880|
Brassica rapa 2i[30314605|
Medicago truncatula 2i[38257195]
Homo sapiens 2i[7710126|
Mus musculus gi|1794223|
Xenopus laevi 2i[18029882|
Homo sapiens 2i[4504995|
Mus musculus 2i|1794221|

Xenopus laevi

2i[18029884]

Arabidopsis thaliana 2i[9651815]
Candida albicans 2i[14916982|
Drosophila melanogaster 2i[7292907|
Gallus gallus gi|15778121|
Homo sapiens 2i[860937|
Saccharomyces cerevisiae 2i[2494163|
Schizossacharomyces pombe 2i|19075388|

Xenopus laevi

gi| 18029886

Arabidopsis thaliana 2i[23306380|
Candida albicans 2i|1783271|
Drosophila melanogaster 2i[7292972|
Encephalitozoon cuniculi gi|19171287|
Homo sapiens 2i[3097308|
Mus musculus 2i|6685627|
Saccharomyces cerevisiae 2i|1246907|
Schizossacharomyces pombe  gi|2239238
Xenopus laevi 2i[7239232]

Arabidopsis thaliana
Arabidopsis thaliana

gi[15232015|
gi[15241729)
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signatures in a set of homologous proteins (Gaboriaud et al. 1987).
It should be noted that HCA, when compared with ‘linear’ or
one-dimensional methods of database screening, e.g. BLAST and
PSI-BLAST (which needs, at least, >30% of aa identity/similarity over
a sufficient length), is a more effective tool to detect sequence similarity
that reflects a true 3-dimensional relationship between two or more
proteins (Callebaut et al. 1997). Moreover, HCA has the advantage that
sequence conservation can be detected in a group of proteins without
any previous one-dimensional alignment (Lemesle-Varloot et al. 1990;

Callebaut et al. 1997). The program DRAWHCA, used in such analysis,
is available as a freeware at http://www.lmcp.jussieu.fr/ (validated
19 January 2005).

3-Dimensional modelling

In silico 3-dimensional modelling of N- and C-terminal sequences
of AthLigép was performed with 3D-JIGSAW (Bates et al. 2001)
and Swiss-Model (Guex and Peitsch 1997) algorithms using as
template the penicillinase sequence of Pseudomonas aeruginosa, which
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belongs to the metallo-U-lactamase superfamily (Protein Data Bank
accession number 1dd6); and the ATP-dependent DNA ligase from
bacteriophage T7 (Protein Data Bank accession number 1a0i). In
both algorithms the default parameters were applied. 3-Dimensional
comparative models were generated by Swiss-PdbViewer software
(Guex and Peitsch 1997), available at http://www.expasy.org/spdbv
(validated 19 January 2005).

Results

Sequence and phylogenetic analysis of plant-specific
DNA ligase I-like proteins

In order to identify new potential DNA ligase sequences
in plants, a genomic analysis approach was taken from
the complete genomes of A. thaliana and O. sativa, which
are available at Plant Genomes Central. Using the DNA
ligase 1 of A. thaliana (AthLiglp; Table 1) as query in
BLAST and PSI-BLAST programs, we identified three DNA
ligase I-like sequences belonging to O. sativa, A. thaliana,
and M. truncatula. Moreover, when the option TBLASTX
(protein query against all six frames translated database)
was used to search for possible orthologous in the genomes
of other plant species, we found two complete DNA ligase
I-like sequences in the partially assembled genomic data of
Brassica rapa and B. napus. Also, a short sequence fragment
corresponding to the C-terminus of a DNA ligase I-like
protein was found in five assembled expressed sequence
tags (ESTs) of Solanun tuberosum and in the green algae
Chlamydomonas reinhardtii (data not shown).

With the objective of determining the phylogenetic
relationship of the DNA ligase I-like proteins with the
superfamily of nucleotidyltransferases, these sequences
were compared with eukaryotic DNA ligases and mRNA-
capping enzymes (MCE). Interestingly, the phylogenetic data
indicated the divergence of two clades that are strongly
supported by bootstrap analysis from a last common universal
ancestor (LUCA; Fig. 1). One group, the clade of plant-
specific DNA ligase I-like proteins has diverged early from a
LUCA with the classical DNA ligases I of fungi, metazoans,
and plants, having a high bootstrap support (Fig. 1). We
propose to call these plant-specific DNA ligase I-like proteins
as DNA ligase VI. The vertebrate DNA ligase III family
composes a distinct group that diverged early from the same
common ancestor that gave rise to the DNA ligase I families.
As expected, both MCE and DNA ligase IV compose two
distinct and ancient clades, which probably arose from an
ancestral enzyme with nucleotidyltransferase function to act
in the processing of the eukaryotic mRNA and in DNA repair,
respectively.

Phylogenetic data lead us to analyse the physico-chemical
properties of the plant-specific DNA ligase I-like proteins
and to compare them with the best-studied 4. thaliana DNA
ligases (AthLiglp and AthLig4p). The primary sequence
analysis of the DNA ligase I-like proteins of 4. thaliana
indicates a protein with high molecular weight (>150 kDa)

D. Bonatto et al.

in comparison with AthLiglp (87.8kDa) and AthLig4p
(137.8 kDa). Moreover, a theoretical pl was calculated for
DNA ligase I-like protein of A. thaliana and compared with
the other two A. thaliana DNA ligases. The result indicates
that AthLig6p is an acidic protein (pl 5.88), while AthLiglp
(pI 8.20) and AthLig4p (pI 8.24) are basic proteins. Similar
results were obtained with other plant-specific DNA ligase
I-like sequences, including the DNA ligase I-like sequence
of C. reinhardtii (data not shown).

Hydrophobic cluster analysis of plant DNA ligase
I-like proteins

Hydrophobic cluster analysis is a sensitive method of
sequence comparison that detects 2- and 3-dimensional
similarities between protein domains showing very limited
aa relatedness, typically below the so-called ‘twilight zone’
(25-30%) (Gaboriaud ef al. 1987). The method uses aa
hydrophobic cluster plots to identify globular domains
associated with structural or functional conserved features.
In this case, moderate or highly hydrophobic aa form clusters
of various shape and size. Thus, a horizontal diamond-shaped
cluster correspond to the hydrophobic face of an o-helix;
internal U-strands are represented by a cluster that alters
hydrophobic residues on the left and on the right of an HCA
plot; and surface strands are shown by ‘zig-zag’ patterns.
Moreover, conserved protein domains can be mapped
with HCA using orthologous sequences from different
species. In the case of O. sativa and A. thaliana DNA
ligase I-like proteins we mapped conserved domains using
two orthologous sequences of S. cerevisiae (Fig. 24, B),
which were previously obtained using the AthLig6p as a
query in the PSI-BLAST program. One of these sequences
is Pso2p/Snmlp, a protein belonging to the -CASP
family that is involved in DNA repair of interstrand cross
links induced by chemical agents like furocoumarins or
bi-functional mustards. The HCA allowed us to identify of
three conserved regions (CRs) in the N-terminus of Lig6p,
which are characteristic of Pso2p/Snmlp group. The first
CR shows the typical signature of the metallo-U-lactamase
family, i.e. the highly conserved HxHxDH sequence situated
between o-helix structures (Fig. 24). CRII and CRIII show
the same conserved secondary structures typical for the
Pso2p/Snmlp family. In the case of CRII, the signature
(D, E)ANHCPG could be found between two U-sheet
structures (Fig. 24). CRIII shows a conserved (V, )GKEK
signature between U-sheet structures (Fig. 24). In all plant
Lig6p analysed so far, CRs are situated at the beginning of
the protein N-terminus (Fig. 3). The HCA homology score
calculated for CRs gives a high level of similarity (>~80%)
of primary and secondary structures (Table 2). An average
score could be obtained when the CRs were globally aligned
(Table 2) and a BLAST comparison between Pso2p/Snmlp,
AthLig6p, and Osaligbp indicates an average level of
similarity of 49% between the primary sequences.
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Unrooted phylogenetic tree for DNA ligases and mRNA-capping enzymes. Numbers at
nodes indicate bootstrap values (1000 replicates) and the horizontal bar represents a distance of 0.5
substitutions per site. Clusters with bootstrap values below 50% were collapsed. The clade of plant-
specific DNA ligase VI (Lig6p) is indicated by a grey box. AthLiglp, AthLig4p, and OsaLiglp as
well as the paralogous mRNA capping enzymes of 4. thaliana are indicated by an empty box on
the phylogram. The known functions of each clade on DNA metabolism are show at the right of
the phylogram. LUCA, last universal common ancestor; NER, nucleotide excision repair; BER, base
excision repair; NHEJ, non-homologous end joining repair; Meiotic rec, meiotic recombination; ?,
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Fig. 2. Hydrophobic cluster analysis of N- and C-termini of AthLig6p and OsaLig6p. In (4) the N-termini of AthLig6p and OsaLig6p
were compared with the Pso2p/Snm1p of S. cerevisiae, and the three conserved regions (CRI-IIT) were highlighted with an empty box.
In (B) the C-termini of AthLig6p and OsaLig6p were compared with the Cdc9p of S. cerevisiae, and the DNA ligase I core (domains
1 to VI) was highlighted in the same way as described above. Conserved hydrophobic aa residues are shaded in grey. The way to read
the sequences and special symbols is indicated in the inset.
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Table 2. Homology scores calculated from global alignment and
HCA using the Pso2p/Snmlp and DNA ligase I domains from
Pso2p, Cdc9p, AthLig6p and OsaLig6p sequences

D. Bonatto et al.

The C-terminus of plant Lig6p contains the classical
domains (or ‘core’) of a DNA ligase I protein (Figs 2B, 3),
as found in the Cdc9p of S. cerevisiae, in T7 DNA ligase, or
in mammalian DNA ligase [ (Timson e? al. 2000). These six
domains were easily identified by HCA in Cdc9p, AthLig6p
and OsaLig6p and also in all other plant Lig6p analysed, with
a high level of identity among aa residues (Fig. 2B; Table 2).
A BLAST analysis of Cdc9p, AthLig6p and OsaLig6p shows
an average level of similarity of 54% within the aa sequences.
Interestingly, domains III and Illa, which are separated by a
loop of £ 20 aa residues in Cdc9p and AthLig6p, are fused
in OsaLig6p, composing a unique globular domain (Fig. 2B).
Moreover, this fusion was not found in any other analysed
Lig6p.

Homology score (%)
Domains HCA Global alignment
Pso2p/Snmlp
CRI 82 64
CRII 81 57
CRII 81 69
DNA ligase [
1 100 86
1I/1M1a 84 52
v 84 73
\Y% 100 88
VI 88 72
(R)

Metallo-beta-lactamase

A

—~CRIIl

A
Pso2p/Snm1p/Artemis-like

©

(D)

DNA ligase | core

DNA ligase I-like core

Fig. 4. 3-Dimensional modelling of Pso2p (4, B) and DNA ligase I core (C, D) domains of plant-
specific Ligép. The metallo-U-lactamase domain of the penicillinase of P aeruginosa (4) as well as
the Pso2p/Snm1p/ Artemis-like domain of AthLig6p (B) are shown with their respective conserved
regions (I and II). CRIII could not be modelled due to its low similarity with penicillinase sequence.
The ATP-dependent DNA ligase of bacteriophage T7 (C) and DNA ligase I-like core of AthLig6p
show high similarity of tertiary structure. The ATP binding site is indicated in both DNA ligase cores.
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3-Dimensional modelling of the N- and C-termini
of DNA ligase I-like coding sequences

3-Dimensional modelling was performed using the sequences
of the N- and C-termini of Lig6p to corroborate the data
obtained by HCA (Fig.4). The Pso2p/Snmlp metallo-
U-lactamase domain exhibited some degree of similarity
to the enzyme penicillinase of Pseudomonas aeruginosa,
also a metallo-U-lactamase protein. Using this information,
we modelled the N-terminus of Ligbp. As expected, this
resulted in a similar 3-dimensional conformation of Lig6p
N-terminus and penicillinase (Fig. 44, B), with the CRI
and CRII domains present in both proteins. Unfortunately,
the CRIII domain is only present in the Pso2p/Smnlp
and Ligbp families and it could not be modelled using
the penicillinase sequence. The Ligbp C-terminus has a
good level of tertiary structure homology with the ATP-
dependent DNA ligase of bacteriophage T7, a DNA ligase I

M. truncatula

B. napus

(1)
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prototype enzyme (Fig. 4C, D). The DNA ligase I core
could be easily identified in Ligbp using the structural
information obtained from the crystallographic studies
of T7 DNA ligase, again corroborating the data obtained
by HCA.

Genomic location and microsynteny of DNA ligase
I-like in different plant species

In an attempt to locate the DNA sequences of L/G6 in
plant chromosomes, we used the information available in the
literature and in Plant Genomics Database. Both Brassica
LIG6 genes were found linked to the S locus, and AthLIG6
was also found linked to the SLL2 locus of A. thaliana
(Fig. 5), which is known to control the reproductive pattern
of members of the Brassicaceae family (Matton et al. 1994).
These regions are highly syntenic with each other. In O. sativa
and M. truncatula, the LIG6 gene also was found in a region

{30,495 nt | !

L=y | 1

(5)

(2)

S locus

A. thaliana
SSL2 locus

B. rapa

(3) (4)

S locus

0. sativa
Chromosome 1

. .
. . .
D

5 kb

Fig. 5. Schematic microsynteny relationships between L/G6 gene-containing regions of M. truncatula,
B. napus, A. thaliana, B. rapa, and O. sativa. Regions are drawn approximately to scale (scale bar indicates
5kb). Similarity between the chromosomal sequences is indicated: - - - -. Predicted genes using 4. thaliana
sequences (grey box) are: (1) Atl g66680, putative S locus-linked protein; (2) Atl g66730, LIG6; (3) Atl
266750, putative cell division protein kinase; (4) Atl g66760, MATE efflux family protein; and (5) Atl

266780, MATE efflux family protein.

Table 3. Analysis of Lig6p from different plant species
Chromosome no. indicates chromosomal location of DNA ligase VI, S locus indicates whether DNA ligase
VI are associated with S locus or S locus-like, compatibility indicates the reproductive compatibility of
plant (SC, self-compatible; SI, self-incompatible), microsynteny indicates whether the region where DNA
ligase VI is located shows synteny between different plant species. AthLIG6 is situated in SSL locus, which
is syntenic with S locus of Brassica. BraLIG6 and BnallG6 are situated in S locus, which are syntenic
between different Brassica species and with SSL locus of 4. thaliana. OsaLlG6 is situated in a region of
chromosome 1 which is syntenic with SSL locus of 4. thaliana. ND, not determined

Gene Species Family Chromosome no.  S'locus Compatibility Microsynteny
AthLIG6  A. thaliana Brassicaceae 1 Yes SC Yes
BralLIG6  B. rapa Brassicaceae ND Yes SI Yes
BnallG6  B. napus Brassicaceae ND Yes SI Yes
OsallG6  O. sativa Poaceae 1 ND SC Yes
MtrLIG6 M. truncatula  Fabaceae ND ND SC Yes
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C

al

AthLig6p - 1417 aa

SN | AthLiglp - 790 aa

I 77 ov gese v B |

AthLig4p - 1220 aa

—

BRCT

Fig. 6. Schematic representation of Lig6p, Liglp, and Ligdp of A. thaliana. The direction of
proteins, from N-terminus to C-terminus, is indicated by an arrow. CS, conserved sequence; NCD,
non-catalytic region; BRCT, BRCA tandem binding domains. The dotted lines between AthLiglp
and AthLig6p indicate high level of primary and secondary sequence homologies.

that shows microsynteny with SLL2 locus of A. thaliana
(Table 3; Fig. 5).

Discussion

The phylogenetic and primary sequence data analyses,
together with HCA and 3-dimensional modelling, indicated
that plant DNA ligase I-like proteins comprise a new
family of nucleotidyltransferases that diverged early in
the evolution of DNA ligase I. This new protein group,
which is supported by bootstrap analysis, was called DNA
ligase VI (LIG6). A comparison of DNA ligases I, IV and
VI of A. thaliana showed the structural similarities and
differences among these enzyme families (Fig. 6). Besides
the conserved C-termini found between Liglp and Lig6p,
Lig6p also contains an N-terminus that shows a high level of
conservation of primary and secondary structures with the
eukaryotic Pso2p/Snmlp and a conserved sequence (CS),
which is unique for these proteins, and probably has a role
in the protein’s function. It is interesting to note that the
CS of all Lig6p contains (around aa 520 or 600, depending
on the Ligbp analysed) a typical proliferating cell nuclear
antigen (PCNA) interacting protein motif (PIP box, data
not shown). The PIP motif, present in the N-termini of
fungal and metazoan Liglp, is composed by the consensus
signature Qxx(M/1/L)xx(F/Y)(F/Y), which is necessary
for association of Liglp with PCNA, helping to stabilise
Liglp during Okasaki fragment joining and ligation steps of
the long patch base excision repair (BER) (Warbrick 1998;
Tom et al. 2001). Recent studies have indicated that PCNA
has important roles not only in DNA replication but also
in DNA repair, including nucleotide excision repair, post-
replicational mismatch repair, BER, apoptosis and cytosine
methylation (Chuang et al. 1997). PCNA is also known to
interact with DNA polymerase € and p21, and is probably
one of the key proteins involved in controlling cell cycle
progression (Warbrick ef al. 1995). The functions of PCNA
in plants are not fully understood, but gene expression assays

indicate that PCNA mRNA is present in high copies in rapidly
dividing tissues such as flower buds, apical meristems, and
young leaves, while mature stems and fully expanded leaves
have significantly lower levels of PCNA transcripts (Markley
et al. 1993; Lopez et al. 1997; Kimura et al. 2004). Thus,
the presence of a PIP box in the Lig6 protein strongly
indicates that this new DNA ligase family has an important
function in maintaining DNA integrity in rapidly dividing
tissues.

Until recently, only two types of DNA ligases were
characterised in A. thaliana. DNA ligase 1 (AthLiglp)
has the typical CD and NCD domains, with a high level
of identity/similarity with DNA ligases I from fungi
and animals. In the thermo-conditional cdc9 mutant of
S. cerevisiae AthLIGI was able to complement the phenotype
at the non-permissive temperature, and studies of tissue-
specific expression of AthLIG1 detected this mRNA in all
tissues, being highest in the flowering structures, which
contain an elevated proportion of cells undergoing mitosis
and meiosis (Taylor ef al. 1998). On the other hand, DNA
ligase IV (AthLig4p) contains the characteristic DNA ligase
core of all members of the DNA ligase family, sharing
a low similarity with the DNA ligase IV of S. cerevisiae
and mammals (West et al. 2000). The presence of two
BRCT domains in the C-terminus of AthLigdp is also
a characteristic of this group, indicating an interaction
with small acidic proteins (Tomkinson and Mackey 1998).
Moreover, transcripts of AthLIG4 were identified in all
tissues studied, with the highest levels of expression observed
in young flowers at the time of bud opening and in
roots. Expression of the AthLIG4 gene is also regulated
by . -irradiation, which causes both single- and double-
strand DNA breaks (SSB and DSB, respectively), and this
observation is consistent with the involvement of Lig4p in
DSB repair (West et al. 2000).

The HCA mapping of conserved regions in Ligbp
from different plant species shows two highly conserved
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domains: (i) a Pso2p / Snm1p domain in the N-terminus of the
protein (Figs 24, 3); and (ii) a DNA ligase I domain situated
in the C-terminus of the sequence (Figs 2B, 3). Data obtained
from three-dimensional modelling of Lig6p N- and C-termini
with penicillinase of P aeruginosa (which belongs to the
metallo-U-lactamase superfamily), and T7 DNA ligase (the
prototype enzyme of DNA ligase I family), also supported
the HCA-derived information (Fig. 44-D).

The Pso2p / Snm1p belongs to the J-CASP family, a group
of related proteins using nucleic acids as substrate, acting
in DNA repair, RNA processing, and V(D)J recombination
(Callebaut ef al. 2002). This family is included in the
metallo-U-lactamase superfamily, whose members show
a catalytic action on ester type ligations. HCA allowed
this group to be identified in all three Life Domains
(Callebaut et al. 2002). Using HCA, we have recently
mapped three CRs in the C-terminus of Pso2p/Snmlp
of S. cerevisiae that may be associated with protein
function (data not shown). The best-characterised member
of the U-CASP family is Artemis, which was isolated
from cells of patients suffering from a special type of
severe combined immunodeficiency syndrome associated
with radio-sensitivity (RS-SCID; Noordzij efal. 2003).
Artemis has 5’ to 3’ exonucleolytic activity with single-
strand DNA specificity and, when associated with DNA-
PKecs, forms a phosphorylated complex with endonucleolytic
activity on both 5" and 3’ DNA overhangs; moreover it can
cleave hairpins generated by the Ragl / Rag2 proteins (Jeggo
and O’Neill 2002; Schlissel 2002). Clearly, all experimental
data show that pso2/snml mutants are extremely sensitive
to ICL-inducing agents, irrespective of their chemical
composition (e.g. ICL induced by 8-MOP + UVA, nitrogen
or sulfur mustards, cisplatin, and many others; Brendel and
Henriques 2001). However, they are not sensitive to UVC and
ionising radiation (Ruhland et al. 1981; Magafia-Schwencke
et al. 1982). Furthermore, S. cerevisiae pso2 / snm 1 mutants,
though incapable of forming high molecular weight. DNA
(data from neutral sucrose gradient assays) during repair of
ICL, are not defective in DSBR (Magafa-Schwencke et al.
1982; Wilborn and Brendel 1989). All results presented
here give a good support on the role of the N-terminus of
Lig6p in endonucleolytic processing of DNA, a function
that was not described previously for an eukaryotic DNA
ligase. Moreover, a new family of ATP-dependent DNA
ligases in prokaryotes that contain a nuclease and a primase
domain flanking the DNA ligase core of the proteins was
discovered recently (Weller and Doherty 2001). Della et al.
(2004), working with DNA ligase D from Mycobacterium
tuberculosis (Mt-Lig), show that this ATP-dependent
DNA ligase has a gap-filling polymerase, a terminal
transferase, a primase, and a 3’ to 5’ exonuclease activities.
Moreover, Zhu and Shuman (2004), also working with a
DNA ligase D from Pseudomonas aeruginosa, analysed
its intrinsic DNA polymerase activity function capable
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of templated and non-templated DNA primer-extension
reactions. The experimental data indicate that the multi-
domain DNA ligase D is recruited for bacterial DNA non-
homologous end-joining (NHEJ) repair, probable processing
the DNA extremities, and then proceeding to their rejoining.
We suggest that the plant-specific Ligbp could act in
an analogous mode as bacterial DNA ligase D, first
processing the DNA extremities with its Pso2p/Snmlp
domain to generate a substrate for its DNA ligase I-like
domain.

The DNA ligase I core (domains I-V), which is situated
at the C-terminus of Lig6p, comprises two anti-parallel {-
sheets surrounded by o-helices and short loops. The sheets
are separated by a deep pocket that forms the nucleotide-
binding site. The first region contains the sequence signature
of the DNA ligase I family, consisting of the residues
KYDG(E,Q)RA, essential to form an AMP adduct with
DNA, the other motifs contribute with residues that line the
walls of the pocket and contact the nucleotide triphosphate
co-factor (Doherty and Suh 2000). The cores of Lig6p
and Liglp share a high level of identity in both primary
and secondary structures (Fig. 2B), suggesting a possible
function of Lig6p in DNA metabolism, specifically in BER,
meiotic recombination or even DSBR. Participation of DNA
ligase I at the replication forks of dividing chromosomes
is well documented, there it functions in joining Okazaki
fragments (Nasmyth 1979; Waga ef al. 1994). Ligase I is
also required for DNA polymerase {-associated BER (Prasad
et al. 1996).

In terms of physico-chemical properties, the Ligbp group
contains the largest proteins of the nucleotidyltransferase
superfamily, with sequence lengths >1390aa. Moreover,
Lig6p are acidic proteins, with a pl between 5.0 and
6.0, while all eukaryotic DNA ligases previously analysed
are basic proteins (pl > 8.0), which explains their affinity
for DNA molecules (Wu efal. 2001). Acidic proteins
able to bind to chromatin and to induce changes in its
structure have been described in metazoa. For example,
nucleoplasmin (NP) is a nuclear protein that mediates
the correct association of DNA with histones, enabling
the formation of nucleosomes during early development
(Bafiuelos et al. 2003). Nucleomorphin, an acidic nuclear
calmodulin-binding protein of Dictyostelium discoideum,
also shows the property of heterochromatin binding in this
organism, inducing significant changes in the structure of
chromatin during D. discoideum development (Myre and
O’Day 2002). Thus, the acidic charge of the Lig6p could
also be associated with changes in the chromatin state
required for meiotic recombination, DSB/ BER repair, plant
gametogenesis, or even for the developmental plasticity
observed in plants (Wagner 2003).

Microsynteny analysis gave some clues about a possible
physiological function for Lig6p by showing that in the
Brassicacea family, the LIG6 is linked to the SLL2 locus of
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(A. thaliana) and to the S locus of Brassica spp. Moreover,
in M. truncatula and O. sativa, LIG6 was located in a
homeologous region of A. thaliana SLL2 locus. The function
of the S and SLL2 loci in the reproductive pattern of
angiosperms in controlling the self-incompatibility (SI)
mechanisms is well known (Matton et al. 1994). Molecular
analysis of the Brassica S locus region has shown that this
Mendelian locus is a gene complex consisting of distinct
stigma- and anther-expressed genes that determine SI
specificity in stigma and pollen, respectively (Nasrallah
2000). Despite the fact that A. thaliana, O. sativa and
M. truncatula are described as self-compatible species, the
location of LIG6 in the S locus could also be linked to other
physiological processes. Evidence of a role for members
of the S locus in a wide range of processes within the
plant, including plant defence (Pastuglia ef al. 1997) and
development (Dwyer et al. 1994) is accumulating. Previous
studies of DNA ligases of A. thaliana describe the highest
levels of DNA ligase activity in young flowers (Taylor
et al. 1998; West et al. 2000), especially AthLiglp. Taking
into account that AthLiglp and AthLig6p share a common
domain (DNA ligase I), and that the molecular assays
employed to identify DNA ligase I expression do not
have a good discrimination power (Taylor efal. 1998),
it is probable that this high activity of DNA ligase in
flower tissues could result from a combined action of both
proteins or from a specific enzymatic activity of AthLig6p
alone.

In contrast with animals, plants are constantly being
challenged by UV radiation through the sunlight because of
their obligatory requirement of sunlight for photosynthesis
(Tuteja et al. 2001). By penetrating top layers of plant-
tissues UV light can damage the cells’ genomes, it
may also negatively affect other cellular targets such as
photosystem II and plasma membrane ATPase (Stapleton
1992). Characteristically, plants also show endophytic
fungi living asymptomatically within their tissues (Faeth
2002). Many of these fungi produce mycotoxins that could
be DNA damaging agents (Choi e al. 2001). Moreover,
secondary plant metabolites (e.g. furocoumarins) can be
photo-activated by sunlight to induce DNA cross-links in
leaves or aerial parts of plants (Choi et al. 2001). It is thus
likely that different DNA repair systems are required to
fix the errors induced by biotic or abiotic factors in the
plant’s genome, giving DNA ligases an important role in
these processes. Three or more DNA ligases are necessary in
metazoans to keep their genomic health, and these organisms
are less challenged by sunlight or pathogens (Timson ef al.
2000). The data presented here suggest that Lig6p could be
necessary to conserve the genome integrity in plant tissues,
especially in reproductive organs with high DNA turnover.
Biochemical analysis and mutational studies are currently
in progress in order to determine the role of L/G6 in plant

physiology.
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Discusséao geral

A reparagao de ICLs em células eucaridticas compreende a associagdo de varios
mecanismos pouco caracterizados bioquimicamente (Schdrer, 2005). Neste sentido, a
natureza quimica de um ICL ¢ bastante variada (ver Introdugdo, item 2.2.), o que pode
resultar em diferentes respostas da célula a fim de garantir a sua sobrevivéncia (Schérer,
2005). Em leveduras, a presenca de apenas um ICL nao reparado pode ser letal (Magafia-
Schwencke et al., 1982; Brendel & Henriques, 2001), enquanto que, para células de
mamiferos, tem sido estimado que 40 ICLs ndo reparados podem induzir a morte celular
(Lawley & Phillips, 1996; Schirer, 2005). Entretanto, varios autores t€ém demonstrado que
0 mecanismo recombinacional, € neste caso as vias HR e NHEJ, seria a primeira escolha da
c¢lula para a reparagdo de danos do tipo ICLs (Panasci et al., 2004). Assim, a atuagao
conjunta de proteinas pertencentes a via HR, como ¢ o caso do complexo MRX, e de
proteinas pertencentes a via NHEJ, como o Ku70/Ku80 ¢ a DNA-PKcs, mostrou-se
essencial para a reparacao de danos do tipo ICL, seja em células de mamiferos ou em
leveduras (Dronkert & Kanaar, 2001). Além disso, algumas proteinas pertencentes ao
mecanismo de excisdo, especialmente enzimas da via NER acoplada a transcricao,
poderiam ser recrutadas para a reparagdo de danos desta natureza (Dronkert & Kanaar,
2001). Por exemplo, em células de mamifero a resolugdo do ICL (mas ndo a formagao de
DSBs) ¢ dependente do complexo XPF-ERCC1, o qual geraria substrato para um processo
recombinacional do tipo HR ou NHEJ (de Silva et al., 2000; Niedernhofer et al., 2004).
Contudo, varios experimentos feitos com plasmideos contendo ICLs gerados por psoralenos
fotoativados mostram que o padrio de geracdo de DSB e a resolugdo do dano ndo ¢
consistente com a atuagdo de proteinas da via NER e que, provavelmente, outros

mecanismos poderiam ser recrutados para esta finalidade (Li et al., 1999). Em leveduras,
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cujos mecanismos de repara¢ao de ICLs sdo um pouco mais conhecidos do que em células
de mamiferos, foi postulado que o uso preferencial da via HR em relagdo a via NHEJ ou
vice-versa ¢ dependente de inumeros fatores, dos quais predominariam a fase do ciclo
celular e a natureza quimica do ICL (McHugh et al., 2000). Desta maneira, as leveduras que
estdo na fase exponencial de crescimento e sdo defectivas para a via HR sdo tdo sensiveis
aos ICLs gerados por HN2 quanto leveduras que estdo em fase estacionaria e sao defectivas
para a via NHEJ (McHugh et al., 2000). Além disso, os estudos de epistasia de leveduras
mostraram que trés mecanismos independentes, representados pelas proteinas Rad5l,
Pso2/Snml e Rev3, poderiam estar atuando na reparagdo de ICLs gerados por 8-MOP
fotoativado e cisplatina (Henriques & Moustacchi, 1981; Henriques et al., 1997; Grossman
et al., 2001). Também conforme Grossman et al. (2001), a sensibilidade dos mutantes da
via NER de leveduras para ICLs ¢ muito menor do que a combinagdo de qualquer um dos
mutantes para as trés proteinas citadas, indicando que o mecanismo de excisdo atuaria
somente em algumas condigdes particulares de reparacdo, as quais ndao sdo ainda
conhecidas.

Tendo em vista a importancia do Pso2p/Snmlp na reparagdo de ICLs, buscou-se
compreender como esta familia de proteinas poderia interagir nos mecanismos de reparagao
de ICLs e também na manuten¢do da estabilidade gendmica em eucariotos. Para este fim,
foram utilizadas diferentes metodologias de andlises de seqiiéncias combinadas a
informagdes filogenéticas e funcionais conhecidas sobre a familia Pso2p/Snmlp, que
permitiram inferir ndo s6 um possivel mecanismo de reparagdo de ICLs (Capitulo 1) mas
também outras fun¢des ndo descritas previamente, tais como a reparagdo de bases oxidadas
associadas a recombinacdo em eucariotos multicelulares (Capitulo 2) e a geracdo de
diversidade bioldgica em protozoarios e fungos (Capitulo 2 e 3). Gragas a esta combinagao
de técnicas, também foi possivel identificar uma nova familia de DNA ligases ATP-

dependentes exclusiva de plantas que possuem, em sua extremidade N-terminal, um
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dominio Pso2p/Snmlp (Capitulo 4), sendo esta a primeira DNA ligase eucaridtica com

funcao endonucleasica ja identificada.

O papel da familia Pso2p/Snm1p na reparacéo de ICLs e na manutencgao

da cromatina

Os dados bioquimicos conhecidos at¢ o momento sobre a familia Pso2/Snml
claramente demonstram sua atuacdo em um passo pos-incisao do ICL (Capitulo 1 e Anexo
IT), sendo que a restituicdo do DNA de alta massa molecular ndo ¢ observada para as
linhagens mutantes de S. cerevisiae defectivas nesta proteina (Magafia-Schwencke et al.,
1982; Wilborn & Brendel, 1989). Historicamente, os mutantes de leveduras pso2/snml
foram isolados pela sua alta sensibilidade a ICLs induzidos por diferentes agentes quimicos,
sendo que esta sensibilidade ndo depende da natureza da base nitrogenada envolvida no ICL
(Brendel e Henriques, 2001). Este mecanismo de atuacdo também foi identificado em
células de mamiferos defectivas para Pso2p/Snmlp, especialmente quando tratadas por
mitomicina C (Capitulo 1). Interessantemente, em células tronco embrionarias de
camundongos onde o gene PSO2/SNM1 foi disruptado, a sensibilidade a ICLs foi observada
somente para a mitomicina C, ndo sendo possivel identificar um aumento de sensibilidade
para outros agentes indutores de ICLs ou para a radiacdo ionizante (Dronkert et al., 2000).
A explicacdo postulada para este fendmeno foi que, em mamiferos, a presenca de genes
paralogos que codificam para diferentes proteinas Pso2/Snml poderiam exercer fungdes
redundantes na reparagdo de ICLs (Dronkert et al., 2000). De fato, os dados gendmicos e
bioquimicos conhecidos at¢é o momento apontavam para a presenga de trés genes
PSO2/SNM1 paralogos em mamiferos: o PSO2A/SNM1A, o PSO2B/SNM1B ¢ ARTEMIS.

Contudo, a falta de informacdes filogenéticas e estruturais sobre a familia Pso2p/Snmlp
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impOs uma séria restricdo na analise dos dados obtidos por experimentos bioquimicos e
genéticos, tanto em leveduras quanto em células de mamiferos.

Uma classificacdo estrutural da proteina Pso2/Snml sé foi possivel recentemente
gracas ao trabalho de Callebaut et al.(2002) que, utilizando a técnica de HCA, conseguiram
enquadrar o Pso2p/Snmlp em uma nova familia de proteinas denominada de B-CASP, que
pertencem, por sua vez, a superfamilia das metalo--lactamases. As metalo-f3-lactamases
sdo proteinas presentes tanto em eucariotos quanto em procariotos, € possuem as mais
diferentes fungodes (Aravind, 1999). De uma forma geral, estas proteinas t€ém a capacidade
de hidrolisar substratos que contém, em sua estrutura, uma ligagao do tipo éster € uma carga
geral negativa, como a existente no DNA e no RNA (Aravind, 1999; Callebaut et al., 2002).
A hidrolise s6 ¢ possivel por meio do chamado ‘dominio metalo-B-lactamésico’, que
consiste de uma seqiiéncia-assinatura altamente conservada do tipo HxHxDH e um centro
binuclear ligante de Zn™. Adicionalmente, as proteinas pertencentes a familia B-CASP
possuem, em sua estrutura, um dominio identificado pela técnica de HCA conhecido como
‘B-CASP’, o qual poderia ser responsavel pela ligagdo da proteina a acidos nucléicos
(Capitulos 1 e 2).

A familia B-CASP ¢ formada por proteinas que atuam tanto no metabolismo de
RNA, como ¢ o caso das Elacl/Elac2 (RNAse Z) e do fator especifico de clivagem e de
poliadenilagdo de 73 kDa e de 100 kDa [cleavage and polyadenylation specificity factor
(CPSF) 73 kDa/100 kDa], assim como de proteinas que atuam no metabolismo de DNA,
como € o caso da familia Pso2p/Snm1p (Capitulos 1 e 2).

Contudo, a medida que mais dados gendmicos provenientes da andlise de diferentes
eucariotos eram disponibilizados para a comunidade cientifica, mais urgente tornava-se a
realizacdo de uma classificagdo filogenética e estrutural da familia f-CASP que também

levasse em conta as mais recentes informacdes bioquimicas sobre a proteina Pso2/Snml.
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Ao contrario do que se conhecia previamente(Callebaut et al., 2002; Ishiai et al.,

2004), a filogenia e a analise de seqliéncias revelaram que quatro grupos compdem a

familia Pso2p/Snmlp (Figura 1, Capitulo 2; Tabela 2). Destes quatro grupos, trés sio

formados por subgrupos distintos (Tabelas 1 a 3, Capitulo 2; Tabela 2) que, provavelmente,

atuam de forma ndo redundante na repara¢ao de DNA e na manuten¢do da cromatina.

Tabela 2. Resumo dos principais grupos, subgrupos e fungdes das proteinas

pertencentes a familia Pso2p/Snm1p.

Grupo

Subgrupo

Funcéo

Pso2p Plasmodium (PPG)

Desconhecida

Pso2p/Snmlp A

Pso2p A de fungos [fungal A
Pso2p (FA)]

Pso2p A de eucariotos
multicelulares [multicellular
eukaryotic Pso2p A (MEA)]

Reparagdo de ICLs, manutencdo
da cromatina (?)*

Reparagio de ICLs gerados por
mitomicina C e cisplatina;
reparacdo de bases oxidadas por
meio de recombinagao (A.
thaliana ¢ O. sativa);
manutencao da cromatina

Pso2p A especifico de plantas  Desconhecida
[plant-specific Pso2p A (PSA)]
Pso2p A de protozoarios Desconhecida
[protozoan Pso2p A (PA)]

Pso2p/Snm1p B
Pso2p B de Leishmania Desconhecida

[Leishmania Pso2p B (LB)]

Pso2p B de eucariotos
multicelulares [multicellular
eukaryotic Pso2p B (MEB)]

Reparagdo de ICLs e de DSBs
gerados por radiagdo ionizante

Pso2p B especifico de plantas  Desconhecida
[plant-specific Pso2p B (PSB)]

Artemis
Artemis-like de fungos Desconhecida

Artemis/Artemis-like de
metazoarios

Clivagem de hairpins durante a
recombina¢do V(D)J; atuacdo
em NHEJ para reparacao de
DSBs induzidos por radiagdo
ionizante; manutencao da
cromatina

#(?) = funcéo ainda ndo confirmada.
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O grupo A da familia Pso2p/Snmlp ¢ formado por subgrupos filogeneticamente
diversificados, estando presente em praticamente todos os filos eucaridticos conhecidos
(Capitulo 2, Figura 2; Tabela 2). Esta ampla diversificagdo possivelmente reflete a
importancia do grupo para a reparagdo e¢ para a manuten¢do da cromatina eucariotica. No
grupo A estdo presentes as proteinas Pso2/Snml de S. cerevisiae (subgrupo FA), de H.
sapiens (subgrupo MEA) e de Gallus gallus (subgrupo MEA) (Capitulos 1 ¢ 2). Destaca-se
também neste grupo a presenga de um subgrupo formado por DNA ligases vegetais, cuja
funcao no metabolismo de DNA ¢ incerta (Capitulo 2, Figura 2). Por outro lado, o grupo B
¢ formado por proteinas pouco caracterizadas bioquimicamente e a sua distribui¢do ¢ mais
restrita filogeneticamente, ndo estando presente em fungos (Capitulo 2). Entretanto, o grupo
B parece possuir uma fung¢ao mais abrangente para a reparagdo de diferentes tipos de lesdes
em comparagdo com o grupo A (Ishiai et al., 2004), atuando ndo s6 na reparacao de ICLs,
mas também de lesdes geradas por radiagdo ionizante. O grupo Artemis caracteriza-se por
dois subgrupos: o subgrupo Artemis de metazoarios e o subgrupo Artemis de fungos
(Capitulo 3, Figura 1; Tabela 2). A fungdo do subgrupo Artemis de metazoarios na geragao
de diversidade imunologica adaptativa em vertebrados mandibulados, na reparacdo de
danos de DNA e na manuten¢do da cromatina ¢ relativamente bem conhecida (Capitulos 1 e
3), enquanto que ndo hd dados disponiveis sobre o mecanismo de atuacdo do subgrupo
Artemis de fungos (Capitulo 3). Por fim, o quarto grupo ¢ formado por seqiiéncias
Pso2p/Snm1p do género Plasmodium, de fungdo desconhecida.

E interessante notar que, ao longo da evolugdo da familia Pso2p/Snmlp e de seus
grupos e subgrupos, houve uma conservagdo de dominios, conforme indicam os dados de
HCA (Capitulos 1 a 4). Em um primeiro momento, comparando as seqiiéncias ortélogas de
fungos, de metazoarios e de plantas foi possivel identificar trés dominios ou regides
conservados (CRI a CRIII) que, posteriormente, foi expandido com a inclusdo de um quarto

dominio (CRIV) quando foram consideradas as seqiiéncias de protozoarios de diferentes
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grupos da familia Pso2p/Snmlp. Foi observado que estes quatro CRs estao distribuidos ao
longo dos dominios metalo-B-lactamasico e B-CASP, apesar dos mesmos nao terem sido
identificados preliminarmente por Callebaut et al. (2002). E notivel também o grau de
conservacdo de estruturas primarias e secundarias observado nos quatro CRs (Capitulos 2 a
4). Este resultado reforca a idéia de que a conformagdo espacial dos CRs ¢ de extrema
importancia para a atividade enzimatica da familia Pso2p/SnmIp.

Se a filogenia e a analise de seqiiéncias, como visto nos quatro capitulos desta tese,
mostram uma conservagao evolutiva da familia Pso2p/Snmlp, espera-se que as proteinas
desta familia atuem de forma semelhante, pelo menos enzimaticamente. Infelizmente, nao
existem dados bioquimicos sobre os possiveis substratos de DNA utilizados pelas proteinas
Pso2p/Snmlp. Porém, uma possivel fun¢do destas sequéncias na reparagdo de DNA pode
ser extrapolada se forem consideradas as informagdes existentes sobre a proteina Artemis
de metazoarios (Capitulos 1 e 3). Por sua importancia para a recombinacao V(D)J e para a
geracdo de diversidade imunolédgica adaptativa, as atividades enziméaticas da Artemis sdo
amplamente conhecidas (Capitulos 1 e 3). Basicamente, a Artemis ¢ uma exonuclease com
atividade 5’—3’ que atua em fita simples de DNA. Quando fosforilada pelo holocomplexo
DNA-PK, adquire uma func¢ao endonucleasica com alta afinidade por estruturas secundarias
do tipo hairpin, tais como aqueles gerados pelas proteinas Rags durante a recombinacdo
V(D)J (ver Introdugdo, item 3.2.2.). Interessantemente, uma fun¢do exonucleédsica 5’—3’
foi recentemente descrita para a proteina Pso2/Snml de S. cerevisiae (Li et al., 2005).
Contudo, os mesmos autores nao realizaram ensaios de fosforilagao da proteina Pso2/Snm1
a fim de confirmar se a mesma poderia apresentar atividade endonucleédsica em diferentes
substratos de DNA (Li et al., 2005). Até o momento, ndo sdo conhecidas as cinases que
fosforilam o Pso2p/Snmlp, mas uma possivel candidata foi caracterizada recentemente.

Utilizando ensaios de dois-hibridos de leveduras para a deteccao de possiveis proteinas
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interatoras com Pso2p/Snmlp de S. cerevisiae, Revers et al. (manuscrito em preparagao)
isolaram uma treonina-serina cinase denominada de Paklp. A Paklp pertence a familia das
cinases dependentes de célcio/calmodulina, que inclui a proteina CaMKK-f3 de mamiferos
(Anderson et al.,1998). Foi observado que estas cinases sdo responsaveis pela ativagao de
outras proteinas cinases, tais como a Snflp de leveduras e a AMPK de mamiferos em
condi¢des de limitagao nutricional (Nath et al., 2003). A caracterizagdo genética da Paklp
mostrou que tanto Pso2p quanto Paklp atuam epistaticamente na reparagdo de danos do
tipo ICLs. Esta interagdo foi posteriormente confirmada com ensaios de fosforilagao in vitro
utilizando Pakl1p e Pso2p/Snmlp purificados (Revers et al., manuscrito em preparagio). Por
outro lado, considerando que a Artemis de metazoarios ¢ fosforilada pelo holocomplexo
DNA-PK e pelas cinases ATM e ATR (Capitulos 1 e 3), poderia-se esperar que as proteinas
Pso2/Snml também sejam fosforiladas por diferentes cinases. Neste sentido, deve ser
salientado que varias cinases homoélogas a DNA-PKcs podem ser identificadas a partir de
uma prospeccao de dados em bancos gendmicos de leveduras como, por exemplo, as
proteinas Torl e Tor2 (target of rapamycin) de S. cerevisiae (Wedaman et al., 2003). As
proteinas Tors sdo bastante conservadas em todos os filos conhecidos, atuando em diversos
processos fisiologicos (Wedaman et al., 2003). A fungdo das seqiiéncias Tors na reparagdo
de DNA e/ou na manutengdo da integridade gendmica ndo ¢ conhecida mas, tal como a
Paklp, as proteinas Tors sdo ativadas em condi¢des de caréncia nutricional (Wedaman et
al., 2003). Levando-se em conta que a Pak1p ativa outras cinases, pode ser que esta cinase e
as proteinas Tors sejam parte de uma cascata de sinalizagdo ou de fosforilagdo que ativam

proteinas relacionadas a reparagao de DNA, como € o caso do Pso2p/Snmlp (Figura 12).
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Figura 12. Mecanismo proposto de fosforilagdo da proteina Pso2/Snml. Na
presenca de um dano no DNA, a cinase Paklp é ativada, fosforilando diretamente as
cinases Torl e Tor2, ou entdo, fosforilando Pso2p/Snmlp. Uma vez ativadas, as
cinases Torl e Tor2 também poderiam fosforilar Pso2p/Snmlp, necessaria para a
reparacao do dano.

Adicionalmente, os estudos utilizando linhagens mutantes de leveduras, de células
de mamiferos e de linfocitos B de galinha defectivas para as proteinas Pso2p/Snmlp dos
subgrupos FA ¢ MEA mostram um aumento da sensibilidade celular para os agentes
indutores de ICLs, mas nao para a radiagdo UV e ionizante ou agentes alquilantes (Capitulo
2). Esta especificidade pode ser explicada se considerarmos que os ICLs geram mudangas
conformacionais na molécula de DNA, especialmente durante o processo de replicagao,
gerando estruturas secundarias de DNA do tipo hairpins (Capitulo 1). Muitos trabalhos tém
mostrado que a presenca de seqiiéncias palindromicas no genoma de organismos
eucarioticos e procarioticos induz estruturas secundarias de DNA do tipo cruciforme ou do

tipo hairpins que, se ndo corretamente reparadas, sio uma fonte de instabilidades
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cromossomicas (Bzymek & Lovett, 2001; Farah et al., 2002; Lobachev et al., 2002). Os
mecanismos relacionados a reparacdo destas estruturas ainda s3o desconhecidos, mas ha
indicagdes de uma possivel atuagdo do complexo MRX e de outras proteinas da via NHEJ
(Lobachev et al., 2002). Outras fontes de gera¢ao de hairpins, como transposons, também
sdo reparadas por vias semelhantes. Os dados obtidos com diferentes linhagens mutantes de
S. cerevisiae transformadas com o sistema de transposi¢ao Ac/Ds de milho mostram que
Pso2p/Snmlp e varias proteinas da via NHEJ sdo necessarias para a correta reparacao dos
hairpins gerados pela transposic¢ao (Yu et al., 2004).

Um dos varios resultados interessantes obtidos pela analise de seqiiéncias do grupo
A diz respeito a presenga de uma seqiiéncia Pso2/Snm1 no fungo filamentoso Aspergillus
nidulans (AniPso2p FA; Capitulo 2). Esta proteina apresenta, além dos quatro CRs
caracteristicos, dois dominios relacionados a manuten¢do do equilibrio redox (dominios do
tipo citocromo P450 e UbiE) e um dominio envolvido no processamento de mRNA
(dominio do tipo Snp3p) (Capitulo 2). A. nidulans é um fungo toxigeno, que produz e
acumula uma grande quantidade de esterigmatocistina, um precursor metabdlico das
aflatoxinas e um forte indutor de ICLs em células de mamifero (Sweeney & Dobson, 1998).
A ativagdo da esterigmatocistina para a formag¢do de ICLs em mamiferos depende do
citocromo P450 (Sweeney & Dobson, 1998) e ¢ esperado que o mesmo processo acontega
em A. nidulans. Por outro lado, a esterigmatocistina € um importante fator para a indugéo
de esporulacdo em A. nidulans e as linhagens defectivas que ndo acumulam esta toxina
possuem uma taxa de esporulacdo bastante reduzida em relagdo as linhagens selvagens
(Calvo et al., 2002). Apesar da sua funcdo ser desconhecida, o estudo da AniPso2p FA na
reparacdo de ICLs induzidos por esterigmatocistina poderia esclarecer como fungos
produtores de aflatoxinas e seus precursores toleram altas concentragdes intracelulares

destes compostos.
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Além da funcdo na reparac¢ao de danos do tipo ICL, varios resultados apontam que a
familia Pso2p/Snmlp, especialmente as proteinas do grupo A (subgrupos FA ¢ MEA) e do
grupo Artemis, poderia ter uma fungio na manutencio da estabilidade gendmica
eucariotica, sendo recrutada em determinadas etapas do ciclo celular a fim de identificar ou
sinalizar para danos existentes na cromatina antes da célula dar prosseguimento ao seu
processo de divisao (Capitulos 1 a 3). O exato mecanismo de agdo do Pso2p/Snmlp MEA
no controle do ciclo celular ainda ndo é conhecido, mas foi demonstrado que, em células
humanas ¢ em linfécitos de galinha, esta proteina co-localiza-se com a proteina ligante a
p53 (53BP1) e com a y-H2AX (Richie et al., 2002). Estas duas proteinas interagem, por sua
vez, com os componentes dos complexos APC (anaphase promoting complex)/ciclossomo e
SUMO (small ubiquitin-like modifier E3 ligase), fundamentais para a progressdo do ciclo
celular e para a sinalizagdo de danos na cromatina (Harper et al., 2002; Akhter et al., 2004).
Uma vez que o complexo APC/ciclossomo esta associado com o Pso2p/Snmlp MEA, e na
presenca de inibidores de fuso mitdtico como o taxol, hd uma parada de ciclo celular e a
conseqiiente repara¢do dos danos (Akhter et al., 2004). Além disso, Akhter et al. (2004)
demonstraram que a auséncia de Pso2p/Snmlp MEA ¢ fator decisivo para a geracao de
quebras cromossomicas ¢ diminui¢cdo da viabilidade celular. Entretanto, os mesmos autores
ndo mostraram se, na presenca de ICLs, haveria também uma inibi¢do do complexo
APC/ciclossomo.

Em S. cerevisiae e Schizosaccharomyces pombe a presenca de ICLs induz a uma
parada de ciclo celular durante a transi¢do Go/M (Grossman et al., 2000; Lambert et al.,
2003). No caso dos mutantes pso2/snml de leveduras, ha uma parada permanente nesta fase
ap6s o tratamento com agentes indutores de ICLs e uma conseqiiente diminuicao da
viabilidade celular (Grossman et al., 2000). Contudo, ndo se sabe se os inibidores de fuso
mitotico poderiam induzir a uma parada de ciclo celular nos mutantes de leveduras para as

proteinas Pso2/Snml. Assim, duas hipdteses sao plausiveis: (1) as proteinas Pso2/Snm1 FA
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e MEA poderiam operar de forma diferenciada na manuten¢do da cromatina de leveduras e
de organismos multicelulares, o que resultaria em respostas aparentemente antagdonicas a
tratamentos com agentes indutores de danos de DNA e (2) os inibidores de fuso mitotico
possivelmente ativam vias de reparacdo e¢ de parada de ciclo celular que sdo distintas
daquelas observadas para os danos gerados por ICLs. E importante ressaltar que as
proteinas do grupo Artemis também possuem um papel importante na manutengio da
cromatina (Capitulos 1 e 3) e as linhagens defectivas para Artemis possuem um alto indice
de translocagdes e quebras cromossomais (Richardson & Jasin, 2000). Tal como acontece
com as proteinas Pso2p/Snmlp FA, a Artemis ¢ recrutada durante a transi¢do Go/M em
resposta a radiagdo ionizante e UV, associando-se com as cinases ATM e ATR (Zhang et
al., 2004). Contudo, nio ha dados indicando se a Artemis poderia ser recrutada em resposta
a danos gerados por ICLs ou por inibidores de fuso mitotico ou se a mesma poderia se
associar com proteinas do complexo APC/ciclossomo. Levando-se em conta a posi¢ao
filogenética da Artemis e a sua semelhanga estrutural com as proteinas dos grupos A ¢ B
(Capitulos 2 e 3), ndo seria surpreendente a presenga de uma via de manutengdo gendmica
conservada em eucariotos onde a familia Pso2p/Snmlp poderia exercer funcdes de

reparacdo e/ou de sinaliza¢dao de danos na cromatina.

O papel dos grupos Artemis e Plasmodium na geracdo de diversidade

bioldgica em metazoarios, fungos e protozoarios

Apesar da importdncia da familia Pso2p/Snmlp na manuten¢do da cromatina
eucariotica e na reparagao de danos do tipo ICLs, poucos estudos tém sido realizados sobre
como esta familia poderia atuar na geracdo de diversidade bioldgica ou, como conhecido
tecnicamente, no fenomeno da evolvabilidade. A evolvabilidade ¢ um processo vital para

todos os eucariotos, pois permite a sua adaptacdo em ambientes que mudam constantemente
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(Barton & Charlesworth, 1998; Biirger, 1999). H4 varios mecanismos moleculares que
atuam na evolvabilidade dos processos bioquimicos que, em ultima analise, refletem no
fenotipo de um organismo. Como exemplos destes mecanismos moleculares podem ser
citados o sistema imunologico adaptativo de vertebrados mandibulados, a varia¢ao
antigénica de protozodrios e os processos recombinacionais mitdticos e meioticos, sendo
que, neste ultimo caso, caracterizado pela reprodugdo sexuada de grande parte dos
eucariotos (Barton & Charlesworth, 1998; Biirger, 1999).

O grupo Artemis, especialmente o subgrupo Artemis de metazoarios, tem um papel
bem definido na evolvabilidade do sistema imunoldgico adaptativo (Capitulo 3). A funcao
endonucleasica da Artemis é necessaria para a clivagem dos hairpins geradas pelas
proteinas Rags e, conseqiientemente, sua atuagao torna-se fundamental para a maturacdo de
linfécitos B e T (Le Deist et al., 2004). Assim, a presenga de Artemis em mamiferos e em
outros vertebrados mandibulados ¢ esperada por sua funcdo relacionada ao sistema
imunolégico. Contudo, a descoberta de seqiiéncias homologas a Artemis em metazoérios
ndao mandibulados e em fungos é extremamente interessante, pois sugere que as proteinas
Artemis possam estar relacionadas a outros processos moleculares (Capitulo 3). As analises
filogenéticas e de seqiiéncias claramente mostram que, tanto as proteinas Artemis de
metazoarios quanto as de fungos, formam dois grupos irmdos, compartilhando um ancestral
comum recente (Capitulo 3). Neste sentido, a alta conservacdo de estruturas primadrias,
secundarias e terciarias observadas entre as seqiiéncias Artemis atesta para a sua origem
comum (Capitulo 3).

Duas hipéteses poderiam explicar a presenga de Artemis em metazoarios ndo
mandibulados e em fungos. A primeira hipdtese relaciona-se a existéncia de uma via
recombinacional ancestral que se manteve conservada ao longo da evolugdo eucaridtica.
Com a especializacdo tecidual, caracteristica de organismos multicelulares, esta via

recombinacional poderia ter originado as vias V(D)J e a NHEJ. A recente descoberta de
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proteinas homologas a DNA-PKcs em insetos (Dore et al., 2004) corrobora esta hipotese e
fundamenta a idéia de que a proteina Artemis seja necessaria para processos relacionados a
reparagdo de DNA por vias recombinacionais em eucariotos.

A segunda hipdtese que poderia explicar a presenca do grupo Artemis em eucariotos
estaria relacionada com a recombinagio meidtica (Capitulo 3). E fato conhecido que a
recombinagdo meiodtica ¢ um dos principais mecanismos moleculares para a geracdo de
evolvabilidade em cucariotos (Baarends et al., 2001) ¢ que DSBs sdo deliberadamente
introduzidas no DNA gendmico por diferentes tipos de endonucleases (Bhuiyan &
Schmekel, 2004). Em termos bioquimicos, a recombinagdo meidtica compreende os
mesmos passos basicos observados para a via HR somadtica, e varias das proteinas
associadas com a via HR sdo também utilizadas pela recombinagdo meiotica (Baarends et
al., 2001). Por exemplo, o complexo MRX, necessario tanto para a via HR quanto para a
via NHE]J, é recrutado durante a recombinacdo meidtica (Baarends et al., 2001; Borde et al.,
2004). Interessantemente, algumas proteinas das vias V(D)J e NHEJ também sdo utilizadas
durante a recombinagdo meidtica, como ¢ o caso da DNA-PKcs e da y-H2AX, cujas
fungbes neste processo ainda ndo estdo plenamente esclarecidas (Hamer et al., 2003a;
Hamer et al., 2003b). Além destas, uma proteina homologa a Rag-2 conhecida como Peas
foi recentemente identificada em tecidos meidticos de camundongos, sendo que a presenca
desta proteina esta relacionada ao processo de recombinagdo meiodtica (Ohinata et al.,
2003). Deve ser salientado que os dados de expressio génica da ARTEMIS de camundongos
mostram uma alta expressdo deste gene em tecidos meidticos (Moshous et al., 2001), o que
refor¢a a idéia de que o grupo Artemis poderia ter uma participagdo nos processos de
recombina¢do meidtica em metazoarios ou em algumas espécies de fungos (Capitulo 3).

A presenca de seqiliéncias Pso2/Snm1 em protozodrios foi outro achado importante
deste trabalho (Capitulo 2). Por meio da filogenia e da andlise de seqiliéncias foram

identificadas proteinas Pso2/Snml em diferentes espécies de protozoarios, algumas

158



pertencentes ao grupo A e outras pertencentes ao grupo B (Capitulo 2). A funcio destas
proteinas € incerta, mas considerando as suas posi¢des filogenéticas dentro da familia
Pso2p/Snmlp € provavel que estas seqiiéncias estejam relacionadas a reparagdo de DNA e a
manutencdo da cromatina. Interessantemente, a filogenia das seqiiéncias Pso2/Snml de
Plasmodium mostra que estas proteinas formam um grupo evolutivamente mais antigo do
que qualquer outro da familia Pso2p/Snmlp. Os dados de HCA corroboram os resultados
da filogenia, e mostram que a disposi¢do das CRs e, conseqlientemente, dos dominios
metalo-B-lactamasico ¢ -CASP, ¢ completamente diferente do observado para as outras
Pso2p/Snmlp. Estas analises, quando usadas em conjunto, reforcam o fato de que as
proteinas Pso2/Snml de Plasmodium constituem um quarto grupo dentro da familia
Pso2/Snml (Capitulo 2).

O género Plasmodium (filo Apicomplexa) compreende organismos exclusivamente
parasitas de metazoarios, € que possuem um complexo ciclo de vida (Escalante & Ayala,
1995). Uma das principais espécies deste grupo, o P. falciparum, é considerado o agente
etiologico da maldria, responsavel por milhares de mortes a cada ano em todo o mundo
(Maréchal & Cesbron-Delauw, 2001). Sua capacidade de evadir o sistema imunologico de
mamiferos ¢ que torna o género Plasmodium extremamente bem-sucedido como parasita
(Bhattacharyya et al., 2004). A maneira como se da a evasdo se deve ao mecanismo de
variagdo antigénica de superficie empregado pelo Plasmodium. Basicamente, uma familia
de proteinas conhecida como var, arranjadas em grupos ou presentes isoladamente no
genoma do Plasmodium, sdo responsaveis pelo mecanismo de variagdo antigénica
(Bhattacharyya et al., 2004). Ha indicagdes de que a familia var sofre um rearranjo
extensivo de suas seqiiéncias, por uma via recombinacional desconhecida, durante o
processo infectivo, o que leva a um aumento na variabilidade antigénica do organismo.
Apesar de que os mecanismos de reparagdo de DNA sao praticamente desconhecidos em

Plasmodium, algumas proteinas pertencentes as via HR e NHEJ foram descritas nestes
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organismos (Bhattacharyya et al., 2004). Interessantemente, a presenca de um grupo
ancestral da familia Pso2p/Snm1p em Plasmodium, sua posicdo filogenética em relagdo aos
outros grupos € as caracteristicas estruturais proprias das seqiiéncias, abrem a possibilidade
de que estas proteinas possam ter relagdo direta com os mecanismos recombinacionais.
Seria interessante descobrir que, em Plasmodium, opera um mecanismo semelhante a
recombinagdo V(D)J ou NHEJ e que este(s) mecanismo(s) seria(m) o(s) responsavel(is)

pela alta variabilidade clonal observada neste género.

As sequiéncias Pso2p/Snm1p de plantas

Os mecanismos de reparagdo de DNA em plantas sdo pouco conhecidos, e
considerando o modo de vida das plantas (séssil e dependente da radiacdo solar para a
realizacdo da fotossintese) estes sdo, provavelmente, mais complexos do que os
mecanismos presentes em outros filos eucarioticos (Tuteja, 2001). Além disso, as plantas
sofrem danos de forma constante, sejam estes gerados por agentes abioticos (tal como a
presenga de metais pesados no solo) ou por agentes bidticos (fungos endofiticos produtores
de micotoxinas), de forma que ndo ¢ surpreendente que as plantas apresentem mecanismos
redundantes de reparacdo de DNA (Tuteja, 2001). Algumas proteinas das vias HR ¢ NHEJ
foram previamente caracterizadas em A. thaliana, tais como Mrellp (Bundock &
Hooykaas, 2002), Rad50p (Daoudal-Cotterell et al., 2002) ¢ Ku70/Ku80 (Tamura et al.,
2002).

No caso da familia Pso2p/Snmlp, as andlises filogenéticas e de seqiiéncias dos
diferentes grupos mostram que as plantas possuem inumeras seqiiéncias paralogas
distribuidas nos grupos A e B, cujas fungdes na reparagdo ou na manutengdo gendmica sao

praticamente desconhecidas (Capitulos 1, 2 ¢ 4).
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De uma forma geral, as seqliéncias Pso2p/Snmlp de plantas podem ser agrupadas
filogeneticamente em quatro subgrupos: MEA, MEB, PSA e PSB (Capitulo 2; Tabela 2).
As seqiiéncias Pso2p/Snmlp de plantas, presentes no subgrupo MEA, foram caracterizadas
recentemente pela alta sensibilidade que as linhagens mutantes de A. thaliana ¢ O. sativa
apresentavam a agentes indutores de EROs (Molinier et al.,2004; Kimura et al., 2005). Para
os mutantes pso2/snml MEA de O. sativa também foi observado um aumento de
sensibilidade para mitomicina C (Kimura et al., 2005), provavelmente devido a geracdo de
EROs por este agente quimico. Independente da espécie de planta, a sensibilidade
apresentada pelos mutantes as EROs levou os autores a concluir que estas proteinas sdo
especificas para algum mecanismo de reparacdo de bases oxidadas (Molinier et al.,2004;
Kimura et al., 2005). Interessantemente, observou-se que estas seqiiéncias agrupam
fortemente com as seqiiéncias MEA de metazodrios, sendo que os dados de HCA apontam
uma alta similaridade estrutural entre as mesmas (Capitulo 2). Como discutido
anteriormente, as células de mamiferos defectivas para as seqii€ncias do subgrupo MEA sao
altamente sensiveis a mitomicina C e a cisplatina. Entretanto, ambos os compostos sao
fortes indutores de EROs (Korkina et al., 2000), sendo que os ICLs correspondem a apenas
uma pequena fracao dos danos totais formados. Uma hipdtese interessante a ser testada ¢ a
de que as seqiiéncias Pso2p/Snmlp MEA de metazoarios poderiam também estar
relacionadas a reparagdo de bases oxidadas, enquanto que os outros grupos da familia
Pso2p/Snmlp seriam recrutados para a reparacdo de danos do tipo ICL ou gerados por
radiagdo ionizante.

Infelizmente, as seqiliéncias de plantas pertencentes aos subgrupos MEB e PSB nao
possuem funcdo definida e, sem maiores informagdes bioquimicas e genéticas a respeito da
atuacdo destes subgrupos na reparagdo e/ou na manuten¢do da cromatina, torna-se muito
dificil inferir qualquer fungdo. Contudo, as seqiiéncias Pso2p/Snmlp do subgrupo PSA sao

extremamente interessantes pelo fato de que uma nova familia de DNA ligases dependentes
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de ATP, exclusiva de plantas, estd presente neste subgrupo. Por suas caracteristicas
filogenéticas e estruturais, esta familia foi denominada de Lig6p (Capitulo 2 ¢ 4).

As andlises filogenéticas da superfamilia das nucleotidiltransferases, que engloba as
DNA ligases I, III, IV e as enzimas que adicionam o 5’-cap no mRNA, indicaram que a
familia Ligbp divergiu de um ramo ancestral que também originou as DNA ligases I
(Capitulo 4). As analises de HCA mostraram que dois dominios conservados estdo
presentes nas seqiiéncias Ligbp: um dominio N-terminal, contendo as quatro CRs
caracteristicas das proteinas Pso2/Snml, e um dominio C-terminal, homologo ao da familia
das DNA ligases I (Capitulo 4). Estes dados de HCA foram posteriormente corroborados
com uma modelagem tri-dimensional das regides N- e C- terminais (Capitulo 4).
Interessantemente, uma andlise de microssintenia indicou que as Lig6p estdo ligadas aos
locos SLL2 ¢ S de A. thaliana e Brassica sp., respectivamente (Capitulo 4). Estes locos
contém genes que codificam para diferentes proteinas relacionadas ao controle do padrao
reprodutivo de angiospermas, além de atuarem na defesa contra patogenos e no processo de
desenvolvimento (Dwyer et al., 1994; Pastuglia et al., 1997).

Em plantas, apenas as DNA ligases I e IV foram descritas at¢ o0 momento. As DNA
ligases I sdo enzimas importantes para a replicagdo e para a reparacdo de DNA, atuando nos
mecanismos de excisdo (Tison et al., 2000) As DNA ligases IV, por sua vez, atuam
preferencialmente em processos recombinacionais, especialmente na via NHEJ (Tomkinson
& Mackey, 1998). Ambas as DNA ligases estdo presentes na maioria dos filos eucaridticos
estudados, o que denota a sua importancia para o metabolismo geral de DNA. No caso das
DNA ligases I e IV de plantas, os estudos de expressdo de proteina indicam que os tecidos
que se dividem ativamente, tais como os tecidos meristematicos, sdo 0s que apresentam a
maior atividade de DNA ligase. Entretanto, se for considerada a alta similaridade
apresentada pela regido C-terminal da Ligbp com a DNA ligase I, a baixa discriminagdo dos

ensaios usados para detectar a atividade de DNA ligase e a presencga do gene LIG6 no loco
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que controla a reproducdo em plantas, ¢ plausivel pensar que a Ligbp tenha uma funcao
importante na replicacdo de DNA de meristemas (Capitulo 4). O dominio endonucledsico
Pso2p/Snmlp da Ligbp sugere que estas enzimas também podem atuar na reparacido de
ICLs, de bases oxidadas e/ou na manutencao da cromatina de plantas.

Deve ser salientado que as proteinas Ligb compdem a primeira familia de DNA
ligases eucarioticas com uma dupla fun¢do enzimatica, atuando tanto como endonucleases
quanto como ligases (Capitulo 4). As DNA ligases com dupla fun¢do enzimatica s6 foram
descritas recentemente em algumas espécies de bactérias, tais como Mycobacterium
tuberculosis (Della et al., 2004) e Pseudomonas aeruginosa (Zhu & Shuman, 2005). Estas
DNA ligases dependentes de ATP, denominadas de LigD, sdo necessarias para a
restauragdo de DSBs, atuando em uma via analoga & NHEJ de eucariotos. E possivel que as

LigD também tenham outras fun¢des no metabolismo do DNA procaridtico.

163



Conclusdes




Concluséo geral

A familia Pso2p/Snmlp compreende proteinas evolutivamente conservadas que
possuem fungdes na reparacdo de DNA, na manutencdo da cromatina eucariotica € na
geracdo de diversidade biologica. As analises filogenéticas e de seqii€ncias mostraram que
quatro grupos principais compdem a familia Pso2p/Snmlp, sendo que cada grupo ¢
formado por diversos subgrupos distintos. Adicionalmente, os dados de HCA permitiram
identificar quatro regides conservadas na proteina Pso2/Snml, tanto em termos de estrutura
primaria quanto secunddria, permitindo ampliar os conhecimentos estruturais sobre esta
familia. Mais ainda, a técnica de analise de seqiiéncias associada a filogenia mostrou-se
uma ferramenta poderosa para a identificacdo de novas proteinas da familia Pso2p/Snmlp,

cuja fungdo ou classificacdo ndo era previamente conhecida.

Conclusdes especificas

e Quatro grupos distintos compdem a familia Pso2p/Snmlp, conforme os
resultados obtidos com a analise filogenética da familia B-CASP. Sao eles:
grupo A, grupo B, grupo Artemis e grupo Plasmodium. Cada grupo, com
exce¢do do Plasmodium, ¢ formado por subgrupos também distintos que
podem ter diferentes fungdes na reparacao de DNA;

e A andlise de HCA permitiu mapear quatro regides conservadas (CRs)
presentes em todos os grupos da familia Pso2p/Snmlp. Estas quatro CRs
possuem uma alta similaridade, tanto de estrutura primdria quanto de
estrutura secunddria.

e Levando-se em conta as informagdes bioquimicas obtidas com as proteinas

do grupo Artemis e de sua fun¢io endonucleasica na clivagem de substratos
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do tipo hairpins, assim como as mais recentes informagdes sobre a indugao
de estruturas secundarias de DNA por eventos de transposi¢do ou pelo
colapso da forquilha de replicacdo de DNA, ¢ possivel que a presenca de
ICLs durante a replicacdo também origine estruturas do tipo cruciforme ou
hairpins que, por sua vez, serviriam de substrato para as proteinas
Pso2/Snml.

O grupo A ¢ formado por seqiiéncias Pso2/Snm1 amplamente distribuidas na
maioria das espécies eucaridticas estudadas. Quatro subgrupos compdem o
grupo A e as fungdes deste grupo estdo centradas na reparagdo de danos do
tipo ICL e na manuten¢do da integridade da cromatina. Uma seqiiéncia
Pso2p/Snmlp de A. nidulans, identificada pela analise de seqiiéncias e que
contém trés dominios adicionais envolvidos na manutencdo do equilibrio
redox e no processamento de mRNA, poderia ter um papel fundamental na
reparacdo de danos induzidos por aflatoxinas ou por esterigmatocistina.

O grupo B apresenta uma distribuicdo filogenética mais restrita, nao
encontrado em fungos. Tal como observado para o grupo A, este grupo ¢
formado por diferentes subgrupos. A fun¢do do grupo B na reparagdo de
DNA nio ¢ conhecida, apesar de haverem indicios de que estas proteinas sao
recrutadas para a reparacao de danos gerados por agentes bifuncionais e por
radiagdo ionizante.

O grupo Artemis é formado por dois subgrupos: a Artemis de metazodrios e
a Artemis de fungos. Por sua fun¢io na manutengdo da cromatina, na
recombinagdo V(D)J e na reparacdo de DNA, atuando em conjunto com a
via NHEJ, o subgrupo Artemis de metazoarios é o que possui a melhor
caracterizacdo genética e bioquimica de todas as proteinas da familia

Pso2p/Snmlp. Contudo, a presenga de proteinas semelhantes & Artemis em
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fungos, possivelmente indica que estas sequéncias tenham outras fungdes,
seja na reparagdo ou na evolvabilidade.

As seqiiéncias Pso2p/Snmlp de Plasmodium constituem o grupo
filogeneticamente mais antigo dentro da familia Pso2p/Snmlp.
Estruturalmente, os dados de HCA mostram que as proteinas Pso2/Snml de
Plasmodium sao diferentes daquelas observadas em outros grupos. Estas
seqiiéncias, apesar de ndo terem uma fun¢do conhecida, poderiam estar
associadas a reparacdo de DNA, a manutencdo da cromatina ou mesmo
participarem de algum mecanismo andlogo a recombinagdo V(D)J para a
geragdo de diversidade antigénica em Plasmodium.

Os dados de filogenia e de seqiiéncias indicam que as proteinas Pso2/Snml
de plantas podem ser divididas em quatro subgrupos: MEA, MEB, PSA e
PSB. As fung¢des especificas de cada subgrupo ndo sdo conhecidas, mas a
presenca de duas seqiiéncias MEA em A. thaliana ¢ O. sativa, cuja disrupgao
promove um aumento de sensibilidade a agentes indutores de EROs, ¢ um
indicativo de que as outras seqiiéncias deste subgrupo, tais como as de
metazodarios, poderiam ter uma fungdo na reparacao de bases oxidadas.

A prospeccao de dados gendmicos de plantas, seguida da analise filogenética
e de seqiiéncias, permitiu identificar uma nova familia de DNA ligases
especificas de plantas, as quais contém um dominio Pso2p/Snm1p na regido
N-terminal e um dominio do tipo DNA ligase I na regido C-terminal. Esta
nova familia de DNA ligases (chamada de Ligbp), pode ter importantes
funcdes no metabolismo de DNA em plantas. A presenca de um dominio
Pso2p/Snmlp a caracteriza como a primeira DNA ligase eucaridtica com

fun¢ao exo/endonucleasica.
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Perspectivas

A prospeccao de dados gendmicos, seguidas de uma intensa analise filogenética e de
seqiiéncias, revelou que a familia Pso2p/Snmlp ¢ formada por inimeros grupos e
subgrupos cujas fungdes no metabolismo do DNA gendmico sdo praticamente
desconhecidas. Os dados bioquimicos e genéticos obtidos com a Artemis de vertebrados e
também com algumas proteinas Pso2/Snml dos subgrupos FA e MEA apontam para
funcdes que incluem desde a reparacdo de danos gerados por agentes bifuncionais até a
manuten¢do da cromatina e a geragdo de diversidade bioldgica. Assim, propdem-se alguns
estudos dentre os varios outros que poderiam ser feitos para esclarecer as fungdes desta
familia de proteinas no metabolismo de DNA:

e Verificar a indugdo in vivo de hairpins ou outras estruturas secundarias de
DNA por agentes bifuncionais, tais como 8-MOP mais UVA, em linhagens
selvagens ¢ mutantes de S. cerevisiae para o gene PSO2/SNM1. Os dados
gerados por estes experimentos poderiam ser confrontados com os resultados
ja existentes para os mutantes de S. cerevisiae transformados com o sistema
de transposi¢do de milho Ac/Ds, que também gera hairpins in vivo.

e Sabendo que diferentes tipos de cinases (DNA-PKcs, ATM e ATR) atuam na
fosforilagdo de proteinas do subgrupo Artemis de metazoarios, ativando sua
funcdo endonucleolitica, o mesmo estudo poderia ser realizado com os
mutantes de S. cerevisiae disruptados para as cinases TOR1, TOR2 (ambas
homoélogas a DNA-PKcs) e TEL1 (homdloga a8 ATM). A habilidade destes
mutantes para a reparagdo de hairpins poderia ser analisada utilizando o
sistema Ac/Ds transformado em leveduras.

e Analisar, in vitro, a capacidade das cinases Torlp, Tor2p e Tellp de

fosforilar o Pso2p/Snmlp de S. cerevisiae. Estes resultados poderiam ser
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comparados com os dados ja obtidos por nosso grupo a respeito da
fosforilagao do Pso2p/Snmlp pela cinase Pakl1p.

A capacidade do Pso2p/Snmlp fosforilado de clivar hairpins também
poderia ser analisada in vitro. Este resultado esclareceria se outros grupos da
familia Pso2p/Snm1p, além da Artemis, teriam esta capacidade.

Sabendo que as células mutantes de mamiferos para o Pso2p/Snmlp do
subgrupo MEA sdo sensiveis a a¢do de inibidores do fuso mitotico, seria
importante verificar se as linhagens pso2/snml de S. cerevisiae também
apresentam a mesma sensibilidade.

A analise das seqiiéncias semelhantes a Artemis de fungos, em especial a da
levedura Debaryomyces hansenii, seria de grande interesse para as pesquisas
relacionadas a este grupo de proteinas. Visto que inimeras ferramentas
moleculares para a manipulagdo de leveduras estdo disponiveis e, levando-se
em conta a facilidade para induzir mutagdes ou disrupgdes sitio-especificas
nestes organismos, os estudos destas seqiiéncias poderiam esclarecer alguns
pontos obscuros referentes & atuagio da Artemis na estabilidade genomica e,
principalmente, na reparacao de DNA.

As proteinas Pso2/Snml do grupo Plasmodium, por suas caracteristicas
estruturais e por suas provaveis fungdes na geracao de diversidade biologica,
na reparacao de DNA e na manutencao da cromatina, merecem um destaque
especial nos estudos relacionados a familia Pso2p/Snmlp. O uso da
tecnologia de RNAi para o silenciamento génico do PSO2/SNM1 em
Plasmodium permitiria o estudo da fung@o destas proteinas in vivo.

A presenga de intmeras seqiiéncias Pso2/Snml pardlogas em plantas ¢
intrigante, ¢ um estudo mais pormenorizado se faz necessario a fim de

esclarecer suas fung¢des no metabolismo de DNA. Poderia-se testar a
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sensibilidade dos mutantes de A. thaliana para estes subgrupos para
tratamentos com diferentes agentes genotoxicos.

Sabendo que a disrupgao da seqiiéncia PSO2/SNM1 MEA de A. thaliana ¢
de O. sativa induz um aumento de sensibilidade a EROs, o0 mesmo fendmeno
poderia ser estudos em linhagens mutantes de mamiferos e fungos para o
gene PSO2/SNM1 (subgrupos MEA e FA). Além disso, a combinagdo de
mutagdes para as vias associadas a reparacdo de bases oxidadas com
pso2/snml de S. cerevisiae poderia trazer informagdes importantes a respeito
de uma possivel fun¢do na reparagdo de bases modificadas.

A andlise da atividade enzimatica da familia Ligbp de plantas ¢ de
fundamental interesse para todas as pesquisas relacionadas ao metabolismo
de DNA em plantas. Por se tratar de uma DNA ligase com dupla funcao,
varios ensaios in vitro e in vivo poderiam ser realizados a fim de provar a
presenga de uma atividade endonucledsica e de DNA ligase nesta sequéncia.
Além disso, a construcdo de linhagens lig6 de A. thaliana permitiria avaliar a
importancia desta proteina para a replicagdo, para a reparagdo e para a

manutengdo da integridade da cromatina.
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ANEXO |

TABELA PARA A NOMENCLATURA DE GENES E VIAS DE REPARACAO DE DNA

Adaptado dos Anais do Simpésio: “DNA Repair and Mutagenesis: From Molecular Structures to Biological

Consequences”. Southampton, Bermudas, 2004.

Pathways | E.coli | S.cerevisiae | S.pombe | Drosophila | Human Activity
Base excision repair
(BER)
DNA glycosylases Major altered base
released:
ung+ | UNG1 | ung1+ | - UNG u
_ | - | - | CG5285 SMUG1 U, hydroxymethyl U
- - - - MBD4 (MED1) U or T opposite G at
CpG sequences
mug+ _ thp1+ Thd1 TDG U, T or ethenoC
opposite G
fog+ (mutM+) | 0GG1 | | Ogg? OGG1 8-0x0G opposite C
muty+ | - | myht’ | - MYH A opposite 8-0x0G
nth+ NTG1, NTG2 nth1* CG9272 NTH1 (NTHL1) Ring-saturated or
fragmented
pyrimidines
alkA+, tagA+ MAG1 mag1+, MPG (MAG, AAG) 3-meA, ethenoA,
SPBC23G7.11 hypoxanthine
nei+ - - - NEIL1 Removes thymine
glycol
- - - NEIL2 Removes oxidative
products of C, U
- _ - NEIL3 Removes
fragmented/oxidized
pyrimidines
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Pathways | E.coli | S.cerevisiae | S.pombe | Drosophila | Human | Activity |
Other BER factors | | | | | |
xthA+ ‘ APN2 (ETH1) | apn2+ | Rrp1 | APEX1 (HAP1, APET1, | AP endonuclease ‘

REF1)

_ IE IE | Apli | APEX2 (APE2) |_AP endonuclease |
nfo+ | APNT | apni+ | | - | AP endonuclease |
- IE IE | ceir227 | LiG3 | DNA ligase |
_ - XRCC1 XRCC1 Accessory factor for
LIG3 & BER
- - - Parp PARP1 (ADPRT) Poly(ADP-ribose)
polymerase
_ = B | | PARP2(ADPRTL2) | ADPRT-like enzyme |
Direct reversal of | | | | | |
damage phrA+ | PHRI |- | phr | - | CPD photolyase |
- |- | - | phré-4 || - | (6-4) photolyase |
- - uvet® (uvde”) - - UV damage
endonuclease
ada+, ogt+ MGT1 SPAC1250.04¢ agt MGMT (AGT) 0%-meG
alkyltransferase
alkB+ ABH?2 Reversal of alkylation
damage (1-meA and
3-meC)

ABH3 (DEPC-1) Reversal of alkylation
damage (1-meA and
3-meC)

Repair of DNA-protein
cross-links
TDP1 SPCP31B10.05 Tdp1 TDP1 Removes covalently
bound Topol-DNA
complexes
Mismatch excision repair
(MMR)
mutS+ MSH2 swig+ spelt MSH2 Mismatch and loop
(spellchecker1) recognition
MSH3 | swi4 || - | MSH3 |
MSH6 [ - | cGr003 | MSH6 |
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Pathways

E. coli

S. cerevisiae

S. pombe

Human

Activity

MSHA4

MSH5

MutS homologs
specialized for meiosis

mutL+

MLH1

PMS1

mih1+

PMS2

MutL homologs,
forming dimer

PMS1

MutL homolog

MLH3

MutL homologs of
unknown function

PMS2L3

MutL homologs of
unknown function

PMS2L4 (PMS6)

MutL homologs of
unknown function

mutH+

GATC recognition

uvrD+ (mutU+)

helicase aiding
excision in MMR and
NER

Nucleotide excision
repair (NER)

RAD4

| rhp41+, rhp42+

| mus210

XPC |

RAD23

| rhp23+

| Rad23

RAD23B (HR23B) |

Binds distorted DNA
as complex

RAD23A (HR23A) |

RAD23B paralog

RAD14

rhp14+

Xpac

XPA

Binds DNA & proteins
in pre-incision
complex

uvrA+

Binds damaged DNA
in complex with UvrB

uvrB+

Catalyzes unwinding
in pre-incision
complex

TFIIH subunits

Catalyzes unwinding
in pre-incision
complex

SSL2 (RAD25)

ercc3sp+

hay (haywire)

XPB (ERCC3)

3'to 5' DNA helicase
TFIIH subunit

RAD3

rad15+ (rad5+)

Xpd

XPD (ERCC2)

5'to 3' DNA helicase
TFIIH subunit

198




Pathways E. coli | S.cerevisiae | S.pombe | Drosophila | Human | Activity |
| TFB1 | 1+ | Ti1 | GTF2H1 | TFIIH subunit p62 |
| SSL1 | ssi1+ | Ssit | GTF2H2 | TFIIH subunit p44 |
| TFB4 | tfb4+ | T4 | GTF2H3 | TFIIH subunit p34 |
| TFB2 | 2+ | T2 | GTF2H4 | TFIIH subunit p52 |
| TFBS | | CG31917 | GTF2H5 (TTDA) | TFIIH subunit p8 |
| _KiN28 | - | Cak7 | _CDK7 | Kinase subunits of
| ccL1 | - | CycH | CCNH | TFIH
| 7FB3 |- | Mati | MNATY (MAT1) |_TFIIH subunit |

NER nucleases | | | | | |

uvrC+, cho+ 3’ and 5’ incision
nuclease
| RAD2 | rad13+ | mus201 | XPG (ERCCS5) | 3'incision nuclease |
| _RAD10 | _swi10+ | Ercct | ERcCC1 | 5"incision nuclease
| RADT1 | rad16+ | mei9 | XPF (ERCC4) | subunits
RAD28 - - CSA (CKN1, ERCCS) Cockayne syndrome;
needed for TC-NER
mfd+ RAD26 rhp26+ - CSB (ERCC6) Cockayne syndrome;
needed for TC-NER
| - | - | dab1+ | Ddb1 | DDB1 | p127 subunit of DDB |
_ _ . - DDB2 (XPE) p48 subunit of DDB,
defective in XP-E
| | RAD7 | rap7+ | | - | E3 ubiquitin ligase and
| | RAD16 | rhp16+ | |- | damage binding
| | MMs19 | | Mms19 | _MMS19L(MMS19) | Transcription and NER |

DNA Ligase | | ligA+ | cDC9 | cdc17+ | DNA-iig! | LIGT | DNA joining |

Single-stranded DNA ssb+ RFA1 | _ssb1+ | _RpA-70 | _RPA1 | Binds ssDNA

binding protein RFA2 || ssb2+ | RpA-30 | RPA2 | intermediates in

RFA3 ssh3+ RpA-8 RPA3 recombination, NER &
gap-filling pathways

Homologous | | | | |

recombination (HR) recA+ RAD51 rhp51+ Rad51 (spn-A) RADS51 Formation of protein

filament to mediate
homologous pairing
| | RADS51L1(RAD518) | Rad51p paralog |
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Pathways E. coli | S.cerevisiae | S.pombe | Drosophila | Human | Activity |
| | | spn-D | RADS51C | Rad51p paralog |
| | | | RAD51L3 (RAD51D) | Rad51p paralog |

DMC1 dme1+ DMC1 Rad51p paralog for
meiosis
Rad51D XRCC2 DNA break and cross-
link repair
recB+, recC+, Generation of sSDNA
recD+ to allow formation of
RecA filament
spn-B XRCC3 DNA break and cross-
link repair
recF+, recO+, RAD52 rad22+ RAD52 Accessory factor for
recR+ (ra1d22a+), recombination
rti1+
(rad22b+)
RAD54 rhp54+ okra RAD54L Accessory factor for
recombination
RAD54B Accessory factor for
recombination
| _RADS5 | _rhp55+ | - | - | Recombination
| RAD57 | rhp57+ | - | - | mediator function
- | RADS59 - | - | - | |
| RHC18 | rad18’ | | | |
BRCA1 Recombination; E3
ubiquitin ligase
BRCA2 (FANCB, Cooperation with
FANCD1) RAD51, essential
function
sbcC+ RAD50 rad50+ rad50 RAD50 ATPase in complex
with Mre11Ap, Nbslp
sbeD+ MRE11 mrel1 MRE11A | 3' exonuclease |
XRS2 nbs1+ nbs NBS1 Mutated in Nijmegen
breakage syndrome
ruvA, ruvB

Branch migration of
Holliday junctions
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Pathways E. coli | S.cerevisiae | S.pombe | Drosophila | Human | Activity |
ruvC (mus81-eme1)+? Nuclease to cleave
7 | Holliday junctions
Non-homologous end- | | | | | |
joining (NHEJ) | HDF1 | pkuro+ | Irbp | Ku70(G22P1) | DNA end binding |
| HDF2 | pkugo+ | Kugo | Kug0 (XRCCS) | DNA end binding |
_ _ PRKDC DNA-dependent
(DNA-PKes, XRCC7) | protein kinase catalytic
subunit
| LG4 | | ligase4 | LiG4 | Ligase |
LIF4 XRCC4 Ligase accessory
factor
| | | | Artemis (SNM1C) | Nuclease |
Modulation of nucleotide
pools
MutT+ | - | - | CG10898 | MTH1 (NUDT1) | 8-oxoGTPase |
Dut+ | | | dUTPase | but | duTPase |
p53R2 p53-inducible
ribonucleotide
reductase small
subunit 2
DNA polymerases polB+ (dinA, pol Damage responses
(catalytic subunits) 1)
| | | | POLB (5, beta) | BERin nuclear DNA |
MIP1 SPCC24B10.22+ tam (tamas) POLG (y, gamma) Replication & BER in
mitochondrial DNA
| CDC2 (POL3) | cdc6+ | DNA-pols | POLD1 (5 delta) | NER and MMR |
| POL2 | cdc20+ | DNA-polz | POLE1 (s epsion) | NER and MMR |
REV3 rev3+ mus205 REV3L (¢, zeta) DNA pol zeta catalytic
(PSO1) subunit
| REV7 | | rev7 | REV7 (MAD2L2) | DNA pol zeta subunit |
REV1 Rev1 REVIL (REV1) dCMP transferase &

other roles in TLS

umuC+

Catalytic subunit of
Pol V for lesion
bypass
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Pathways E. coli | S.cerevisiae | S.pombe | Drosophila | Human | Activity
RAD30 esol+ DNA-poln POLH (7, eta) Bypass of CPD,
defective in XP-V
POL] (1, iota; RAD30B) | Lesion bypass
_ - - mus308 POLQ (6, theta) Lesion bypass; DNA
cross-link repair?
dinB+ POLK (x, kappa; Lesion bypass
(Pol IV) DINB1)
POL4 SPAC2F7.06¢ | POLL (4, lambda) | Meiotic function?
POLM (u, mu) Gap filling during non-
homologous end-
joining
- - - - POLN (v, nu; POL4P) DNA cross-link repair?
| PoL5 | pois+ | | |
DNA polymerase
(accessory factors)
dnaN+ | POL30 | pent+ | mus209 | PCNA | Sliding clamp
dnaX+ CDC44 rfe1+ Gnf1 RFC1 Clamp loader, Iarge
subunit
Processing nucleases
| MUS81 | mus81+ | muss81 | muss1 | Structure-specific
| MMs4 | emet+ | CG12936-PA | MMS4 | nuclease subunits
polA+ RAD27 (RTH1) rad2+ 1(3)04108 FEN1 (DNase V) 5' nuclease
(5’ to 3’exo)
| | | | TREX1(DNasell) | 3'exonuclease
| | | | TREX2 | 3'exonuclease
recd+, Exo1+ EXO1 exof+ tos (tosca) EXO1 (HEX1) Exonuclease for MMR
and other pathways
SPO11 meiW-68 SPO11 Recombination
endonuclease
nfi+ (EndoV'+) - SPAC1F12.06¢ - ENDOV (FLJ35220) Incision 3' of
hypoxanthine & uracil
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Pathways | E.coli | S.cerevisiae | S.pombe | Drosophila | Human | Activity
Rad6p pathway | | | | | |
RAD6 UbcD6 UBE2A (RAD6A) E2 ubiquitin-
conjugating enzyme
UBE2B (RAD6B) E2 ubiquitin-
conjugating enzyme
RAD18 rhp18+ RAD18 Assists repair or
replication of damaged
DNA
HPR5 (SRS2, srs2+
RADH)
| MMS2 | UBE2V2 (MMS2) | Ubiquitin-conjugating
UBE2N (UBC13, complex
BTG1) Ubiquitin-conjugating
complex
Genes defective in
diseases associated with
sensitivity to DNA
damaging agents
recQ+ SGS1 rqgh1+ (hus1+, mus309 BLM Bloom syndrome
rad12+) helicase
mus304 WRN Werner syndrome
helicase / 3'
exonuclease
RECQL4 Rothmund-Thompson
syndrome
TEL1 rad3+, telt+ atm ATM | Ataxia telangiectasia
HNT3 SPCC18.09¢ CG5316 APTX Ataxia-oculomotor
apraxia syndrome
(Aprataxin; interaction
with XRCC1, XRCC4)
Fanconi anemia | | | | |
| | | - | _FANCA | Tolerance or repair of
| | = | FANCB | DNA cross-links
| | | - | FANCC |
- = = | fanca2 | FANCD2 |
_ = |[— = | FANCE |
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Pathways E. coli | S.cerevisiae | S.pombe | Drosophila | Human | Activity
_ _ _ _ FANCF
- = || - = | FANCG (XRCC9) |
Other genes related to
DNA repair
PSO2 (SNM1) mus322 DCLRE1A (PSO2, DNA cross-link repair
SNM1) nuclease
RADS5 (SNM2) Post-replication repair
ATPase
| | | SNM1B(DCLRE1B) | Related to SNM1 |
PNKP (PNK) Converts some DNA
breaks to ligatable
ends
mus301 HEL308 Similar to helicase
(spn-C) domain of Mus308
Other conserved DNA
damage response genes
- H2A hta1+, hta2+ His2av H2AFX (H2AX) Histone,
phosphorylated after
DNA damage
- - - p53 p53 (TP53) Transcription factor &
DNA binding
MEC1 rad3+, tel1+ mei-41 ATR ATM- and PI-3K-like
essential kinase
| DDC2 | rad26+ | mus304 | ATRIP | ATR interacting |
| RAD17 | rad1+ | rad1 | RAD1 | PCNA-like DNA
| DDC1 || rad9+ | rad9 | RAD9 | damage sensor (9-1-1
MEC3 hus1+ Hus1-like HUS1 complex)
RAD24 rad17+ Rad17 RAD17 RFC1-like DNA
damage sensor
| RAD9 | crb2+ (hp9+) | | | Checkpoint function |
| CHK1 | chk1"(rad27) | grp (grapes) | CHEK1 | Effector kinase |
| RADS53 | cdst+ | lok (loki) | CHK2 (CHEK2) | Effector kinase |
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Abstract

Photoactivated psoralens used in treatment of skin diseases like Psoriasis and Vitiligo cause DNA damage, the repair of
which may lead to mutations and thus to higher risk to have skin cancer. The simple eukaryote Saccharomyces cerevisiae was
chosen to investigate the cells’ genetic endowment with repair mechanisms for this type of DNA damage and to study the
genetic consequences of such repair. Genetic studies on yeast mutants sensitive to photoactivated psoralens, named pso mutants,
showed their allocation to 10 distinct loci. Cloning and molecular characterization allowed their grouping into three functional
classes: (1) the largest group comprises seven PSO genes that are either generally or speci cally involved in error-prone DNA
repair and thus affect induced mutability and recombination; (I1) one PSO gene that represents error-free excision repair,
and (I11) two PSO genes encoding proteins not in uencing DNA repair but physiological processes unrelated to nucleic acid
metabolism. Of the seven DNA repair genes involved in induced mutagenesis three PSO loci [PSOI/REV3, PSO8/RADG,
PSO9/MEC3] were allelic to already known repair genes, whereas three, PSO2/SNM1, PSO3/RNR4, and PSO4/PRP19
represent new genes involved in DNA repair and nucleic acid metabolism in S. cerevisiae. Gene PSO2 encodes a protein
indispensable for repair of interstrand cross-link (ICL) that are produced in DNA by a variety of bi- and polyfunctional
mutagens and that appears to be important for a likewise repair function in humans as well. In silico analysis predicts a
putative endonucleolytic activity for Pso2p/Snm1p in removing hairpins generated as repair intermediates. The absence of
induced mutation in pso3/rnr4 mutants indicates an important role of this subunit of ribonucleotide reductase (RNR) in
regulation of translesion polymerase { in error-prone repair. Prp19p/Pso4p in uences ef cienc y of DNA repair via splicing
of pre-mRNAs of intron-containing repair genes but also may function in the stability of the nuclear scaffold that might
in uence DNA repair capacity. The seventh gene, PSO10 which controls an unknown step in induced mutagenesis is not
yet cloned. Two genes, PSO6/ERG3 and PSO7/COX11, are responsible for structural elements of the membrane and for

Abbreviations: WT, wild type; UVC, irradiation with 254 nm UV-light; 8-MOP + UVA, 3-CPs + UVA, pre-treatment with, respectively,
8-methoxypsoralen or 3-carbethoxypsoralen and irradiation with 365 nm UV-light; HN2, nitrogen mustard; HN1, nitrogen half mustard; MNNG,
N-methyl-N'-nitro-N-nitrosoguanidine; 4NQO, 4-nitroquinoline N-oxide; 8HQ, 8-hydroxyquinolineoxide; NDEA, N-nitrosodiethylamine; cis-
DDP, cisPlatin; ICL, interstrand cross-link; DSB, DNA double-strand breaks; NER, nucleotide excision repair; aa, amino acid

* Corresponding author. Tel.: +55-51-3316-6069; fax: +55-51-3316-6084.
E-mail address: pegas@dna.cbiot.ufrgs.br (J.A.P. Henriques).
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a functional respiratory chain (RC), respectively, and their function thus indirectly in uences sensitivity to photoactivated

psoralens.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Psoralen sensitivity; Yeast; DNA repair; Mutagenesis; Cross-link repair; pre-mRNA splicing; Ribonucleotide reductase; Ergosterol;

Cytochrome c oxidase; Oxidative stress

1. Introduction

Photoactivated psoralens are already used for
decades in the phototherapy (PUVA) of diverse skin
diseases, e.g. Psoriasis and Vitiligo [1]. For some skin
disorders this PUVA seems to exert its bene cial role
through the production of DNA lesions [2,3], slowing
down cell proliferation. Repair of these DNA lesions,
especially the highly toxic ICL that are formed by
PUVA with bi-functional psoralens [4,5], may how-
ever lead to errors, mutations [3] and thus to a higher
risk for skin cancer. For a closer study of the basic
mechanisms of repair of PUVA-induced DNA lesions
that may lead to genetic changes and for the isolation
of the responsible genes Henriques and Moustaccchi
chose the unicellular eukaryote Saccharomyces cere-
visiae [6] and isolated mutants sensitive to mono- and
bi-functional photoactivated psoralens, the so-called
pso mutants. So far, 10 pso mutants have been phe-
notypically studied and nine have been molecularly

Table 1

The 10 PSO loci: allelism, protein size and function, and phenotypes

cloned and characterized. Though the last review on
the pso mutants was published only 2 years ago [7],
we wish to update this information as two new PSO
genes have been cloned and substantial progress has
been made in molecular and biochemical character-
ization of these and some others. It is for the latter
reason that the depth of presentation will not be even
and we, therefore, refer the reader interested in phe-
notypical and genetic details to our previous reviews
on the pso mutants [8,9].

Based on all collected data, we can now divide
the PSO genes into three distinct groups: with seven
members group | includes the majority of the PSO
genes that, either directly or indirectly, play a role
in the mechanisms of error-prone repair of induced
DNA damage. Two pso mutants were found sensitive
to PUVA because they lacked protection against ROS
or had an altered energy metabolism (group I1), while
one PSO locus could be associated with error-free
NER (group I1I). Thus, while eight pso mutants are

Gene Protein (kDa); function Phenotype of mutant

PSOI/REV3 173; catalytic subunit of DNA polymerase Sensitive to radiation and chemical mutagens; low
mutability

PSO2/SNM1 72; endonucleolytic cleavage of hairpins in Sensitive to all ICL-inducing treatments; low mutability

ICL repair? only with ICL mutagens

PSO3/RNR4 40; small subunit (Y4) of ribonucleotide reductase Low induced mutability & recombination sensitive to low
temperature growth, to ROS

PSO4/PRP19 56.7; spliceosome associated protein Mutagen sensitive, no mitotic recombination, low

(essential) mutability, no sporulation at 30°C; pso4-1

thermoconditional mutant allele

PSO5/RAD16 91.3; DNA helicase of global NER UVC-, oxidative damage-sensitive; involved in control of
ageing; normal mutability

PSOG6/ERG3 43; ergosterol desaturase Sensitive to ROS, to nystatin, to calco uor white; chitin
overproduction and maldistribution

PSO7/COX11 28; cytochrome c oxidase Growing cells sensitive to 4ANQO, 8HQ, NDEA, PSO7-1
leaky mutant allele

PSO8/RAD6/UBC2 19.6; ubiquitin conjugating DNA repair Low mutability, variable sporulation slow growth at 16 °C

PSO9/MEC3 53.2; cell cycle control regulation of DNA repair? UVC sensitive, normal sporulation low mutability

PSO10 Unknown error-prone repair Sensitive to PUVA, MNNG, UVC low induced mutability
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interfering with the function of repair of DNA lesions,
two are not (Table 1). We will adhere to this division
of the 10 known PSO genes into three groups in the
following compact presentation of their role in sur-
vival of mutagen-treated yeast.

2. PSO genes involved in error-prone repair

2.1. Genes PSOI, PSOS, and PSO2 encode proteins
directly involved in DNA repair

Within this large group of seven genes we nd three
loci encoding proteins participating in DNA repair
processes. PSO1 is allelic to REV3 [10] that encodes
the catalytic subunit of polymerase ¢ (Rev3p/Rev7p
dimer; pol{) [11], a translesion polymerase that can
extend a mismatched primer or, generally, mismatched
DNA by a few nucleotides beyond the blocking DNA
lesion [12-14]. Pol¢ has been thoroughly studied in
yeast and Rev3p homologs exist in mouse (Rev3L)
[15] and two in human cells (hREV3) [16-18] and
REV3I [17]. Human REV7 and REVI homologs also
have been found [19,20] and thus it seems likely that
the three components of polymerase ¢ (as known from
yeast) may have the same function in humans [20].

Mutant pso8-1 is complemented by the RADG6 gene
and sequencing of the mutant allele showed it to
contain a C — T missense mutation in triplet 64,
leading to a mutant protein Rad6-P64L [21]. The
functions of Rad6p in ubiquitin conjugation and
in DNA repair have been thoroughly investigated
[22,23]. Despite a large number of molecularly char-
acterized rad6 mutant alleles, no Rad6-P64L mutant
protein has yet been described [24]. Since homoallelic
pso8-1/pso8-1 diploids show nearly WT-like sporula-
tion [21], pso8-1 belongs to a group of rad6 alleles
that still retain some functionality.

Mutant pso2-1 was found to be especially sensi-
tive to the bi-functional 8-MOP + UVA treatment
and to HN2 [6,25]. Its allelism to the snmi mutant
[10] (sensitive to nitrogen mustard [26]) showed that
pso2lsnmi mutants had a novel phenotype: speci c
sensitivity to highly cytotoxic mutagens that are
able to produce, apart from mono-functional lesions,
DNA ICL [26]. Speci ¢ sensitivity of the pso2/snml
mutants is mainly independent of the type of bases
involved in formation of such ICL and the chemical

make-up of the bi- or polyfunctional mutagen [7].
Stability of ICL, however, may vary greatly [9] and
this determines toxicity of the respective mutagen.
The most stable ICL described is the dithymidyl
psoralen cross-link that is formed by photoactivated
8-MOP. Molecular dosimetry of this ICL shows that
between 16 and 20 of these lesions de ne one lethal
hit (LD37) for a haploid WT yeast cell [27].

Thermoconditional mutant snmli-2ts [28], now
called pso2-12t¢s [7] carries two silent point and a mis-
sense mutation that replaces glycine with arginine at
aa position 256 [29], thereby altering the hydrophilic
domain of the protein. Temperature-shift experiments
show a complete Pso2p function within 5-6 h after
introduction of ICL by HN2 treatment [28]. Pso2p has
a nuclear localisation signal and indeed is localized
there [29]. With approximately 0.3 transcripts/cell
PSO2 is poorly transcribed [30] but may be induced
about four-fold by ICL-producing mutagens, includ-
ing UVC, but not by the monofunctional alkylating
agent MNNG or by the UV-mimeticum 4NQO [31].
Inducibility appears to depend on the presence of a
damage response element (DRE)-like motif in the
PSO2 promoter [30] while a downstream silencer
within the ORF of neighbour-gene CIN4 (formerly
GTPI) [32] is responsible for its low level of consti-
tutive expression.

DNA repair in 8-MOP + UVA-, HN2-, and
cisDDP-treated pso2-1 and pso2-11 mutants showed
that incision near ICL, and also (partial) excision of
the DNA damage proceeds in a WT fashion but that a
later step, reconstituting high molecular weight DNA
from low molecular weight DNA generated by early
incision/excision events, is failing [33,34]. Since in-
cision of cross-linked DNA by enzymes of the NER
is normal in snml/pso2 mutants, Snmlp/Pso2p is
thought to be speci cally involved in a post-incision
step [34] of ICL repair. Biochemical and genetic
evidence suggested that two modes of DNA repair,
RAD3- and RADS51-like, are necessary to remove
ICL [35] and recent studies suggest that, depending
on the physiological stage of the yeast cells (grow-
ing versus resting) recombinational, non-homologous
end-joining, and error-prone repair was involved in
repair of HN2- and cisDDP-induced ICL [36].

The pB-lactamase motif in the C-terminus of
Pso2p allows allocation of Pso2p/Snmlp to the
family of B-CASP proteins (motif named after
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the metallo-B-lactamase associated CPSF Artemis
SNM1/PSO2) that have nucleic acid substrates
in common [37]. This family comprises eukary-
otic DNA repair enzymes (Snm1p/Pso2p, Artemis)
and RNA processing proteins (cleavage and the
poly-adenylation speci city factor (CPSF) 73 kDa
subunit). The B-CASP family of proteins have a con-
served sequence in the C-terminal part of the domain
[37]. Starting from these ndings the phylogenetic
relationship amongst homologous proteins with func-
tional groups comprising endo- and exo-nucleolytic,
phosphotransferase or ligase function have been re-
searched and a phylogram for Snmlp/Pso2p has
been established by in silico studies. The results
clearly indicate a close phylogenetic relationship of
Pso2p/Snm1p to the RAG-1/RAG-2 proteins that are
known to have a function in V(J)D recombination
[38] and that can be biochemically de ned as proteins
with endonucleolytic and phosphotransferase activ-
ities. This nding then points to a likewise role of
Pso2p in DNA repair, most probably in cleavage of
hairpin structures formed when a replication fork will
be stalled in the neighbourhood of a stable ICL lesion
(Fig. 1). This ICL removal, though leading to loss
of some nucleotides and hence mutagenic, might be
the critical step in overcoming the absolute block in
DNA replication that is constituted by a single stable
ICL lesion. While this model is clearly speculative,
it certainly leads to new biochemical approaches to
understand ICL repair.

Genes PS03, PSO4, and PSO9 encode proteins that
indirectly in uence the cell’s mutability, i.e. that af-
fect physiological processes regulating the ef cienc y
of error-prone DNA repair

Mutant pso3-1 had the weakest PUVA sensitivity
phenotype of the three initially isolated pso mutants
[6] and showed nearly blocked PUVA-induced muta-
genesis and mitotic gene conversion [25,39,40]. The
pso3-1 mutant is only weakly sensitive to alkylat-
ing agents, to UVC and to vy-radiation [6,39], but
still exhibits defective reverse and forward mutation
[39] and induced mitotic recombination by specif-
ically reducing induced gene conversion [40] after
treatment with these mutagens. The pso3-1 mutant was
also found sensitive to superoxide anion-generating
paraquat [7,8,41], as well as to H2O5, to cadmium
chloride, and to formaldehyde, suggesting an impaired
repair of oxidative stress-related DNA-lesions. The

original pso3-1 mutant’s higher-than-WT resistance
to MNNG and high number of spontaneously gener-
ated “petites” is based on its low pools in glutathione
conferred by a gshi-leaky allele. After substitution of
the ghsi-leaky by a WT allele the resulting pso3-1
GSHI mutant lost some phenotypes, e.g. MNNG re-
sistance, high “petite” induction, formaldehyde and
cadmium sensitivity [41]. Double mutants containing
pso3-1 and selected rad mutant alleles revealed epis-
tasis of rad3-12 and pso2-1 mutant alleles for sensitiv-
ity to 3-CPs and 8-MOP photoaddition [42], placing
the PSO3 gene into the RAD3 pathway (NER).
Several attempts at molecular cloning PSO3
via complementation of one of the sensitivity or
non-mutability phenotypes yielded some suppressor
genes that could only complement or partially com-
plement the sensitivity phenotype of pso3-1 while
WT-like induced mutability or mitotic gene con-
version was never fully restored in the respective
transformants. Using the recently discovered cold
sensitivity phenotype conferred by pso3-1 the WT
allele could be cloned. All pso3-1 related pheno-
types could be complemented by the RNR4 locus
that encodes the second small subunit of yeast ri-
bonucleotide reductase (RNR) [43,44]. Molecular
characterization of the pso3-1 mutant allele showed
it to encode an Rnr4-G119R missense protein with
residual functionality. Whereas rnr4A mutants show
neither signi cant induced forward nor reverse mu-
tation [45] they exhibit weakly induced mutation at
low mutagen doses when transformed with a single
vector-contained pso3-1 mutant allele, with the same
induction Kinetics as a pso3-1 mutant strain [25].
RNR is a highly regulated enzyme complex. As
a downstream member of the pathway that regulates
the DNA damage response in yeast Dunlp has two
functions in that it induces the degradation of Sml1p,
a suppressor of RNR activity, and concomitantly ac-
tivates transcription of the RNR genes [46]. Thus,
the very low concentration of Rnr3p found under
non-damage conditions is elevated, and RnrlRnr3
heterodimers with high catalytic activity are formed
[47]. This, and the overall higher number of RNR en-
zyme complexes strongly elevate dNDP production,
that is still enhanced by the Dunlp-mediated inacti-
vation of the RNR suppressor Smllp [46]. Chabes
et al. [48] showed that a relaxed feedback inhibition
which is induced by DNA damage (Smllp destruction
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Fig. 1. Three-step model of Snm1p/Pso2p-mediated NHEJ recombination. The DNA polymerase complex and topoisomerase | in growing
cells are blocked by an ICL in DNA. In the presence of a sister strand, DNA repair may proceed via homologous recombination, mediated
by NER system Rad4p-Rad23p. Alternatively, stalled polymerase and topoisomerase | induce the formation of cruciform DNA structures in
the vicinity of ICL, especially when palindromic sequences are present. Cruciform structures are recognized by the Mrellp-Rad50p-Xrs2p
complex that cuts the single strand DNA regions and induces the formation of hairpins at the extremities of DNA with (or without) the
help of Snm1p. In the third step, both three-way DNA structures, DNA capped hairpin extremities, and ICL-containing capped hairpins
are cleaved by the Artemis (SNM1-like)/DNA-PK/Ku protein complex in vertebrates or by Snmlp/Pakp/Kup in yeast. DNA ligase IV and
Xrce4 then join the fragment ends and DNA replication is resumed by DNA polymerase. ICL-containing DNA is degraded.
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Fig. 2. Possible functions of Prp19p/Pso4p in yeast. Large arrows: known function; thin arrows: possible other function. The asterisk shows
the process impaired by the mutant Pso4-1p, which thereby blocks all further steps in splicing.

by Dun1p?) leads to signi cantly higher dNTP pools
that in turn allow a higher rate of induced mutation,
most likely by the enhanced lesion bypass activity
of a better dNTP-alimented pol¢ (Fig. 2). Arguing
in the opposite direction we may then deduce that,
in absence of a functional Rnrdp in rnr4 A mutants,
or in presence of a missense mutant protein Pso3-1p
(Rnr4-G119R) the RNR complex functions only
poorly and the resulting small dNTP pools are pref-
erentially consumed by replicative polymerases with
an at least 10-fold higher binding speci city , leaving
pol¢ without dNTP supply (Fig. 2).

Mutant pso4-1, a slightly X-ray sensitive hap-
loid mutant formerly named xs9 [49], is highly
sensitive to photo-activated psoralens [50], has a
pleiotropic repair-defect phenotype [9] and is a
thermo-conditional mutant with no viability at 36 °C
[51]. Molecular cloning showed its allelism to PRP19
[51], an essential yeast locus encoding a spliceosomal
complex-associated protein [52,53].

This suggested two reasons for the pleiotropic phe-
notype of pso4-1: (a) the Pso4p/Prp19p has more than
one function, and one of these would directly affect
DNA repair and recombination, or (b) non-effective
pre-mRNA splicing of one to several of the 238 known
intron-containing pre-mRNAs of yeast [54] at per-
missible temperature would lead to partially impaired
cell physiology. Thus, mutagen sensitivity, lower
mutability, recombination, and sporulation found for
pso4-1 and its homozygous diploid could all be the

result of non-splicing (or partially non-splicing) of the
respective pre-mRNAs. This second hypothesis was
tested by a simple experiment employing the intron
containing RADI14 repair gene. If faulty processing
of RADI4-transcribed pre-mRNA were the only rea-
son that would lead to the observed UVC sensitivity
in pso4-1, a double mutant combining pso4-1 and
radl4A should show the same UVC sensitivity. This
was clearly not the case, the pso4-1 radi4A double
mutant always displaying a higher UVC sensitivity
than radi4A alone (synergistic interaction), even at
the permissive temperature, thus pointing to con-
tribution of further gene(s) to the UVC-sensitivity
phenotype of pso4-1 [55].

Several interaction trap screenings yielded 32 iso-
lates that could be allocated to 13 ORFs, of which
Vv e are with as yet unknown function. The remaining
eight interacting proteins can be roughly grouped into
four functional classes: (a) DNA repair (one ORF),
(b) growth and cell cycle regulation (four ORFs), (c)
chromatin structure and chromosome dynamics (one
ORF), and (d) pre-mRNA splicing (two ORFs) [55].
Eight proteins interact with each other to form the
Prp19p-associated complex but not all seem essential
for the splicing process. It is tempting to speculate
that perhaps one or more of the Pso4p interactors
with as yet unknown function might be members
of this associated complex or might themselves re-
act (bind to) proteins from the Prpl9-associated
complex.
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Fig. 3. Putative correlation of error-prone DNA repair with ef cienc y of NDP reduction by yeast ribonucleotide reductase. From left to
right: normal RNR enzyme complex in WT; DNA damage-induced ampli cation (symbolized by two enzyme complexes) of RNR in WT
with highly ef cient Y1Y3 (square—octogon) heterodimer large subunit; same in mutant rnr4A where RNR contains (low-ef cienc y) small
subunit Y2Y2 (circle-circle) homodimer; same in mutant pso3-/ where RNR has (low-ef cienc y) small subunit heterodimer Y2Pso3-1p

(circle—cross). Whereas above-normal concentration of dNTPs leads
prevent activity of polZ.

Recently the human hNMP200, an ortholog to
Pso4p/Prp19p, has been found to be part of the nuclear
matrix [56]. This allows us to discuss an additional
and different function for Prp19p. Evidence suggests
that the nuclear matrix is involved in various nuclear
processes and in genome maintenance, e.g. in repair
and replication of DNA, in transcription and RNA
processing [57-59]. Like hNMP200, Prp19p could be
a yeast nuclear matrix protein. As a member of such
non-chromatin scaffold it could provide structural
support for the machinery processing RNA and/or for
protein complexes engaged in replication, repair, and
transcription (Fig. 3).

Mutant pso9-1 is not only sensitive to photo-activated
mono- and bi-functional psoralens but also to UVC
and MNNG and has impaired mutability after treat-
ment of stationary phase cells with these muta-
gens. Mutant pso9-1 is not sensitive to H,O2 and
paraquat-induced oxidative damage. Reverse muta-
tion was signi cantly lower than in WT but not as
much suppressed as in pso8-1 and psol0-1 mutants.

to increased mutability [48], lower-than-normal dNTP pools presumably

Forward mutation in the CANI locus was severely
inhibited as compared to the WT for all four tested
mutagens. These phenotypic characteristics justify its
association with the repair group of the pso mutants.
Molecular cloning showed that pso9-1 is a mutant
allele of MEC3. Forming a complex with Ddclp and
Rad17p [60], Mec3p is involved in the regulatory
cascade that controls cell cycle response to DNA
damage and that eventually induces transcription of
repair-relevant genes. Amongst other gene products,
Mec3p is also required for UVC-induced mutagenesis
[61] thus explaining the low UV-mutability phenotype
of the pso9-1 mutant.

As the seventh of pso mutants that impair
error-prone repair psol0-1 has not yet been molec-
ularly cloned. Its high sensitivity to photo-activated
psoralens and to UVC and its low induced mutability
suggest psol0-1 to lack a functional protein that ei-
ther regulates error-prone DNA repair or is itself an
active repair enzyme. Homoallelic psol0-1/psol0-1
diploids do not sporulate which might be seen as
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further indication that PSO10 may be a member of the
group of genes allocated to the RADG epistasis group.

3. One PSO gene involved in nucleotide excision
repair

3.1. PSOS is engaged in global NER

Stationary phase cells harbouring mutant allele
pso5-1 are moderately sensitive to UVC, to the
UV-mimeticum 4NQO and to the radiomimetica HN1
and HN2 [62]; they are also cross-sensitive to 3-CPS
+ UVA, which produces either 4'-5'-furan-side
pyrimidine mono-adducts in DNA or singlet oxygen
[63,64]. Furthermore, they are sensitive to other ox-
idative stress-enhancing chemicals, such as H,O; and
paraquat [62,65]. By molecular analysis pso5-1 was
found to be a mutant allele of RAD16 [65]. Rad16p
functions in global genome repair, a sub-pathway
of NER that preferentially repairs CPD in either the
HMLa or HMLa loci [66], in silent regions of DNA,
and in the non-transcribed strands of active genes
[66-68].

Comparative studies in expression of B-galactosidase
from DNA damage-inducible RNR2-lacZ and
RNR3-lacZ fusion constructs in WT and pso5/radl6
transformants have shown that the DNA damage-
induced expression of RNR2 and RNR3 not only
depends on a functional Pso5p/Rad16p but also on
the type of DNA damage [69]. While UVC, 4NQO,
and H20; induced RNR2 and RNR3 via DNA dam-
age, the oxidative stressors BOOH and paraquat
could not. Thus, the latter two agents may form DNA
lesions unable to initiate the signal cascade of in-
ducible NER [70] or the signals are not addressing
the Dunl kinase controlled pathway speci ¢ for DRE
motif-inducible genes RNR2 and RNR3 [71,72]. For
some mutagens, however, Pso5p/Rad16p seems to
function in the signal transducing pathway control-
ling DNA damage-inducible components of NER and
associated genes.

Using the two-hybrid system, Rad16p/Pso5p was
shown to interact with the SGSI-encoded protein
Sgslp [73] that in vitro displays 3 — 5 helicase
as well as DNA-dependent ATPase activity [74,75].
Sgslp also interacts with topoisomerases Il and IlI
[76,77] and is involved in premature ageing in yeast

[78]. It is homologous to the human Wrn, Bim, and
RTS proteins, which are, respectively, responsible for
the Werner, Bloom, and Rothmund-Thomson syn-
dromes that are related to premature ageing and to
cancer proneness [76,79,80]. A radl6-sgsl double
mutant displays epistasis after treatment with several
mutagens. The sgs/ mutant’s sensitivity to MMS,
UVC, 4-NQO, and H0, [73] and the sensitivity to
UVC and v-ray irradiation of sgs/A [81] point to
a function of Sgslp in DNA repair. It appears that
the helicase activity of Sgslp is responsible for most
elements of the sgs/ mutant phenotype, including its
sensitivity to hydroxyurea [82].

Deletion of a functional Rad16p signi cantly re-
duces the average life span of the mutants [73]. The
radl6A—sgs1A double mutant displayed a life span
comparable to that of the sgs/A single mutant. This
epistatic interaction of rad16 and sgs! mutations sug-
gests that RAD16/PSO5 and SGS1 share functions in a
common pathway of life span control. The life span re-
duction observed in pso5/radl6 mutants suggests that
the RAD52 DNA repair pathway (Rad50p, Rad51p,
Rad52p, Rad57p) [83], involved in DSB and homolo-
gous recombination repair, is not the only one respon-
sible for life span control in yeast.

4. PSO genes that are involved in mutagen
metabolism and not in DNA repair

The two mutants pso6-1 and pso7-1 were only
slightly sensitive to 8-MOP + UVA but signi cantly
so to treatment with the mono-functional 3-CPs
+ UVA [62]. In addition to 3-CPs-thymine DNA
mono-adducts this treatment also generates singlet
oxygen, a reactive oxygen species (ROS) that has
been shown to intensify oxidative DNA damage [63].
This latter activity may be suppressed in the presence
of the singlet oxygen quencher sodium azide [62]
and the resulting near WT resistance indicates that
the enhanced sensitivity of pso6-1 and pso7-1 may
be the result of increased DNA damage induced by
an activated oxygen species that is generated during
photo-activation of 3-CPs. Lack of repair of 3-CPs
+ UVA induced DNA mono-adducts, therefore, is
probably not the reason for the mutants’ sensitiv-
ity. Since exposure to other mutagens mostly lead
to WT-like survival and WT-like induced reverse
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mutation, these two mutants clearly differed from the
above described other seven. The pronounced sensi-
tivity to other ROS generating, e.g. to paraquat and
to HyO, clearly set pso6-1 apart from pso7-1 which
displayed WT-resistance to these chemicals and was
only sensitive to 3-CPs + UVA in stationary phase
cells [62].

The PSOG6 gene was molecularly cloned via com-
plementation of the paraquat sensitivity of pso6-1
and found to be allelic to the ERG3 locus [84] that
encodes the enzyme sterol A®-desaturase. In yeast
membranes ergosterol is the most prominent steral, in
contrast to higher eukaryotic cells, where cholesterol
is the main sterol. Due to their hydrophobic structure
both sterols can contribute to membrane stability. An-
choring amongst the polar long chain of fatty acids,
they are thought to inuence membrane uidity,
thereby regulating o w, permeability, and enzyme ac-
tivity, and as a consequence, also cell growth [85,86].

Lipid peroxidation (LP) is known to be one of the
most toxic events related to oxidative stress. ROS, es-
pecially OH® and HOQ?®, can pull (extract) a bi-allelic
hydrogen atom of unsaturated fatty acid (LH) to form
lipid alkyl radical (L*®), which can be oxidized to a
lipid peroxil radical (LOO®). This may attack adjacent
LH and propagate the radical chain reaction [87,88].
Ergosterol is able to inhibit LP [89] and it was sug-
gested [90] that this is due to the sterols of endoper-
oxide and hydroperoxide formed instead (only from
ergosterol and not from episterol) which can protect
membrane integrity. Ergosterol appears to play an
important role in mediating the cytotoxic effects
of singlet oxygen [85,91,92]. Subnormal content of
membrane ergosterol in pso6/erg3 mutants would,
therefore, explain their low ef cienc y of transforma-
tion (altered permeability to Li™), lack of protection
from ROS generated in respiratory metabolism of
non-fermentable substrates like ethanol and glyc-
erol (uncoupling of oxidative phosphorylation), poor
mating (altered fusion ability) and maldistribution
of chitin (episterol in place of ergosterol leads to
over-expression of the enzyme Chs3, responsible for
chitin membrane deposition) [84].

The WT-like resistance to HN1, HN2, 4NQO,
and UVC of pso6/erg3 suggests normal function of
DNA repair in this mutant. Oxidative stress, however,
might be enhanced by mutagens that themselves gen-
erate ROS and this might ultimately lead to a higher

number of oxidative base damages in DNA. This is
suggested by the enhanced mutability of pso6/erg3
after treatment with 3-CPs + UVA (and to a lesser
extent, after 8-MOP + UVA), whereas induced mu-
tation by UVC, HN1, and HN2 is WT-like [62].
Thus, the PSO6/ERG3-encoded sterol A®-desaturase
is most probably not involved in any kind of DNA re-
pair, but through its enzyme activity will contribute to
a nal product that might have a protective function
in preventing (or lowering) oxidative stress in yeast
cells.

When in exponential phase of growth pso7-1 mu-
tant cells are highly sensitive to 4NQO and this fact
has been exploited to molecularly clone PSO7 via
complementation [93]. The pso7-1 mutation in yeast
gene COX11 that encodes a protein indispensable for
the assembly of a functional cytochrome ¢ oxidase
[94], which located in the inner mitochondrial mem-
brane, is the nal electron acceptor of the respiratory
chain (RC) responsible for reducing Oz to H2O. The
pso7-1 mutant allele is leaky as the mutant still con-
tains about 5% of the WT activity of cytochrome c
oxidase whereas the cox11A mutant has no detectable
enzyme activity [93]. This allows pso7-1 to still grow,
though very slowly, on non-fermentable substrates
[93], while cox11A strains are petite and only grow
in presence of fermentable carbon sources [94]. The
RC in S. cerevisiae grown on non-fermentable car-
bon sources behaves as one unit, implying that the
different respiratory complexes physically interact
[95], i.e. there is a coupling between the steady-state
levels of the different complexes [96]. Therefore, the
absence of a functional cytochrome ¢ oxidase would
not permit the RC to act as a single unit in coxi1A,
whereas the leaky pso7-1 allele might still permit the
RC to act as a super-molecular entity with a control
coef cient for respiration of one [96].

The moderate to higher sensitivity to oxidative
stress-generating treatments like 3-CPs + UVA [63]
or 4NQO [97] has been explained by disturbed elec-
tron ows in the pso7/coxll mutants resulting in
a higher rate of toxic LP [98] and to genotoxicity
via a higher rate of oxidative DNA damage [63,99].
Also, in pso7/cox11 altered metabolization of certain
mutagens (e.g. 4NQO, that is a pro-mutagen and car-
cinogen which undergoes a four-electron reduction to
become a nitro-radical anion [100]) might lead to a
higher-than-normal production of metabolites able to

213



Diego Bonatto
Text Box
213


188 M. Brendel et al./Mutation Research 544 (2003) 179-193

generate elevated intracellular oxidative stress with a
higher DNA damaging potential.

Repair-pro cient pso7/coxI11 mutants were found
highly sensitive to the mutagens NDEA, an alkylating
chemical that is metabolized via redox cycling to yield
hydroxylamine radicals, ROS and LP [88,101,102]
and to 8-hydroxyquinoline (8HQ), which may also
be activated via altered oxygen metabolism [103] and
possibly form diol-epoxide derivatives [104,105]. It
should be noticed that pso6/erg3 mutants were also
sensitive to NDEA, but not to 8HQ, most probably
due to the inability of 8HQ to cause LP [103].

We may state that the sensitivity response of the two
non-repair mutants pso6-1 and pso7-1 is strictly due
to altered metabolism of some mutagens that is caused
by alterations of membrane lipids and of complex 1V
of the RC which ultimately results in enhanced cell in-
activation. Thus, although not participating in any role
in DNA repair, ergosterol and cytochrome c oxidase
may be considered important factors in modulation of
intracellular oxidative stress responses. Actually, these
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two essential metabolic components may be function-
ally closely related to each other. A perturbation of
mitochondrial electron o w can indeed arise from a
decrease in ergosterol in the inner mitochondrial mem-
brane (extended oxidative stress if late stages of er-
gosterol biosynthesis are inhibited) or from a direct
interaction between the applied mutagen and the mito-
chondrial enzyme complexes [106]. This would sub-
sequently enhance permeability of membranes to, e.g.
photo-sensitizers that in turn could lead to cellular
damage, impairment of mitochondrial function, and
cell inactivation [90].

One could, therefore, assume that a pso6 pso7 dou-
ble mutant had a much higher sensitivity to predomi-
nantly oxidative stress-causing agents. And also, that
these two mutants alleles, in conjunction with other
speci ¢ DNA repair mutant alleles, could be employed
as eukaryotic models for the typing of unknown mu-
tagens since they would detect and report, by changes
in biological endpoints, specic and different reac-
tion mechanisms of the chemicals: those capable of

0 25 50 75

0.0001 " T . T .
0 1 2 3 4

SnCl, [mg/mL]

Fig. 4. Genotoxic effect of SnCl, exposure in four haploid strains of Saccharomyces cerevisiae derived from a tetratype ascus with all
combinations of ERG3 and COX11 WT and mutant alleles: (ll) WT; (A) erg3A, (O) coxliA, () erg3Acoxl1A. Stationary cells were
exposed to SnCl, for 20 min before diluting and plating for survival. Inset shows survival response of the four strains to UVC treatment.
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inducing direct DNA damage versus others inducing
mainly LP or, when activated via redox cycle, enhanc-
ing intracellular oxidative stress. Our rst assumption
could be con rmed by showing that a pso6 pso7 dou-
ble mutant had a much higher sensitivity to the ox-
idative stressor SnCl, [107] than either single mutant
(Fig. 4). This clear response of the double mutant (syn-
ergistic effect) may then be exploited for the classi -
cation of putative oxidative stress-causing agents.

5. Concluding remarks

Since 30 years, PUVA is applied in effec-
tive treatment of skin disorders. However, this
photo-chemotherapeutical method produces, amongst
other effects, DNA damage and thus evokes the func-
tion of DNA repair mechanisms whose enzymatic
reactions might eliminate the DNA lesions either
in an error-free or error-prone fashion. The latter
process may lead to mutations that sometimes may
constitute the rst step in a cascade of malfunctions
of cellular physiology, ultimately leading to carcino-
genesis. Clinical follow-up studies of patients having
received PUVA treatment show that they indeed have
an increased risk for skin cancer, especially squa-
mous cell carcinoma [108], while the risk of inducing
melanoma is still controversially discussed [109,110].
Molecular epidemiology revealed that more than half
of the tumors had at least one mutation in p53 and
about half of those could be attributed to PUVA
treatment [111]. Also a high frequency in Ha-ras mu-
tations was detected in squamous cell carcinoma from
PUVA-treated Psoriasis patients [112]. Interestingly,
DNA repair capacity of the treated patients played an
important role in the development of PUVA-induced
skin cancer as individuals with low repair capacity
had a six-fold higher skin-cancer risk, and developed
skin cancer at an earlier age, than those with high
DNA repair capacity [113]. These ndings clearly
show the interrelation of PUVA photo-chemotherapy
and DNA repair and suggest that a stimulation of
error-free repair processes or, alternatively, a suppres-
sion of error-prone repair, in PUVA-treated patients
might help to minimize the collateral genetical dam-
age of this treatment.

The universality of many DNA repair mechanisms
from microorganisms to mammalian cells [114]

suggests that our ndings on the genetical damage
induced by PUVA treatment in the unicellular eukary-
ote S. cerevisiae and especially in the pso mutants,
can contribute to the understanding on PUVA DNA
lesion processing in mammalian cells as well. The
isolation of pso mutants from a mutagenized culture
of WT strain N123 seems to have favored selection of
mutant alleles quite different from the “mainstream”
rad and rev mutants, as only a third was found al-
lelic to that category of yeast genes (psol-1/REV3,
pso5-1/RAD16, pso8-1/RAD6). While the putative
role of Pso2p/Snmlp in ICL repair might indicate a
fourth pso gene coding for a DNA repair enzyme,
all other mutants sensitive to PUVA contained de -
ciency alleles of loci not directly involved in DNA
repair. It is tempting to attribute induction and se-
lection of these pso mutants to two special features:
(1) PUVA treatment used for mutant selection pro-
duces a different spectrum of DNA lesions (psoralen
mono- and di-adducts, and, via singlet oxygen, oxi-
dized bases) and (2) the WT N123 from which the
pso mutants were derived was a ghs! leaky mutant,
i.e. had a lower than normal glutathione pool. The
combination of these peculiarities might have led to
the observed spectrum of PSO genes that, together
with many RAD loci, are responsible for PUVA re-
sistance and PUVA mutagenesis of the WT, be it
by protective measures (PSO6/ERG3, PSO7/COX11)
or by metabolic steps preceding the proper repair
of the PUVA-induced DNA lesions (PSO3/RNR4,
PSO4/PRP19, PSO9/MECS3).

Without isolation of the pso mutants, we would not
have had the interesting result that this sensitivity-to-
PUVA phenotype had shown us genes as varied as
PSO3/RNR4, PSO4/PRP19 and PSO9/MECS3 to be in-
volved in error-prone DNA repair. Also most certainly,
erg3 and cox11 mutants would not have been our rst
choice when thinking of mutagen sensitivity. It is this
uncertainty and the surprises linked to it that makes
research both a challenge and a joy.
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CURRICULUM VITAE
Abril, 2005

1 DADOS PESSOAIS

Nome: Diego Bonatto
Nome em citagdes bibliograficas: BONATTO, D.

Sexo: masculino

Filiagado: Victor Thadeu Bonatto e Margareth Bonatto
Nascimento: 20/11/1975, Porto Alegre/RS - Brasil

Carteira de identidade: 1057300699 / SJS / RS / 11/02/1998
CPF: 80301690006

Endereco profissional:  Universidade Federal do Rio Grande do Sul, Centro de Biotecnologia.

AV. BENTO GONCALVES , 9500 - PREDIO 43421 - Lab. 219
AGRONOMIA

91501-970 PORTO ALEGRE, RS - Brasil - Caixa Postal: 15005
Telefone: (51) 33167608 Ramal: 7608 Fax: 33166084

E-mail: DIEGOBONATTO@HOTMAIL.COM

Endereco residencial: RUA SAO CARLOS, 244/05

FLORESTA

90220-120 PORTO ALEGRE, RS - Brasil
Telefone: (51) 32285990 Fax: 33166084
E-mail: diegobonatto@gmail.com

2 FORMAGAO ACADEMICA/TITULAGAO

1998 - 2000

1994 - 1998

2000

Mestrado em Biologia Celular e Molecular.

Universidade Federal do Rio Grande do Sul, UFRGS, Rio Grande do Sul, Brasil.

Titulo: Isolamento e caracterizagdo de novas linhagens eubacterianas produtoras de acidos
poli(hidroxialcandicos). Ano de obtengéo: 2000.

Orientador: Jodo Antonio Pégas Henriques.

Bolsista do(a): Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior, CAPES,
Brasil.

Palavras-chave:Ecologia microbiana; Biotecnologia; PHAs.

Areas do conhecimento: Microbiologia Industrial e de Fermentagao; Bacterologia; Biologia Molecular.
Setores de aplicacdo: Produtos e processos biotecnoldgicos; Desenvolvimentode novos materiais.
Graduacao em Ciéncias Bioldgicas.

Universidade Federal do Rio Grande do Sul, UFRGS, Rio Grande do Sul, Brasil.

Titulo: Indugdo do gene de reparo por excisdo de nucleotideos PSO5 (RAD16)de
Saccharomyces cerevisiae em diferentes linhagens desta levedura e em diferentes condigbes
de estresse e cultivo.

Orientador: Jodo Antonio Pégas Henriques.

Bolsista do(a): Conselho Nacional de DesenvolvimentoCientifico e Tecnoldgico, CNPQ, Brasil.
Doutorado em Biologia Celular e Molecular.

Universidade Federal do Rio Grande do Sul, UFRGS, Rio Grande do Sul, Brasil.

Titulo: A proteina Pso2p/Snm1p de Saccharomyces cerevisiae e suas implicagdes no reparo
de DNA.

Orientador: Jodo Antonio Pégas Henriques.

Bolsista do(a): Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior, CAPES,
Brasil.

Palavras-chaveinterstrandcross-link; PSO2; Saccharomyces cerevisiae; NHEJ; HMG-1/2; Filogenia de proteinas.
Areas do conhecimento: Genética Molecular e de Microorganismos; Genética Evolutiva; Biologia e Fisiologia dos
Microorganismos.
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3 FORMAGAO COMPLEMENTAR

2003 - 2003

2003 - 2003

2001 - 2001

2001 - 2001

1999 - 1999

1999 - 1999

1998 - 1998

1998 - 1998

1998 - 1998

1998 - 1998

1997 - 1997

1995 - 1995

IV Escola Franco Brasileira de Biofisica.

Universidade Federal do Rio de Janeiro, UFRJ, Rio de Janeiro, Brasil.
Métodos de Andlise Filogenética. (Carga horaria: 3h)

Sociedade Brasileira de Genética, SBG, Sao Paulo, Brasil.

Bioprocessos Industriais. (Carga horaria: 4h)

Sociedade Brasileira de Microbiologia, SBM, Sao Paulo, Brasil.

Estrutura Molecular das Bactérias Lacticas. (Carga horaria: 4h)

Sociedade Brasileira de Microbiologia, SBM, Sao Paulo, Brasil.

Aplicando Conceitos de Qualidade num Laboratério. (Carga horaria: 3h)
Sociedade Brasileira de Genética, SBG, Sao Paulo, Brasil.

Histéria (Humanizada) da Biologia Molecular. (Carga horaria: 3h)

Sociedade Brasileira de Genética, SBG, Sao Paulo, Brasil.

IV Encontro Gaucho de Imunologia.

Sociedade Brasileira de Imunologia - Regional Sul, SBI, Rio Grande do Sul, Brasil.
Marcadores Citologicos e Moleculares em Mutagénese. (Carga horaria: 3h)
Sociedade Brasileira de Genética, SBG, Sao Paulo, Brasil.

Expressao Génica em Fungos. (Carga horaria: 3h)

Sociedade Brasileira de Genética, SBG, Sao Paulo, Brasil.
Extens&ouniversitariaem | Conferéncia Cientifica da UFRGS. (Carga horaria: 4h)
Universidade Federal do Rio Grande do Sul, UFRGS, Rio Grande do Sul, Brasil.
Curso de Introdugéo a Terapia Génica. (Carga horaria: 15h)

Hospitalde Clinicas de Porto Alegre, HCPA, Rio Grande do Sul, Brasil.

10 Anos do PCR: Métodos e Aplicagbes em Genética. (Carga horaria: 3h)
Sociedade Brasileira de Genética, SBG, Sao Paulo, Brasil.

4 ATUAGAO PROFISSIONAL

Universidade Federal do Rio Grande do Sul - UFRGS

Vinculo institucional
1998 - 2000 Vinculo: Outro, Enquadramentofuncional: Estudante de Pds-graduagéo - Mestrado.
1994 - 1998 Vinculo: Outro, Enquadramento funcional: Estudante de Graduacao - Ciéncias Bioldgicas,

Regime: Dedicagéo exclusiva.

2000 - Atual Vinculo: Outro, Enquadramentofuncional: Estudante de Pés-graduagéo - Doutorado.

Atividades
11/1998 - 7/2000

Linhas de pesquisa
1. Isolamento e Caracterizagdode Novos Microrganismos Produtores de PHAs.

3/1994 - 10/1998

Linhas de pesquisa
1. Reparagaode DNA em Saccharomyces cerevisiae.

11/2000 - Atual

Linhas de pesquisa
1. Reparagaode DNA em Saccharomyces cerevisiae.

Universidadde Buenos Aires - U.B.A.

Vinculo institucional
1999 - 1999  Vinculo: Outro, Enquadramentofuncional: Estagio ndo remunerado.

Atividades
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2/1999 - 2/1999

Estagios realizados
1. Técnicas de identificagcdo de microrganismos produtoresde PHAs.

5 LINHAS DE PESQUISA

1 Isolamentoe Caracterizagdo de Novos Microrganismos Produtores de PHAs.
2 Reparacdo de DNA em Saccharomyces cerevisiae.
3 Reparacdo de DNA em Saccharomyces cerevisiae.

6 AREAS DE ATUAGAO

1 Genética, Genética Molecular e de Microorganismos.
2 Genética, Genética Evolutiva.

3 Biofisica, Biofisica Molecular.

4 Microbiologia Aplicada, Microbiologia Industrial e de Fermentacao.
5 Bioquimica, Biologia Molecular.

6 Bioquimica, Bioquimica dos Microorganismos.

7 IDIOMAS

Compreende: Espanhol (Bem), Inglés (Bem).

Fala: Espanhol (Razoavelmente),Inglés (Bem).

Lé: Espanhol (Bem), Inglés (Bem).

Escreve: Espanhol (Razoavelmente),Inglés (Bem).

8 PREMIOS E TiTULOS

2003 Destaque XV Saldo de Iniciagdo Cientifica, Universidade Federal do Rio Grande do Sul.

9 PRODUCAO CIENTIFICA, TECNOLOGICA E ARTISTICA/CULTURAL
9.1 PRODUCAO BIBLIOGRAFICA
9.1.1 Trabalhos completos em anais de eventos

1 MATIAS, Fernanda; LISBOA, Marcia Pagno; BONATTO,Diego; HENRIQUES, Jo&o Antonio Pégas.
Analysis of cellular disposition of PHAs granules in the actinomycetes bacterial group using optical
microscopy. In: XVIII CONGRESSODA SOCIEDADE BRASILEIRA DE MICROSCOPIAE
MICROANALISE, 2001, Aguas de Lindéia. 2001.

Palavras-chave:PHAs; Granulos intracelulares; Microscopia dptica; Microscopia de interferéncia; Actinomicetes.
Areas do conhecimento: Citologia e Biologia Celular; Biologia e Fisiologia dos Microorganismos.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Inglés; Meio de divulgagéo:Impresso.

9.1.2 Resumos simples em anais de eventos

1 BONATTO,Diego; BRENDEL, Martin; HENRIQUES,Jo&o Antonio Pégas. A new group of plant specific
ATP-dependentDNA ligases identified by protein phylogeny, hydrophobic cluster analysis and
three-dimensionalmodeling. In: DNA REPAIR AND MUTAGENESIS:FROMMOLECULARSTRUCTURES
TO BIOLOGICAL CONSEQUENCES,2004, Southampton.DNA Repair and Mutagenesis: From
Molecular Structures to BiologicalConsequences. 2004. p. 76-76.

Palavras-chave: Filogenia de proteinas; Reparagao de DNA; PSO2; DNA ligases; Modelagem de proteinas; Mecanismos de
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reparagdode DNA em plantas.

Areas do conhecimento: Genética Molecular e de Microorganismos; Genética Evolutiva; Genética Vegetal; GenéticaEvolutiva;

Genética Molecular e de Microorganismos; Genética Evolutiva.
Referénciasadicionais: Classificacdo do evento: Internacional;Bermudas/Inglés; Meio de divulgagao:Impresso.

POLETTO,Nadine Paese; SOARES, Daniele Grazziotin; BONATTO,Diego; SALVADOR, Mirian; SAFFI,
Jenifer; SCHWARTSMANN,Gilberto; HENRIQUES, Jodo Antonio Pégas. Efeitos citotéxico, mutagénico e
recombinogénico do alcalbide ecteinascidin 743 na levedura Saccharomyces cerevisiae. In: XIV
ENCONTRODE GENETICISTASDO RIO GRANDEDO SUL, 2004, Canoas, RS. Canoas, RS: Editora da
ULBRA, 2004.

Palavras-chave ET-743; Saccharomyces cerevisiae; Reparagdode DNA; Drogas anticancer; Mutagénese; Recombinogénese.

Areas do conhecimento: Genética Molecular e de Microorganismos; Genética Evolutiva; Farmacologia Bioquimica e Molecular;

Bioquimica dos Microorganismos.
Referénciasadicionais: Classificagdo do evento: Regional; Brasil/Portugués; Meio de divulgagdo:Impresso.

BONATTO,Diego; REVERS, Luis Fernando; BRENDEL, Martin; HENRIQUES,Jo&o Antonio Pégas.
Molecular Evolutionof the Beta-CASP Family Suggest Functional Homology with RAG1/RAG2Proteins: A
New Modelfor DNA Interstrand Crosslink Repair, NonhomologousEnd-Joining and V(D)J Recombinationin
Yeast and Vertebrates. In: 49° CONGRESSOBRASILEIRODE GENETICA- SOCIEDADE BRASILEIRA
DE GENETICA, 2003, Aguas de Lindéia - SP. Resumos do 49° Congresso Brasileiro de Genética.
2003.

Palavras-chave:Genética evolutiva;Filogenia de proteinas; NHEJ; PSO2; Saccharomyces cerevisiae.
Areas do conhecimento: Genética Molecular e de Microorganismos; Genética Evolutiva.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Inglés; Meio de divulgagéo:Impresso.

MATIAS, Fernanda; LISBOA, Marcia Pagno; BONATTO,Diego; HENRIQUES, Jodo Antonio Pégas. Analise
por MET de granulos de PHAs em Streptomyces sp. isolado de solo do Estado do RS. In: XI CONGRESSO
BRASILEIRODE BIOLOGIA CELULAR, 2002, Porto Alegre. Anais do Xl Congresso Brasileiro de
Biologia Celular. 2002. p. 167.

I?alavras-chaveActinomicetes; Granulos intracelulares; PHAs; Microscopia eletronica de transmissao.
Areas do conhecimento: Microbiologiade Solos; Biologia e Fisiologia dos Microorganismos; Microbiologia Aplicada.
Referénciasadicionais: Classificagado do evento: Nacional; Brasil/Portugués; Meio de divulgagdo:Impresso.

MATIAS, Fernanda; LISBOA, Marcia Pagno; BONATTO,Diego; HENRIQUES, Jo&o Antonio Pégas.
Relacao de Coliformes Fecais e Totais com Actinomicetos Produtores de PHAs na Areia do Litoral Norte
Gaducho. In: 8° ENCONTRONACIONAL DE MICROBIOLOGIAAMBIENTAL, 2002, Rio de Janeiro - RJ.
Resumos do 8° Encontro Nacional de MicrobiologiaAmbiental.2002.

I?alavras-chaveActinomicetes; Coliformesfecais; PHAs; Ecologia microbiana.
Areas do conhecimento: Microbiologiade Solos; Microbiologia Aplicada; Biologia e Fisiologia dos Microorganismos.
Referénciasadicionais: Classificagao do evento: Nacional; Brasil/Portugués; Meio de divulgagdo:Impresso.

MATIAS, Fernanda; LISBOA, Marcia Pagno; BONATTO,Diego; HENRIQUES, Jodo Antonio Pégas. A
presencga de actinomicetes acumuladores de PHAs como um bioindicador de excesso de contaminagao
ambiental com carbono orgénico. In: V CONGRESSODE ECOLOGIADO BRASIL, 2001, Porto Alegre.
2001.

Palavras-chave:Actinomicetes; Ecologia microbiana; Coliformesfecais; PHAs.
Areas do conhecimento: Microbiologiade Solos; Biologia e Fisiologia dos Microorganismos; Ecologia Microbiana.
Referénciasadicionais: Classificagado do evento: Nacional; Brasil/Portugués; Meio de divulgagdo:Impresso.

MATIAS, Fernanda; LISBOA, Marcia Pagno; BONATTO,Diego; HENRIQUES, Jo&o Antonio Pégas.
Analysis and characterization of new PHA-producing actinomycetes strains from different types of soils in
Rio Grande do Sul, Brazil. In: XXI CONGRESSOBRASILEIRODE MICROBIOLOGIA,2001, Foz do Iguagu.
Anais do XXI Congresso Brasileiro de Microbiologia.2001.

Palavras-chave:Actinomicetes; PHAs; Ecologia microbiana; Microbiologiade solos; Microbiologiaindustrial.
Areas do conhecimento: Ecologia Microbiana; Biologia e Fisiologia dos Microorganismos; Microbiologiade Solos.
Referénciasadicionais: Classificagado do evento: Nacional; Brasil/Inglés; Meio de divulgagéo:Impresso.

LISBOA, Marcia Pagno; MATIAS, Fernanda; BONATTO,Diego; HENRIQUES, Jo&o Antonio Pégas.
Isolation and characterization of a PHA-producing Lactobacillus strain from industrial yogurt. In: XXI
CONGRESSOBRASILEIRODE MICROBIOLOGIA,2001, Foz do Iguagu. Anais do XXI Congresso
Brasileiro de Microbiologia.2001.

I?alavras-chave:Lactobacillus; PHAs; Ecologia microbiana; iogurte.
Areas do conhecimento: Ecologia Microbiana; Bioquimica dos Microorganismos; Microbiologiade Alimentos.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Inglés; Meio de divulgagéo:Impresso.
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10

11

12

13

14

BONATTO,Diego; MATIAS, Fernanda; LISBOA, Marcia Pagno; BOGDAWA, Heique Marlis; HENRIQUES,
Jodo Antonio Pégas. Production of PHB by a Pseudomonassp. strain isolated from soil in culture medium
containing high concentrations of sugar cane molasses. In: XXI CONGRESSOBRASILEIRODE
MICROBIOLOGIA,2001, Foz do Iguagu. Anais do XXI Congresso Brasileiro de Microbiologia.2001.

Palavras-chave:Pseudomonas sp; PHAs; sugar cane molasses; Ecologia microbiana; Metabolismo de carboidratos.
Areas do conhecimento: Microbiologia Industrial e de Fermentagao; Ecologia Microbiana; Bioquimica dos Microorganismos.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Inglés; Meio de divulgagéo:Impresso.

SILVEIRA, Isabel Cristina Telles;BONATTO,Diego; HENRIQUES,Jodo Antonio Pégas; MONTEGGIA,Luiz
Olinto. MONITORAMENT(E BIOMASSA ANAEROBIAPRESENTEEM REATORESDE BAIXA CARGA:
TECNICAS CONVENCIONAISx TECNICAS DA BIOLOGIAMOLECULAR.In: XXVII CONGRESSO
INTERAMERICANODE ENGENHARIASANITARIAE AMBIENTAL, 2000, Porto Alegre - RS. 2000.

Palavras-chaveBiologia Molecular; Microrganismos acetoclasticos; Técnicas de Genética Microbiana; Reatores UASB.
Areas do conhecimento: Genética Molecular e de Microorganismos; Bioquimica dos Microorganismos; Biologia Molecular.
Setores de aplicagdo: Captacao, tratamento e distribuigdo de agua, limpeza urbana, esgoto e atividadesconexas.
Referénciasadicionais: Classificacdo do evento: Internacional;Brasil/Portugués; Meio de divulgagéo:Impresso.

BONATTO,Diego; SILVEIRA, Isabel Cristina Telles; MONTEGGIA,Luiz Olinto; HENRIQUES,Jo&o Antonio
Pégas. Acompanhamentoda dindmica populacional de microrganismos acetoclasticos usando como
marcador o gene para a subunidade alfa da enzima monéxidode carbono desidrogenase/acetil-CoA
sintetase. In: 45 CONGRESSONACIONAL DE GENETICA- SOCIEDADE BRASILEIRA DE GENETICA,
1999, Gramado- RS. 1999.

Palavras-chave:Ecologia microbiana; Genética Microbiana; Técnicas de Genética Microbiana; Microrganismos acetoclasticos.
Areas do conhecimento: Genética Molecular e de Microorganismos; Biologia Molecular; Bioquimica dos Microorganismos.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Portugués; Meio de divulgagdo:Impresso.

HAMDAN, Ana Lucia; BONATTO,Diego; HENRIQUES,Joao Antonio Pégas. Evidéncias fenotipicas e
genotipicas de um eventoancestral de duplicacdo génica em Saccharomyces cerevisiae envolvendoos
genes ALR1 e ALR2. In: 45 CONGRESSONACIONALDE GENETICA- SOCIEDADE BRASILEIRA DE
GENETICA, 1999, Gramado. 1999.

Palavras-chaveBiologia Molecular; Genética evolutiva;Saccharomyces cerevisiae; Resisténcia a aluinio.
Areas do conhecimento: Genética Molecular e de Microorganismos; Biologia Molecular; Genética Evolutiva.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Portugués; Meio de divulgagdo:Impresso.

MARIS, Angélica Francesca; ASSUMPCAO, André; BONATTO,Diego; BOCCARDI, Fabiane;
HENRIQUES,Jo&o Antonio Pégas. Intrinsic resistance of non-fermenting yeast against hydroperoxides
does not depend on mitochondrial functions. In: 45 CONGRESSONACIONALDE GENETICA-
SOCIEDADE BRASILEIRADE GENETICA, 1999, Gramado. 1999.

Palavras-chave:Genética Microbiana; Saccharomyces cerevisiae; Metabolismo de carboidratos.
Areas do conhecimento: Genética Molecular e de Microorganismos; Biologia Molecular; Bioquimica dos Microorganismos.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Portugués; Meio de divulgagdo:Impresso.

BONATTO,Diego; TORESAN,Suelen Paesi; MARIS, Angélica Francesca; HENRIQUES,Jo&do Antonio
Pégas. Induction of PSO5(RAD16), an excision repair gene of Saccharomyces cerevisiae, under hydrogen
peroxide induced stress. In: SOCIEDADE BRASILEIRA DE BIOQUIMICAE BIOLOGIAMOLECULAR-
XXVI REUNIAOANUAL, 1997, Caxambu. 1997.

I?alavras-chave:BioIogia Molecular; Saccharomyces cerevisiae; NER; PSO5.
Areas do conhecimento: Genética Molecular e de Microorganismos; Biologia Molecular.
Referénciasadicionais: Classificagdo do evento: Nacional; Brasil/Portugués; Meio de divulgagdo:Impresso.

9.1.3 Artigos completos publicados em periédicos

BONATTO,Diego; BRENDEL, Martin; HENRIQUES,Jo&o Antonio Pégas. A new group of plant specific
ATP-dependentDNA ligases identified by protein phylogeny, hydrophobic cluster analysis, and
three-dimensionalmodeling. Functional Plant Biology, v. 32, n. 2, p. 161-174, 2005.

Palavras-chave:DNA ligases; Filogenia de proteinas; Hydrophobic cluster analysis; Mecanismos de reparagaode DNA em plantas;
PSO02; Genética evolutiva.
Areas do conhecimento: Genética Vegetal; Genética Evolutiva; Microbiologia Aplicada; Genética Evolutiva; Quimicade
Macromoléculas.
Referénciasadicionais: Australia/Inglés; Meio de divulgacao:Impresso; ISSN/ISBN: 14454408.

No prelo
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SOARES, Daniele Grazziotin; POLETTO,Nadine Paese; BONATTO,Diego; SALVADOR, Mirian;
SCHWARTSMANN,Gilberto; HENRIQUES, Jo&do Antonio Pégas. Low cytotoxicity of Ecteinascidin 743 in
yeast lacking the major endonucleolytic enzymes of base and nucleotide excision repair pathways.
BiochemicalPharmacology, 2005.

Palavras-chave ET-743; BER; NER; Saccharomyces cerevisiae; Apn1p; Rad1p.
Areas do conhecimento: Genética Molecular e de Microorganismos; FarmacologiaBioquimica e Molecular; Mutagenese.
Referénciasadicionais: Estados Unidos/Inglés; Meio de divulgagéo:Impresso; ISSN/ISBN: 00062952.

Aceito para a publicagédo

KERN, Ana Lucia; BONATTO,Diego; DIAS, Johnny Ferraz; YONEAMA, Maria-lucia; BRENDEL, Martin;
HENRIQUES,Jodo Antonio Pégas. The Function of Alr1p of Saccharomyces cerevisiae in Cadmium
Detoxification: Insights from Phylogenetic Studies and Particle-Induced X-ray Emission. Biometals,

v. 18, n. 1, p. 31-41, 2005.

Palavras-chave:Saccharomyces cerevisiae; Filogenia de proteinas; Proteinas transmembrana; PIXE; Hydrophobic cluster analysis;
metal uptake.
Areas do conhecimento: Genética Molecular e de Microorganismos; Metabolismo e Bioenergética; Genética Evolutiva;Fisica
Atémica e Molecular.
Referénciasadicionais: Holanda/Inglés;Meio de divulgagédo:Impresso; ISSN/ISBN: 09660844.

Aceito para publicagédo

KERN, Ana Lucia; BONATTO,Diego; DIAS, Johnny Ferraz; YONEAMA, Maria-lucia; BRENDEL, Martin;
HENRIQUES,Jo&o Antonio Pégas. The importance of yeast Alr proteins in cadmium detoxification as
indicated by Particle-Induced X-ray Emission and Phenotypic Analyses. X-Ray Spectrometry, 2005.

Palavras-chave: Proteinas transmembrana; PIXE; Saccharomyces cerevisiae; Tolerancia a metais; Destoxificagdo de cadmio;
Resisténcia a aluminio.
Areas do conhecimento: Métodos Experimentais e Instrumentagdo para Particulas Elementares e Fisica Nuclear;Genética
Evolutiva;Espectroscopia; Genética Molecular e de Microorganismos; Genética Evolutiva.
Referénciasadicionais: Inglaterra/Inglés;Meio de divulgagédo:Impresso; ISSN/ISBN: 00498246.

Aceito para publicagédo

BONATTO,Diego; MATIAS, Fernanda; LISBOA, Marcia Pagno; BOGDAWA, Heique Marlis; HENRIQUES,
Joado Antonio P&gas. Production of short side chain-poly[hydroxyalkanoate] by a newly isolated Ralstonia
pickettii strain. World Journal of Microbiology & Biotechnology, Holanda, v. 20, n. 4, p. 395-403,

2004.

Palavras-chave:PHAs; Microbiologiade solos; Ralstonia pickettii; Sugarcane molasses; Bioprospecgéo microbiana; Sacarose.
Areas do conhecimento: Microbiologia Aplicada; Microbiologiade Solos; Genética Molecular e de Microorganismos.
Referénciasadicionais: Holanda/Inglés;Meio de divulgagdo:Impresso; ISSN/ISBN: 09593993.

BONATTO,Diego; REVERS, Luis Fernando; BRENDEL, Martin; HENRIQUES,Jo&o Antonio Pégas. The
eukaryotic Pso2/Snm1/Artemis proteins and their function as genomic and cellular caretakers. Brazilian
Journal of Medical and BiologicalResearch, 2004.

Palavras-chaveFilogenia de proteinas; NHEJ; DSB; PSO2; Artemis; Saccharomyces cerevisiae.
Areas do conhecimento: Genética Molecular e de Microorganismos; Genética Evolutiva; Biologia Molecular; GenéticaEvolutiva;
Bioquimica dos Microorganismos.
Referénciasadicionais: Brasil/Inglés; Meio de divulgagao:Impresso; ISSN/ISBN: 0100879X.
No prelo

BRENDEL, Martin; BONATTO,Diego; STRAUSS, Martin; REVERS, Luis Fernando; PUNGARTNIK,Cristina;
SAFFI, Jenifer; HENRIQUES,Jodo Antonio Pégas. Role of PSO genes in repair of DNA damage of
Saccharomyces cerevisiae. Mutation Research Reviews In Mutation Research, v. 544, n. 2-3, p.
179-193, 2003.

I?alavras-chave:Saccharomyces cerevisiae; oxidative stress; NER; PSO2; PSO3; Interstrand cross-link.
Areas do conhecimento: Genética Molecular e de Microorganismos; Biofisica Molecular; Genética Evolutiva.
Referénciasadicionais: Estados Unidos/Inglés; Meio de divulgagéo:Impresso; ISSN/ISBN: 13835742.

REVERS, Luis Fernando; CARDONE, Jaqueline Moraes; BONATTO,Diego; SAFFI, Jenifer; GREY, Martin;
FELDMANN, Heidy; BRENDEL, Martin; HENRIQUES,Jodo Antonio Pégas. Thermoconditionalmodulation
of the pleiotropic sensitivity phenotype by the Saccharomyces cerevisiae PRP19 mutantallele pso4-1.
Nucleic Acid Research, Inglaterra, v. 30, n. 22, p. 4993-5003, 2002.

Palavras-chave:Saccharomyces cerevisiae; NER; PSO4; Splicing; mutantes termocondicionais.

Areas do conhecimento: Genética Molecular e de Microorganismos; Bioquimica dos Microorganismos; Biologia e Fisiologia dos
Microorganismos.

Referénciasadicionais: Inglaterra/Inglés;Meio de divulgagao:Impresso; ISSN/ISBN: 0305048.

227



Diego Bonatto
Text Box
227


9 MARIS, Angel F; ASSUMPCAO, Andre L K; BONATTO,Diego; BRENDEL, Martin; HENRIQUES, Jo&o
Antonio Pégas. Diauxic shift-induced stress resistance against hydro-peroxides in Saccharomyces
cerevisiae is not an adaptativestress response and does not depend on functional mitochondria. Current
Genetics, Estados Unidos, v. 39, n. 3, p. 137-149, 2001.

Palavras-chave:Saccharomyces cerevisiae; oxidative stress; mitochondria; diauxic shift; hydro-peroxides.
Areas do conhecimento: Bioquimica dos Microorganismos; Genética Molecular e de Microorganismos; Biologia Molecular.
Referénciasadicionais: Estados Unidos/Inglés; Meio de divulgagéo:Impresso; ISSN/ISBN: 01728083.

9.1.4 Capitulos de livros publicados

1 BONATTO,Diego; ROSA, Renato Moreira; SAFFI, Jenifer; HENRIQUES,Jo&o Antonio Pégas. Estresse
oxidativoe envelhecimento.In: HENRIQUES,Jodo Antonio Pégas; SALVADOR, Mirian. (Org.). Radicais
Livres e Defesas Antioxidantes no Estresse Oxidativo. Canoas - RS, 2004.

Palavras-chave Estresse oxidativo; Envelhecimento;EROs; Saccharomyces cerevisiae; Mamiferos; Passaros.

Areas do conhecimento: Fisiologia de Orgdos e Sistemas; Microbiologia de Solos; Metabolismo e Bioenergética; Biofisicade
Processos e Sistemas.

Referénciasadicionais: Brasil/Portugués; Meio de divulgagao:Impresso.

2 BONATTO,Diego; MATIAS, Fernanda; LISBOA, Marcia Pagno; BOGDAWA, Heique Marlis; HENRIQUES,
Joado Antonio P&gas. Production of PHB by a Pseudomonassp. strain grown in sugarcane molasses. In:
JONAS, Rainer; PANDEY, Ashok; THARUN,Gunter. (Org.). BiotechnologicalAdvances and
Applicationsin Bioconversion of Renewable Raw Materials. Braunschweig, 2004, p. 97-101.

Palavras-chave:PHAs; Bioprospecgéo microbiana; Microbiologiaindustrial; Sugarcane molasses; Sacarose; Microbiologiade solos.
Areas do conhecimento: Genética Evolutiva;Biologia e Fisiologia dos Microorganismos; Microbiologia Aplicada; Genética Evolutiva.
Referénciasadicionais: Alemanha/lnglés;Meio de divulgagéo:Impresso; ISBN: 3925268250.

9.1.5 Textos em jornais de noticias

1 BONATTO,Diego; BOGDAWA, Heique Marlis. Doutorandos da UFRGS pesquisam produgédo de plastico
biodegradavel.Jornal da Universidade, Porto Alegre - RS, p. 13.27 ago. 2002.

Palavras-chave Bioplastico; Microbiologiaindustrial; Transgenia; PHAs; sugar cane molasses.
Areas do conhecimento: Microbiologia Industrial e de Fermentagao; Bioquimica dos Microorganismos; Genética Vegetal.
Referénciasadicionais: Brasil/Portugués; Meio de divulgagao:Impresso; Data de publicagao: 27/08/2002.

2 BONATTO,Diego; BOGDAWA, Heique Marlis. O Plastico que ndo dura. Zero Hora, Porto Alegre -
RS, p. 7-7, 12 ago. 2002.

Palavras-chave Bioplastico; Ecologia microbiana; Microbiologiaindustrial; PHAs.
Areas do conhecimento: Microbiologia Industrial e de Fermentagéao; Bioquimica dos Microorganismos.
Referénciasadicionais: Brasil/Portugués; Meio de divulgagao:Impresso; Data de publicagao: 12/08/2002.

3 BONATTO,Diego; BOGDAWA, Heique Marlis; MATIAS, Fernanda; LISBOA, Marcia Pagno; PASQUALI,
Giancarlo; HENRIQUES, Jodo Antonio Pégas. Pesquisa desenvolvebioplastico no Estado. Jornal do
Comércio, Porto Alegre, p. 10.13 ago. 2002.

Palavras-chaveBiotecnologia; Transgenia; Técnicas de Genética Microbiana; PHAs; Bioplastico.

Areas do conhecimento: Microbiologia Aplicada.

Setores de aplicagdo: Fabricagédo de produtos de borrachae plastico.

Referénciasadicionais: Brasil/Portugués; Meio de divulgagao:Impresso; Data de publicagao: 13/08/2002.

4 BONATTO,Diego; BOGDAWA, Heique Marlis; PASQUALI, Giancarlo; HENRIQUES,Jo&o Antonio Pégas.
UFRGSfaz plastico a base de melago. Correio do Povo, Porto Alegre - RS, p. 14-14, 14 ago. 2002.

Palavras-chave Bioplastico; Biotecnologia; Microbiologiaindustrial; sugar cane molasses; Transgenia;Biotecnologia de plantas.
Areas do conhecimento: Microbiologia Aplicada; Genética Molecular e de Microorganismos; Genética Vegetal.
Referénciasadicionais: Brasil/Portugués; Meio de divulgagao:Impresso; Data de publicagao: 14/08/2002.

9.2 PRODUCAO TECNICA
9.2.1 Demais tipos de produgao técnica

1 BONATTO,Diego. Analisede Bactérias Produtoras de Poliéster Bioldgico.2002. (Apresentagéo de
trabalho/Comunicacéo).

Palavras-chaveBioplastico; Ecologia microbiana; PHAs; Microbiologiaindustrial.

Areas do conhecimento: Microbiologia Aplicada; Biologia e Fisiologia dos Microorganismos. 228

Referénciasadicionais: Brasil/Portugués; Meio de divulgagéo:Outro; Local: Instituto de Biociéncias - UFRGS; Cidade: Porto Alegre -
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RS; Evento: Seminarios |l do Curso de Ciéncias Bioldgicas; Inst. promotora/financiadorainstituto de Biociéncias - UFRGS.

2 BONATTO,Diego. Embalagens: tendéncias e futuros. 2000. (Apresentacao de trabalho/Seminario).
Palavras-chavePHAs; Técnicas de Genética Microbiana; Biotecnologia.
Areas do conhecimento: Genética Molecular e de Microorganismos; Biologia Molecular; Bioquimica dos Microorganismos.
Setores de aplicagédo: Produtos e processos biotecnoldgicos; Produtos e servigos voltados para a defesa e protegdo domeio
ambiente, incluindo o desenvolvimentosustentado; Desenvolvimentade novos materiais.
Referéncias adicionais: Brasil/Portugués; Local: FIERGS; Cidade: Porto Alelgre; Evento: Embalagens: tendéncias e futuros; Inst.
promotora/financiadora:SIA/RS; SINPLAST/RSe ARDEF.

3 BONATTO,Diego; BOGDAWA, Heique Marlis; HENRIQUES,Jo&o Antonio Pégas. Produgao de PHAs:
uma nova perspectiva industrial. 1999. (Apresentagao de trabalho/Congresso).

Palavras-chaveBiotecnologia; PHAs.

Areas do conhecimento: Bacterologia; Microbiologia Industrial e de Fermentago; Bioquimica dos Microorganismos.

Setores de aplicagdo: Produtos e servigos voltados para a defesa e protegdo do meio ambiente, incluindo adesenvolvimento
sustentado; Fabricagao de produtos quimicos; Desenvolvimentade novos materiais.

Referéncias adicionais: Brasil/Portugués; Local: Belo Horizonte; Cidade: Minas Gerais; Evento: Congresso Internacional sobre meio
ambiente e oportunidadesde negdcios; Inst. promotora/financiadoraFIEMG.

4 BONATTO,Diego. Tecnologiade DNA Recombinante. 1999. (Apresentagéo de trabalho/Outra).

Palavras-chaveBiotecnologia; Genética Microbiana; Biologia Molecular; Transgenia.

Areas do conhecimento: Genética Molecular e de Microorganismos; Biologia Molecular; Microbiologia Aplicada.

Setores de aplicagdo: Produtos e processos biotecnoldgicos.

Referéncias adicionais: Brasil/Portugués; Local: Faculdade de Quimica; Cidade: Porto Alegre; Evento: Palestra para aFaaculdade
de Quimica; Inst. promotora/financiadoraPUC - RS.

9.3 DEMAIS TRABALHOS

1 BONATTO,Diego; HENRIQUES,Jodo Antonio Pégas. Disciplinade Biofisicalll - Curso de Ciéncias
Biolégicas.2000. (Atividades Didaticas).

Palavras-chaveBiofisica das radiagbes; Reparagdode DNA; Saccharomyces cerevisiae; Fotobiologiae Radiobiologia.
Areas do conhecimento: Radiologiae Fotobiologia; Biofisica Celular; Biofisica Molecular.
Referéncias adicionais: Brasil/Portugués; Meio de divulgagao: Varios; Finalidade: Atividades Didaticas; Local do evento: Insituto de
Biociéncias - Departamentode Biofisica - UFRGS.
Disciplina ministrada no primeiro semestre do ano 2000, totalizando 15 horas-aula. Atividade curricular obrigatéria doPrograma
de Pdés-graduagéoem Biologia Celulare Molecular (PPGBCM)da UFRGS

2 BONATTO,Diego; BRENDEL, Martin. Microbial Genetics. 1997. (Monitoria).

Palavras-chave:Saccharomyces cerevisiae; Bacillus; Genética Microbiana; Técnicas de Genética Microbiana.

Areas do conhecimento: Bacterologia; Micologia; Virologia.

Referéncias adicionais: Brasil/Inglés; Meio de divulgagéo: Varios; Finalidade: Curso ministrado pelo Prof.Martin Brendel(Frankfurt,

Alemanha)sobre Genética Microbiana; Local do evento: Centro de Biotecnologia da UniversidadeFederaldo Rio Grande do Sul.
Monitoria exercida durante todo o curso "Microbial Genetics", totalizando cerca de 160 horas-aula.

10 DADOS COMPLEMENTARES
10.1 PARTICIPACAO EM BANCAS EXAMINADORAS
10.1.1 Trabalhos de Conclusao de Curso de Graduagao

1 BONATTO,Diego; CORDELLINI, Valeriano Anténio; HENRIQUES,Jo&o Antonio Pégas. Participacdo em
banca de Fernanda Matias. Isolamento e caracterizagdo de novas linhagens de actinomicetos
produtores de PHAs de solos do Rio Grande do Sul. 2003. Trabalhode Conclusao de Curso
(Graduacgéo em Ciéncias Bioldgicas) - Universidade Federal do Rio Grande do Sul.

Palavras-chave: PHAs; Bioplastico; Actinomicetes; Microbiologia de solos; Microscopia eletrénica de transmissao; Microscopia
oOptica.

Areas do conhecimento: Microbiologiade Solos; Biologia e Fisiologia dos Microorganismos; Citologia e Biologia Celular.
Referénciasadicionais: Brasil/Portugués.

2 BONATTO,Diego; SAFFI, Jenifer, RAMOS, Ana Ligia Lia de Paula. Participagdo em banca de Renato
Moreira Rosa. Reparo de danos oxidativos no mutante pso3-1 de Saccharomyces cerevisiae. 2002.
Trabalhode Conclusao de Curso (Graduagao em Faculdade de Farmacia) - Universidade Federal do Rio
Grande do Sul.

Palavras-chave:Saccharomyces cerevisiae; oxidative stress; PSO3.
Areas do conhecimento: Bioquimica dos Microorganismos; Biologia e Fisiologia dos Microorganismos.
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Referénciasadicionais: Brasil/Portugués.

10.2 PARTICIPAGAO EM EVENTOS

1 49° Congresso Nacional de Genética. 2003. (Participagdo em eventos/Congresso).

Areas do conhecimento: Genética.
Referéncias adicionais: Brasil;, Meio de divulgagao: Digital; Nome do evento: 49° Congresso Nacional de Genética; Nomeda
instituicdo promotora: Sociedade Brasileira de Genética; Cidade: Aguas de Lindéia- SP.

2 XXI Congresso Brasileiro de Microbiologia.2001. (Participagdo em eventos/Congresso).

Palavras-chave Microbiologiaindustrial; Microbiologiade solos; Genética Microbiana; Técnicas de Genética Microbiana.

Areas do conhecimento: Microbiologia; Microbiologia Aplicada; Genética Molecular e de Microorganismos.

Referéncias adicionais: Brasil; Meio de divulgagéo: Impresso; Nome do evento: XXICongresso Brasileiro de Microbiologia; Nome da
instituicdo promotora: Sociedade Brasileira de Microbiologia; Local: Rafain Palace Hotel; Cidade: Foz do Iguagu - PR.

3 More Quality of Life by Means of Biotechnology. 2000. (Participagdo em eventos/Simpdsio).

Areas do conhecimento: Genética; Bioquimica; Microbiologia.

Referénciasadicionais: Alemanha; Meio de divulgagao:Impresso; Nome do evento: International Symposium on the Bioconversionof
RenewableRaw Materials; Nome da instituicdo promotora: Gesellschaft fir Biotechnologische Forschung (GBF); Local: Gesellschaft
fur Biotechnologische Forschung (GBF); Cidade: Braunschweig- Alemanha.

4 45° Congresso Nacional de Genética. 1999. (Participagdo em eventos/Congresso).

Palavras-chave:Genética Microbiana; Saccharomyces cerevisiae; Técnicas de Genética Microbiana.

Areas do conhecimento: Genética.

Referéncias adicionais: Brasil; Meio de divulgagao: Impresso; Nome do evento: 45° Congresso Nacional de Genética; Nomeda
instituicdo promotora: Sociedade Brasileira de Genética; Cidade: Gramado- RS.

5 Congresso Internacional: Meio Ambiente - Oportunidades de Negécios. 1999. (Participagdo em
eventos/Congresso).

Areas do conhecimento: Microbiologia; Administragao; Economia.

Referéncias adicionais: Brasil; Meio de divulgagédo: Impresso; Nome do evento: Congresso Internacional: Meio Ambiente -
Oportunidades de Negdcios; Nome da instituicdo promotora: ConfederacdoNacional das Industrias e Federagéo das Industriasdo
Estado de Minas Gerais; Local: Minas Trade Center; Cidade: Belo Horizonte - MG.

6 44° Congresso Nacional de Genética. 1998. (Participagdo em eventos/Congresso).

Areas do conhecimento: Genética.
Referéncias adicionais: Brasil; Meio de divulgag&o: Impresso; Nome do evento: 44° Congresso Nacional de Genética; Nomeda
instituicdo promotora: Sociedade Brasileira de Genética; Local: Hotel Monte Real Resort; Cidade: Aguas de Lindoia - SP.

7 IV Encontro Gauicho de Imunologia.1998. (Participacdo em eventos/Encontro).

Areas do conhecimento: Genética; Imunologia.

Referéncias adicionais: Brasil; Meio de divulgagao: Impresso; Nome do evento: IV Encontro Gaucho de Imunologia; Nomeda
instituicdo promotora: Sociedade Brasileira de Imunologia- Regional Sul; Local: Pontificia UniversidadeCatdlica do Rio Grandedo
Sul; Cidade: Porto Alegre - RS.

8 XXVI Reuniao Anual da Sociedade Brasileira de Bioquimicae BiologiaMolecular. 1997.
(Participacao em eventos/Congresso).

Areas do conhecimento: Bioquimica.

Referéncias adicionais: Brasil; Meio de divulgagao: Impresso; Nome do evento: XXVIReunido Anual da Sociedade Brasileirade
Bioquimica e Biologia Molecular; Nome da instituicdo promotora: Sociedade Brasileira de Bioquimica e Biologia Molecular;Cidade:
Caxambu- MG.

9 41° Congresso Nacional de Genética. 1995. (Participagdo em eventos/Congresso).
Areas do conhecimento: Genética.

Referéncias adicionais: Brasil; Meio de divulgagao: Impresso; Nome do evento: 41° Congresso Nacional de Genética; Nomeda
instituicdo promotora: Sociedade Brasileira de Genética; Local: Caxambu; Cidade: Caxambu - MG.

11 INDICADORES DE PRODUGAO
Producéo bibliogréafica

Artigos publicados em periddicos - 9
Completos - 9
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Completos - 1
Resumos - 14

Livros e capitulos - 2
Capitulos de livros publicados - 2

Textos em jornais ou revistas (magazines) - 4
Jornais de noticias - 4

Producao técnica

Demais tipos de producgao técnica - 4
Demais trabalhos
Dados complementares

Participagdo em bancas examinadoras - 2

Participagdo em eventos - 9
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