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There are more things in genotype and phenotype,
Horatio, than are dreamt of in your philosophy. -
Hamlet Act 1, scene 5, 159-167.
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RESUMO

Fundamentalmente, o processo epigenético caracteriza-se por contribuir com
diferentes fenotipos alternativos emergindo em um organismo a partir de seu genotipo.
Os mecanismos envolvidos na modulacdo da expressdao dos genes sdo amplamente
estudados, especialmente em vertebrados (mamiferos). Podemos dividir esses
mecanismos epigenéticos de trés formas: (i) modificacdo de citosinas genémicas; (ii)
modificagdo pos-tranducional das caudas de histonas; e (iii) controle de transcritos
mediados por RNAs ndo-codificantes. Desses trés mecanismos descritos, a modificacao
de citosinas gendmicas por meio da metilacdo é a mais bem estudada. Apesar do amplo
conhecimento que se estabeleceu sobre as funcbes e impactos da metilacdo em mamiferos
nos aspectos fisiologicos e ontogenéticos, em invertebrados ainda residem diversas
questdes a serem elucidadas. Como Drosophila possui apenas a DNA metiltransferase 2
(Dnmt2), é reconhecida como organismo “Dnmt2-only”. Os padrdes de metilagdo de
citosinas nesse grupo de organismos possui destacadas diferencas em relacdo aos demais

organismos que possuem as DNA metiltransferases candnicas (Dnmtl e Dnmt3).

Assim, a presente tese apresenta em um primeiro momento, extensivo estudo
sobre a conservacdo e evolucdo da Dnmt2 em drosofilideos. Para isso, utilizamos
aproximadamente 70 espécies de Drosophilidae. Como resultado das analises
filogenéticas, os principais clados de Drosophilidae foram recuperados, onde observamos
claramente as relagfes evolutivas entre o subgénero Drosophila e Sophophora e suas
espécies. Analisamos quais as forcas evolutivas conduziram a histéria da Dnmt2 dentro
do género Drosophila e observamos que em Dnmt2 de drosofilideos ha forte acdo de
selecdo purificadora. Entretanto, seis sitios apresentaram sinais de selecdo positiva e doze
outros sitios, selecdo positiva desbalanceadora - favorecendo mudangas estruturais e
funcionais na enzima Dnmt2. Destacamos a alta taxa de substituicdo nucleotidica por
cddon no clado das espécies do subgrupo willistoni. Além disso, aprofundamos os estudos
sobre os aspectos evolutivos dentro do contexto epigenético, analisando possiveis
proteinas que interajam, direta ou indiretamente, com a Dnmt2. Ao todo, quinze proteinas
compartilham significativa taxa de covariacdo evolutiva com Dnmt2, sugerindo serem

potenciais parceiras em diferentes redes de controle de expressdo génica.

A relevancia de um gene pode ser aferida, entre diversas formas, por seu padréo
de expressédo ao longo da ontogenia do organismo. Como D. willistoni se destaca por suas

peculiaridades no ambito epigenético, em um segundo momento, procuramos analisar 0s
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padrdes dos niveis transcricionais e localizar o gene Dnmt2 atraves de hibridacéo in situ
em cromossomos politénicos. Verificamos que o gene Dnmt2 de D. willistoni possui
maior nivel transcricional nos estagios iniciais, diminuindo o com o avancar do
desenvolvimento. Interessantemente, os dados obtidos por gPCR em adultos de D.
willistoni, sugerem que esses possuem niveis de expressdo levemente maiores do que
aqueles observados em estudos prévios com D. melanogaster. Também detectamos
transcritos de Dnmt2 ja no periodo da oogénese, o que pode ser um indicativo que esse
seja de origem materna. O gene Dnmt2 se encontra em regido subtelomérica do braco I1L
(Elemento B de Muller, comprovando sintenia cromossémica com outras 12 espécies de
Drosophila). A localizagdo de Dnmt2 é por si s interessante, pois genes localizados em
regibes proximas aos telébmeros (e centrdmeros) possuem caracteristicas evolutivas
marcadamente distintas das demais regides cromossdmicas, o que pode estar relacionado
com as diferengas quanto aos aspectos evolutivos moleculares descritos previamente em

D. willistoni.

Por fim, nas duas Ultimas etapas analisamos as propriedades fisico-quimicas
emergentes da estrutura terciaria de diversas Dnmt2, com especial atencdo a regido
responsavel pelo reconhecimento da sequéncia alvo a ser metilada (TRD). Utilizamos
para esse estudo as Dnmt2 de procariotos Hhal e Haelll, do género Haemophilus
(reconhecidas por serem DNA metiltransferases), a Dnmt2 de Geobacter sulfurreducens,
de Entamoeba histolytica, de Spodoptera frugiperda e humana (todas com afinidade por
tRNA) e vinte e seis modelos gerados por meio de modelagem molecular por homologia
estrutural de drosofilideos. Constatamos que mutac6es em sitios da TRD modificam o
perfil de distribuicdo de cargas eletrostaticas de superficie (CES) e, consequentemente, a
atividade cinética da enzima junto ao substrato. Observamos que mesmo entre espécies
préximas (drosofilideos), as CES sao diferentes. D. willistoni apresenta caracteristicas em
seu perfil de CES que a diferencia das demais espécies de Drosophila e a aproxima dos
valores de cinética enzimatica encontrados experimentalmente em Hhal. Através de
simulacgdes de dinamica molecular do complexo Dnmt2-DNA de Hhal, E. histolytica, S.
frugiperda, D. melanogaster, D. willistoni e Dnmt2 humana, constatamos que as
diferengas encontradas nas CES das TRDs refletem diretamente mudangas nas dindmicas
entre enzima e ligante. A Dnmt2 de D. willistoni é a enzima eucariotica que apresentou o
maior nimero de ligagdes de Hidrogénio estaveis com DNA, comportamento similar ao

encontrado no complexo Hhal-DNA, reconhecidamente uma DNA metiltransferase.
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ABSTRACT

Fundamentally, the epigenetic process is characterized by contributing with
alternative phenotypes emerging in an organism from its genotype. The mechanisms
involved in modulating gene expression are extensively studied, especially in vertebrates
(mammals). We can divide these epigenetic mechanisms in three ways: (i) modification
of genomic cytosines; (ii) histone tails post-translational modification; and (iii) control of
transcripts mediated by non-coding RNAs. Of these three mechanisms described, the
modification of genomic cytosines through methylation is the most well studied. In spite
of the wide knowledge that has been established on the functions and impacts of the
methylation in mammals in the physiological and ontogenetic aspects, in invertebrates
there still remain several questions to be elucidated. As Drosophila has only DNA
methyltransferase 2 (Dnmt2), it is recognized as "Dnmt2-only" organisms. The
methylation patterns of cytosines in this group of organisms have remarkable differences
in relation to the other organisms that have the canonical DNA methyltransferases
(Dnmtl and Dnmt3).

Thus, the present thesis presents at first, an extensive study on the conservation
and evolution of Dnmt2 in drosophilids. For this, we use approximately 70 species of
Drosophilidae. As a result of the phylogenetic analyzes, the main clades of Drosophilidae
were recovered, where we clearly observe the evolutionary relationships between the
subgenus Drosophila and Sophophora and their species. We analyzed which evolutionary
forces led to the history of Dnmt2 within the genus Drosophila and we observed that in
drosophilids Dnmt2 there is a strong action of purifying selection. However, six sites
showed positive selection signs and twelve other sites, positive-destabilizing selection -
favoring structural and functional changes in the enzyme Dnmt2. We highlight the high
rate of nucleotide substitution per codon in the clade of the species of the subgroup
willistoni. In addition, we study the evolutionary aspects within the epigenetic context,
analyzing possible proteins that interact, directly or indirectly, with Dnmt2. In all, fifteen
proteins share a significant evolutionary rate covariation with Dnmt2, suggesting to be

potential partners in different networks of control of gene expression.

The relevance of a gene can be measured, among its various forms, by its pattern
of expression throughout the organism ontogeny. As D. willistoni stands out for its

peculiarities in the epigenetic scope, in this second moment, we try to analyze the
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transcriptional levels and localization of the Dnmt2 gene through in situ hybridization in
polytene chromosomes. We verified that the D. willistoni Dnmt2 has a higher
transcriptional level in the initial stages, decreasing with the development progress.
Interestingly, the data obtained by gPCR in adults of D. willistoni suggest that they have
levels of expression slightly higher than those observed in previous studies with D.
melanogaster. We also detected Dnmt2 transcripts already in the oogenesis period, which
may be indicative of maternal origin. The Dnmt2 is found in the subtelomeric region of
the arm IIL (Muller B Element, confirming chromosomal syntenia with 12 other
Drosophila species). The localization of Dnmt2 is interesting in itself, because genes
located in regions close to telomeres (and centromers) have markedly different
evolutionary characteristics than the other chromosomal regions, which may be related to

the differences in molecular evolution aspects previously described in D. willistoni.

Finally, in the last two steps we analyzed the emerging physicochemical properties
of the tertiary structure of several Dnmt2, with special attention to the region responsible
for the recognition of the target sequence to be methylated (TRD). We used the
prokaryotes Dnmt2 Hhal and Haelll of the genus Haemophilus (recognized as DNA
methyltransferases), the Geobacter sulfurreducens, Entamoeba histolytica, Spodoptera
frugiperda and human (all with tRNA affinity) Dnmt2 and twenty-six drosophilids
models generated by molecular homology modeling. We found that site mutations in the
TRD modify the electrostatic surface charge distribution profile (ESCD) and,
consequently, the enzymatic kinetics with the substrate. We observed that even among
nearby species (drosophilids), ESCD are different. D. willistoni presents characteristics
in its ESCD profile that differentiates it from the other Drosophila species and
approximate the values of enzymatic kinetics found experimentally in Hhal. Through
molecular dynamics simulations of the Hhal, E. histolytica, S. frugiperda, D.
melanogaster, D. willistoni and human Dnmt2, we found that the differences in the ESCD
of the TRDs directly reflect changes in the dynamics between enzyme and ligand. D.
willistoni Dnmt2 is the eukaryotic enzyme that showed the highest number of hydrogen
bonds with DNA, a behavior similar to that found in the complex Hhal-DNA, known as

DNA methyltransferase.
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CAPITULO I

Introducéo
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Introducao

A Epigenética

O termo epigenética faz referéncia aos mecanismos envolvidos no processo de
controle de expressdo génica nos organismos. Em 1942, Conrad H. Waddington, em
parceria com Ernst Hadorn, cunhou o termo epigenética que deriva da palavra grega
epigenesis (epi — sobre; genesis — origem). Os estudos desenvolvidos por Waddington e
Hadorn procuravam descrever e entender 0s processos genéticos envolvidos no
desenvolvimento dos organismos, estabelecendo dialogo entre duas areas que pareciam

estar apartadas por conta de contextos histérico-cientificos.

Se por um lado os estudos sobre o desenvolvimento dos organismos se mostraram
incapazes de responder questdes evolutivas, sendo permeados por ideias vitalistas e
obscurantistas para explicar a ontogenia dos organismos, por outro lado, a genética trazia
luz as questdes sobre hereditariedade e os fatores mecanicistas por tras da variabilidade
dos organismos. Além disso, a ideia do selecionismo estrito delegava ao ambiente um
papel passivo nos processos evolutivos, sem acdo na emergéncia de novos fendtipos.
Entretanto, em seus estudos, Waddington notou que fatores ambientais estressores
poderiam causar a emergéncia de fen6tipos ndo esperados em Drosophila, e que esses
padrdes ontogenéticos ndo esperados poderiam ser fixados huma populacdo através de
assimilacdo genética (Waddington 1942). Porém, apenas quatro décadas apds as
publicacdes de suas observacfes € que os mecanismos moleculares por tras de tais

fenbmenos seriam elucidados.

Os mecanismos envolvidos nos fendmenos epigenéticos atuam, basicamente, por
trés vias: (i) na alteracdo da expressao génica, mudando a acessibilidade a cromatina para
a regulacéo transcricional por meio das modificagdes no DNA, mas sem haver alteragdes
na sequéncia das bases do genoma; (ii) modifica¢bes de histonas com a remodelacdo do
nucleossomo (Lo and Sukumar 2008); e (iii) acdo de RNA n&o-codificantes (@drom and
Shiekhattar 2011; Spitale et al. 2011; Dozmorov et al. 2013). E por via da heranca
epigenética que ocorre transmissao de informacdes que nao séo codificadas pelos genes
de uma célula-mae para a celula-filha, possibilitando o processo de citodiferenciacéo e
posterior morfogénese, ou até mesmo a transmissdo de processos ontogenéticos entre

diferentes geracdes sem haver a necessidade de haver para isso mutagdes geneticas (Kiani
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et al. 2013). Além disso, a modulacdo desses mecanismos epigenéticos pode contribuir
para o surgimento de diferentes fentipos em um organismo a partir de um mesmo
gendtipo. Esses fendtipos alternativos podem ser induzidos em resposta a diferentes
cenarios ambientais (internos e externos ao organismo), modificando os estados
epigenéticos de um ou mais locus do genoma do organismo. Em contrapartida, a
desregulacdo do status epigenético (epimutacdes) pode resultar em efeitos deletérios aos
organismos, resultando em diversas doencas como transtornos mentais, dependéncia de
drogas (Tsankova et al. 2007; Sweatt 2009; Kumar and Rao 2011) e cancer (Feinberg and
Vogelstein 1983; Hardy and Tollefsbol 2011; Park et al. 2011), em humanos.

No ambito evolutivo se discutiu por algum tempo a importancia e a relevancia da
epigenética. Logo, se 0s mecanismos evolutivos atuam em Ultima analise sobre os
fendtipos, a epigenética acaba tendo importante papel dentro da Biologia Evolutiva. Até
mesmo a genética quantitativa, que leva em conta os mecanismos que influenciam a
variacdo quantitativa através da férmula de variancia fenotipica (Vp = Vg + VE + Voxe +
2COVee + Ve onde, Vg é a variancia genética; Ve variancia ambiental; Vexe interacdo
genética-ambiental; 2COVe covariancia genética-ambiental e Ve variancia epigenética),
pode haver influéncia da epigenética, levando por conseguinte a consequéncias evolutivas
(Banta and Richards 2018). Devemos lembrar que entre genétipo e fenotipo, e conectando
cada um desses niveis entre si, reside um apanhado complexo de processos ontogenéticos

que podem sofrer influéncia ambiental (interna ou externa).

A Metilacéo de Citosinas Gendmicas e Ndo-Gendmicas

A metilacdo de citosinas € 0 mecanismo epigenético mais estudado e descrito
(Vilkaitis et al. 2001; Marhold et al. 2004; Varriale 2014). Esse caracteriza-se pelo
processo de substituicdo de um atomo de hidrogénio (H) por um grupo metil (CH3) no
carbono 5 do anel de citosina, sendo a reacdo catalisada por diferentes tipos de
metiltransferases (MTases). A metilacdo de citosinas gendmicas esta ligada a diversos
processos como o imprinting gendmico, a estabilidade gendmica e o silenciamento de

transposons e de retrovirus enddgenos (Bird 1992; Yoder et al. 1997b).

Quando ocorre o processo de modificacdo de citosinas por metilacdo ha a
alteracdo no padrao fisico-quimico do nucleotideo, alterando os padrdes de distribuicéo

de cargas eletrostaticas (Prokhortchouk and Defossez 2008; Severin et al. 2011; Goel et
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al. 2014; Sanchez and Mackenzie 2016). Essa mudanca acaba interferindo na capacidade
de fatores de transcricdo reconhecerem e interagirem de maneira adequada em tais sitios.
Além disso, tais modificacdes abrem a possibilidade para que fatores trans do processo
transcricional, como as histonas deacetilases e proteinas de ligagdo ao DNA metilado
(MDBs), interajam com o DNA - essas ultimas parecem competir por sitios alvos de
fatores de transcrigdo (Nan et al. 1998; Fuks et al. 2000; Kim et al. 2002).

Interessantemente o padrdo de distribuicdo de citosinas metiladas nao €
homogéneo em posi¢do e funcdo ao longo do genoma de diferentes espécies. Em
mamiferos sdo amplamente descritas metilagcbes nos sitios de inicio de transcrigdo nas
ilhas CpG (Okano et al. 1999). Contudo, em genes que ndo possuem sitios de inicio de
transcricdo ricos em CpG pode ocorrer metilacdo em sequéncias ndo-CpG, sendo o
processo de silenciamento promovido primordialmente pelo nucleossomo (Farthing et al.
2008; Han et al. 2011). Outro aspecto interessante, € a metilagdo em citosinas no corpo
dos genes (termo utilizado para metilagdo nas unidades de transcricdo génica). A
metilacdo no corpo do gene estd relacionada aos mecanismos de controle de
processamento alternativo de RNA em vertebrados (Flores et al. 2012). Em invertebrados,
apesar de no principio se acreditar que houvessem metilagdes espdrias, atualmente
estudos tem associado esse fenémeno a funcdes bioldgicas de alta complexidade, como a

determinacéo de castas em abelhas e formigas (Elango et al. 2009; Bonasio et al. 2012).

Entretanto, a metilacdo de citosinas ndo-genémicas também desempenha papel
fundamental nos processos de controle de expressdo génica. Nas Ultimas décadas foi
descoberta uma série de modificacbes em RNA ndo-codificantes que apresentam
importancia na resposta a diversos cenarios. Exemplificam-se eventos estressores por
mobilizacdo de elementos transponiveis, limitagdo de recursos alimentares, infecgdo
viral, entre outros (Liebers et al. 2014; Matzke and Mosher 2014; Lyons et al. 2018).

As DNA Metiltransferases

O fendmeno de metilagéo de citosinas € mediado por diferentes classes de DNA
metiltransferases (DNA MTase). As duas primeiras classes atuam convertendo 0s
nitrogénios exociclicos dos nucleotideos adenina e citosina em N6-metiladenina (m6A-
MTase) (Zhang et al. 2015) e N4-metilcitosina (m4C-MTase) (Ehrlich et al. 1987),
respectivamente, sendo encontradas em procariotos. A terceira classe de DNA MTase sdo
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denominadas de DNA (citosina-5) metiltransferases (m5C-MTase) (Kumar et al. 1994),
que catalisam a reacdo de metilacdo inserindo um grupamento metil (CH3) no Carbono
cinco do anel pirimidinico de citosinas, convertendo-as em 5-metilcitosina (Figura 1),

sendo estas amplamente distribuidas entre procariotos e eucariotos (Motorin et al. 2009).
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Figura 1. Representacdo dos processos de metilacdo de citosina mediada pelas DNA
MTase. Num primeiro momento ha um ataque nucleofilico na posi¢éo seis da citosina por
parte da enzima (Cys81 em MHal, por exemplo). Essa agéo ativa a posi¢ao cinco para um
ataque eletrofilico pelo cofator (AdoMet), quando o grupamento metil é transferido para

a citosina alvo.

Na classe das m5C-MTase existem trés diferentes familias de enzimas: a DNMT1,
a DNMT2 e as DNMT3 (Figura 2), todas com homologia entre si no dominio catalitico
(Klimasauskas et al. 1994c; Jurkowska and Jeltsch 2016). Entretanto, cada uma delas
desempenha diferentes papéis no processo de estabelecimento e manutencdo dos padroes

de metilag&o no desenvolvimento dos organismos.
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Figura 2. llustracdo esquematica de DNMTSs conhecidas de vertebrados. A regido em
preto representa o dominio catalitico C-terminal conservado (imagem adaptada de Mund
et al., 2004).

DNMT1 e DNMT3: Manutencéo e Metilacédo de novo

A DNMT1 é responsavel pela manutencdo das marcagdes epigenéticas. Durante
0 processo de replicacdo do DNA, a DNMT1 terd maior atividade sobre o DNA
hemimetilado, visto que a replicacdo da molécula de DNA €é semiconservativa. Assim, a
fita molde iréa carregar as os padr6es de metilacdo que serdo copiados pela DNMT1 para

as novas fitas sintetizadas (Yoder et al. 1997a).

Molecularmente, a DNMT1 é a maior das MTases, com massa molecular de 184
kDa, possuindo duas isoformas, DNMT1a e DNMT1b, em que a DNMT1b resulta do
processamento de splicing alternativo do gene de DNMTL1 (Bonfils et al. 2000). A
DNMT1 quando silenciada, resulta em fendtipos letais pela perda da manutencdo dos
padrdes de metilagdo no genoma replicado. Em estudos com camundongos, verificou-se
que individuos homozigoticos DNMT1-/- ndo sobrevivem a gestacdo. Processos
tumorigénicos sdo amplamente descritos quando da atividade anormal das MTases.
Elevados niveis de transcritos de DNMT1 e atividade MTase em associacdo com celulas
cancerigenas in vitro e tumores in vivo ja foram descritos (Kautiainen and Jones 1986; el-

Deiry et al. 1991; Saito et al. 2003). Outro aspecto interessante é que as MTase atuam
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conjuntamente com outros fatores envolvidos nos mecanismos de controle de expresséo
génica, como € o caso da associagdo da DNMT2 com a histona deacetilase 2 (HDAC?2)
(Rountree et al. 2000). Em sua regido N-terminal, tem-se o0 dominio regulatério (Pradhan
and Esteve 2003), enquanto a regido C-terminal comporta o dominio catalitico. Ambas
as regides estdo conectadas por uma regido de repeticdo Gli-Cis. Como a DNMT1 é
comumente encontrada nas forquilhas de replicacdo de DNA acaba tendo intera¢cbes com
proteinas como a PCNA (Proliferative Cell Nuclear Antigen) (Chuang et al. 1997),
histonas deacetilases (Fuks et al. 2000; Rountree et al. 2000), produtos do gene de
retinoblastoma (Rb) (Robertson et al. 2000), DNMT3a e DNMT3b (Kim et al. 2002).

Em mamiferos, durante o estagio de pré-implantacdo embrionéaria, 0 genoma
apresenta-se praticamente livre de metilacdo, contudo se observa nesse estagio a
transcricdo do gene DNMT1 (Mertineit et al. 1998; La Salle et al. 2004). Posteriormente
o transcrito de DNMT1 € traduzido no citoplasma, porém a enzima DNMT1 ndo é
direcionada para o ndcleo, sendo mantida no citoplasma. Por outro lado, verifica-se
durante esse periodo inicial de desenvolvimento uma intensa atividade catalitica das
DNMT3a e DNMT3Db, estabelecendo os padroes de metilacdo iniciais. Apos esse periodo,
0s niveis e atividade da DNMT3a e DNMT3b diminuem gradativamente, passando,

entdo, a atuar primordialmente a DNMT1 (Okano et al. 1999).

Enguanto a DNMT1 é responsavel pela manutencao das marcacGes epigenéticas,
as DNMT3a e DNMT3b sdo as principais moléculas envolvidas na metilacdo de novo em
vertebrados. A metilacdo de novo nada mais € do que o fendmeno de estabilizacdo dos
padroes de metilacdo em estagios de desenvolvimento iniciais (Okano et al. 1999). A
inativacdo de ambas DNMT3 ¢ letal para os organismos, visto que a metilacdo de novo é
essencial para que ocorra a correta compartimentalizagdo do genoma durante 0 processo
de citodiferenciacdo e posterior morfogénese tecidual (Okano et al. 1999). As DNMT3a
e a DNMT3b diferenciam-se em suas afinidades espaco-temporais ao longo do estagio do
desenvolvimento do organismo. A DNMT3b possui uma maior atividade nos estagios
iniciais de desenvolvimento, metilando regides centroméricas, enquanto que a DNMT3a
atua nos estagios posteriores, metilando genes ou sequéncias fundamentais para o
desenvolvimento poés-implantacdo (Okano et al. 1999). A principio, DNMT3a e
DNMT3b atuam redundantemente na metilacdo do genoma e dos elementos repetitivos,
contudo, DNMT3b tem também um papel proeminente na metilacdo das ilhas CpG nos

cromossomos autossémicos e X (Auclair et al. 2014).
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Analises filogenéticas sugerem que os genes ancestrais de DNMT3a e DNMT3b
surgiram depois da emergéncia dos urocordados e antes da radiacdo evolutiva dos
gnatostomados, através de processo de duplicacdo génica. Apds o fenbmeno de
duplicacdo o gene da DNMT3b sofreu diversas substituicdes ndo-sindbnimas. Em
mamiferos a simples substituicdo de um aminoacido (uma isoleucina por uma asparagina
na posicdo 662) da DNMT3b, é considerada um evento preponderante para conceber o

aumento de sua atividade catalitica (Shen et al. 2010).

Enigméatica DNMT?2

A DNMT?2 apresenta ampla distribui¢cdo nos mais diversos filos e em diferentes
reinos, apresentando alta conservacdo de seus sitios cataliticos, mesmo quando se
compara procariotos e eucariotos (Jurkowski and Jeltsch 2011; Schulz et al. 2012). Em
alguns organismos a Unica MTase presente é a DNMT2, como € o caso dos drosofilideos
(Schaefer and Lyko 2010). Além da homologia e conservacao de seus sitios cataliticos, a
DNMT?2 possui peculiaridades que acabam por atrair a atencdo de diversos grupos de
pesquisa. Como exemplo podemos citar sua plasticidade ao substrato em que atua (Dong
et al. 2001; Ponger and Li 2005; Jeltsch et al. 2006; Schaefer and Lyko 2010; Durdevic
2013). Interessantemente, a DNMT2 parece carregar propriedades ambivalentes que
permitem executar funcdes de metilacdo de novo e atuar sobre DNA hemimetilado. Por

conta dessas caracteristicas, a DNMT2 é considerada uma subfamilia enigmética.

No que diz respeito a atividade em diferentes substratos, em mamiferos,
invertebrados e plantas a DNMT?2 é classificada in vivo como uma tRNA” MTase (Goll
et al. 2006a; Tuorto et al. 2012). Entretanto, em organismos que ndo possuem as MTases
canonicas (DNMT1 e DNMT3), mas apresentam metilagcdo gendmica, a DNMT2 parece
atuar como MTase em ambos os substratos: DNA e tRNA (Krauss and Reuter 2011). Em
diversos trabalhos realizados ha a descricdo de atividade de metilagdo de DNA promovido
pela DNMT2, mesmo que em niveis basais (Hermann et al. 2003; Kunert et al. 2003;
Kuhlmann et al. 2005). O que se discute s&o as atividades preferenciais da DNMT2 e 0s

mecanismos ecoldgicos e evolutivos que modulam sua atividade.

Devido a sua conservagdo e caracterizacdo inicial como uma DNA MTase, a

DNMT?2 foi classificada como uma enzima nuclear, porém, a DNMT2 parece variar
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quanto a sua citolocalizacdo de espécie para espécie. Em humanos, por exemplo, ela se
localiza em regides citoplasmaticas (Goll et al. 2006a). Ja em Dyctiostelium discoideum
e Entamoeba histolytica, a DNMT2 estd localizada unicamente na matriz nuclear
(Kuhlmann et al. 2005; Schaefer et al. 2008). Essa caracteristica contrasta com a alta
especificidade local das enzimas DNMT1 e DNMT3 & regido do nucleo celular. Em
humanos, a DNMT?2 possui uma maior taxa de expresséo em tecidos como o cardiaco, o
pulmonar e as gbnadas (Yoder et al. 1997a; Okano et al. 1998), enquanto em organismos
como Drosophila melanogaster e Danio rerio altos niveis de expressdo de DNMT2 séo
encontrados nos estagios iniciais de desenvolvimento (Lyko et al. 1985; Roder et al. 2000;
Kunert et al. 2003).

Tais caracteristicas tornam a DNMT2 uma enzima peculiarmente diferente das
demais metilases. O fato da DNMT2 atuar em diferentes substratos e também estar
localizada em diferentes compartimentos celulares permite elaborar a hipdtese de sua
interacdo com diferentes tipos de moléculas e seu envolvimento em diferentes rotas
metabolicas. Ja foi descrita a interacdo entre DNMT2 e a enzima Enolase - caracteristica
darota glicolitica— em Entamoeba histolytica, onde a Enolase parece modular a atividade
da DNMT2 como tRNAAsp MTase, em cenarios de escassez de glicose (Tovy et al.
2010). Quando E. histolytica encontra-se em situacdes de estresse, a DNMT2 ¢é
mobilizada para regides de granulos de estresse citoplasmatico e corpos de processamento
de RNA, envolvidos no silenciamento de retrotransposons, sugerindo que tal atividade
esteja ligada a algum tipo de mecanismo de defesa celular primitivo contra infecgdes
virais (Thiagarajan et al. 2011). O virus HIV consegue aumentar sua sobrevivéncia na
célula hospedeira utilizando a capacidade de metilagio de RNA da DNMT?2,
potencializando a estabilidade do seu proprio genoma. Apos a infeccdo, a DNMT2 se
realoca do nucleo para os granulos de estresse citoplasmatico e metila 0 RNA do virus

HIV, promovendo a estabilidade pos-transcricional do RNA viral (Dev et al. 2017).

A DNMT2 também é alvo da atividade da Dicer-2 em resposta a tratamentos heat
shock (Durdevic et al. 2013b), controlando a expressao e a regulacéo de diversas proteinas
Heat shock (Fisher et al. 2006; Schaefer et al. 2010; Thiagarajan et al. 2011), além de
estar envolvida na longevidade de Drosophila e em fibroblastos de mamiferos (Lin et al.
2005; Lewinska et al. 2017; Lewinska et al. 2018) e também na integridade estrutural da
cromatina (Phalke et al. 2009).

23



Assim, apesar da DNMT2 possuir forte conservacgdo de seus sitios cataliticos, sua
principal funcionalidade e seus mecanismos de modulacdo ainda sdo uma incdgnita.
Estudos promovendo a deplecdo de DNMT2 em diversos organismos falharam em
elucidar sua funcdo primordial. Dessa forma, novos estudos estdo procurando encontrar
as respostas através de uma nova abordagem, identificando as capacidades funcionais da
DNMT2 e sua relagdo com as proteinas com as quais interage.

A Epigenética em Drosophila

O organismo Drosophila melanogaster foi considerado livre de metilacédo
gendmica até final da década de 90 (Patel and Gopinathan 1987; Tweedie et al. 1999).
Entretanto com o surgimento de novas técnicas de analises moleculares, em 2000 uma
série de trabalhos acabou descrevendo a presenca de citosinas metiladas em genoma de
D. melanogaster (Gowher et al. 2000a; Lyko et al. 2000; Lyko 2001). Diferentemente do
que ocorre em vertebrados, apenas aproximadamente 1 em cada 1000-2000 residuos de
citosina sdo metilados em moscas adultas, sendo que a metilagdo do DNA foi detectada
em todos os estagios de desenvolvimento em D. melanogaster. Além disso, a metilagao
em Drosophila possui a peculiaridade de se apresentar em dinucleotideos CpA, CpT e
CpC, e ndo em CpG como é comumente encontrado em mamiferos (Lyko et al. 1985;
Kunert et al. 2003; Panikar et al. 2015).
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Figura 3. Niveis de metilagdo de citosinas ao longo dos estagios de desenvolvimento em

Drosophila melanogaster (imagem modificada de Lyko et al., 2000).
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O fenébmeno de metilagdo em drosofilideos é considerado pouco relevante por
muitos pesquisadores, tal argumento estd baseado no baixo percentual de citosinas
metiladas no genoma dos individuos desse grupo e pela postura consensual de que a
DNMT?2 atua muito mais como uma tRNA*P MTase do que propriamente uma DNA
MTase (Hermann et al. 2003; Liu et al. 2003; Tang et al. 2003; Jeltsch et al. 2006). Dessa
forma, as citosinas metiladas seriam resultantes de atividade residual da DNMT2, e ndo
de um processo controlado. Assim, os mecanismos de controle de expressao génica em

drosofilideos subjazem em outros niveis, que ndo a metilacao de citosinas genémicas.

Basicamente, como descrito previamente, existem trés mecanismos de controle de
expressao génica (i. metilacdo de citosinas, ii. modificacGes pos-traducionais de histonas;
e iii. mecanismos mediados por RNAs). Em Drosophila, ao que as evidéncias fazem
concluir, os mecanismos (ii) e (iii) sdo os principais mecanismos epigenéticos envolvidos
no controle dos niveis de transcritos. A metilacdo de prolinas, lisinas e argininas nas
caudas de histonas estdo intimamente relacionadas as respostas oriundas de eventos
estressores, como heat shock, onde existe um aumento no grau de metilacdo de prolinas
N-terminal das histonas H2B e uma diminuigdo nos niveis de metilacdo na histona H3,
promovendo assim a remodelacdo da cromatina e permitindo que fatores de transcricao
acessem genes envolvidos na resposta ao evento estressor (Desrosiers and Tanguay
1988). A histona H1 (histona de ligacdo ou grampo) também desempenha importante
papel, garantindo a estabilidade cromossomica e o silenciamento de Elementos
Transponiveis (ETs) em Drosophila. Em particular ressaltam-se os retrotransposons

R1/R2 que estdo presentes no locus rDNA (Vujatovic et al. 2012).

Interessantemente, o estado da cromatina varia de acordo com as diferentes
familias de ETs, entre espécies intimamente relacionadas e também entre as linhagens do
tipo selvagem. Esse é o caso descrito nas analises do status epigenético de quatro familias
ETs (roo, tirant, 412 e F) em sete linhagens selvagens de D. melanogaster e D. simulans
(Rebollo et al. 2012). Sabe-se que em drosofilideos diferentes retrotransposons estéo
associados com H3K9me3 e H3K9me2, tanto nas regides promotoras quanto em suas
ORFs (open reading frames) (Riddle et al. 2011). A associacdo de modificagbes em
histonas para repressdo (H3K9me2/3) e ativacdo génica (H3K4me2/3) também foram
observadas em retrotransposons nas regides de eucromatina e heterocromatina, embora o
enriquecimento para H3K4me2/3 seja fraco ou moderado no segundo cenario (Klenov et
al. 2007; Gravio et al. 2018).
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Mais recentemente, verificou-se que os niveis da proteina E(z), uma histona
metiltransferase (H3K27), podem ser modulados em resposta ao estado nutricional de
larvas em D. melanogaster, modificando a longevidade dos individuos (Xia et al. 2016).
Quando as larvas foram submetidas a uma dieta de baixo valor proteico, 0s niveis de
trimetilacdo da H3K27 eram aumentados por conta da atividade da proteina E(z),
diminuindo a longevidade das moscas de FO a F2. O interessante, € que temos aqui uma
descricdo de um fendmeno de heranca transgeracional, visto que as linhagens posteriores
ndo foram submetidas a dieta de baixo valor proteico, mas mantiveram a resposta
fenotipica ao evento estressor anterior. Alteragdes dindmicas de acetilagdes de H3K27 e
H3K9 mediadas por histonas acetiltransferase (HAT) em regiGes potencializadoras e
promotoras reprimem sinergicamente genes associados a pluripoténcia relacionada com
células-tronco ou progenitoras neurais, regulando positivamente genes associados a
morfogénese neuronal, com diferenciacéo de neurdnios em drosofilideos (Ye et al. 2017).
Por sinal, a utilizacdo desses organismos modelos (droséfilas) em estudos epigenéticos
tem se mostrado extremamente proficuo no entendimento de diversos fenbmenos como a
geracdo e manutencao de memorias. O papel fundamental da histona metiltransferase da
eucromatina (EHMT), que faz parte de uma familia de metilases H3K9, no
desenvolvimento dos dendritos perifericos, comportamento locomotor, aprendizagem
ndo-associativa e memaria de comportamento de corte, estabeleceu-se através de estudos
com Drosophila (Kramer et al. 2011). Tais resultados sao relevantes para o entendimento
dos mecanismos fisiopatoldgicos subjacentes a Sindrome de Kleefstra, uma forma grave
de incapacidade intelectual causada por muta¢cdes em EHMT1 humana.

Por fim, os mecanismos de controle de expressdo génica mediados por RNAs nédo-
codificantes vem recebendo especial atencdo nos ultimos tempos. Os RNAs de
interferéncia (RNAIi) possuem forte associagdo com os diferentes mecanismos
epigenéticos, como metilacdo/acetilacdo de histonas e metilacdo de DNA gendmico
(Volpe et al. 2002). RNAs de cadeia dupla (dsSRNA) desencadeiam o processo de
interferéncia génica pos-transcricional dependente de homologia (RNAI) intimamente
relacionado com a co-supressao de transcritos exdgenos virais, na maioria dos casos. Os
dsRNA séo processados por uma familia de enzimas Dicer em pequenas sequéncias de
dsRNA possuindo de 21-25 nucleotideos, denominados pequenos RNAs de interferéncia
(ou siRNA —small interfering RNA). Esses siRNA sdo agrupados a complexos proteicos
chamados Complexos de Silenciamento Induzidos por RNA (RISC, RNA-induced
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silencing complex), que irdo atuar degradando RNA mensageiros homologos. Apesar da
énfase dada sobre as diferentes formas de silenciamento por RNA em nivel pos-
transcricional, existe um aumento de evidéncias que dsRNA podem também induzir o
silenciamento transcricional e promover mudancas epigenéticas ao nivel gendmico
(Mette et al. 2000).

Um dos casos € a metilacdo direcionada por RNA (RdDM, RNA-directed DNA
methylation) envolvendo metilacdo de novo, que foi primeiramente descrito em plantas e
posteriormente em vertebrados (Wassenegger 2000; Matzke and Mosher 2014). Se
porventura o dsRNA contiver em sua sequéncia homologia com sitios promotores, a
metilacdo de novo e silenciamento génico transcricional pode ocorrer in trans (Jones et
al. 1999; Mette et al. 2000). As pistas de como tais RNAs atraem a maquinaria de
metilacdo gendmica vem da observacdo de que a RADM frequentemente ocorre
conjuntamente com a formacao de RNAI, tanto em plantas, quanto em animais e alguns
fungos. Em mamiferos, por exemplo, a maquinaria de formacdo de RNAI acaba por
interagir com a enzima DNMT1 e DNMT3 (responsavel pela manutencdo e metilacao de
novo, respectivamente) (Matzke and Birchler 2005). Uma ligagdo semelhante ocorre em
Drosophila, onde RNAI, H3mK?9 e proteinas de heterocromatina atuam em conjunto para
promover o silenciamento génico (Pal-Bhadra et al. 2004). Muta¢bes nos genes
envolvidos nos mecanismos de processamento de RNAI, como aubergine, homeless, e
piwi acabam causando perda de metilacdo em H3K9 e capacidade de ligacdo de proteinas
heterocrométicas (Williams and Rubin 2002; Finnegan et al. 2003). Entretanto, até o

momento nenhuma evidéncia do fendbmeno de RADM foi descrita em drosofilideos.

Conforme descrito anteriormente, muitos autores consideram a metilacdo de
citosinas em drosofilideos como uma consequéncia de atividade espuria da Unica m5C-
MTase presente nesses organismos, a DNMT2. Nesse sentido, a repressao transcricional
mediada por proteinas de ligacéo a sitios CpG metilados ja foram descritas (Roder et al.
2000). Essas proteinas possuem dominio especifico de reconhecimento de sequéncias
onde ocorre a presenca de citosina metilada e sdo conhecidas pela sigla MBD
(methylated-DNA binding domain). As proteinas com MBD induzem a condensacao da
cromatina através do recrutamento de HDAC, gerando um complexo proteico de
repressdo transcricional. Em Drosophila melanogaster encontra-se presente o gene
dMBD2/3 que codifica duas formas de proteina de ligagéo a citosinas metiladas, oriundas
de processamento alternativo de RNA, gerando as isoformas: dMBD2/3 e dMBD2/3A
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(Roder et al. 2000). Interessantemente, a isoforma dMBD2/3A tem preferéncia por sitios
5mCpG enquanto a dMBD2/3, 5mCpT/A (Roder et al. 2000; Marhold 2004). Mutantes
MBD2/3 apresentam altas taxas de defeitos de segregacdo cromossémica durante 0s
estagios iniciais de desenvolvimento (Marhold et al. 2002; Marhold 2004). Além disso,
machos que possuem reducdo na expressdo de dMBD-R2, especificamente em neurénios
de octopamina (equivalente a norepinefrina) exibem comportamento de corte voltada a
interespécies divergentes, como a de D. virilis e D. yakuba e diminui¢do no sucesso de
acasalamento coespecifico. Surpreendentemente, hd o aumento do cortejo entre machos
que possuem reducdo na expresséo de dMBD-R2 e consequente diminuicdo da
agressividade (Gupta et al. 2017). Esses dados sugerem a existéncia de estruturas de
cromatina dependentes de metilacdo em Drosophila, ou seja, o papel da metilacdo de

citosinas genémicas parece ser fundamental em diversos niveis nesses organismos.

Peculiaridades Epigenéticas em Drosophila willistoni

O subgénero Sophophora de Drosophila é classicamente dividido em dois grandes
grupos: as espécies do Velho Mundo e as do Novo Mundo, conhecidas como
Neotropicais. As espécies do Velho Mundo estdo distribuidas dentro dos grupos
melanogaster, setifemur, populi, obscura, fima, dispar e dentissima. Ja as espécies
Neotropicais estdo subdivididas dentro dos grupos saltans e willistoni. Estudos
biogeograficos indicam que a raiz dos clados melanogaster e obscura reside no sudeste
asiatico, tendo o ancestral comum vivido por volta de 30-27 milhdes de anos atras
(Oligoceno) (Throckmorton 1975). Entretanto, estudos com marcadores genéticos
indicam que a separacdo tenha ocorrido antes, ha aproximadamente 45 milhdes de anos
(Robe et al. 2010), sendo que as espécies do Velho Mundo em sua maioria cosmopolitas
(Lachaise et al. 1988). Ja as espécies Neotropicais possuem sua origem a partir de uma
ancestral protomelanogaster que teria se estabelecido nas regides Neotropicais por volta
de 25-22 milhdes de anos (Throckmorton 1975).

Dentre os dois grupos constituintes das espécies Neotropicais, 0 subgrupo
willistoni é o que chama mais a atengdo por conta de suas diversas peculiaridades, as
quais ndo séo encontradas em qualquer outro grupo de drosofilideos. Em D. willistoni
podemos destacar o elevado grau de polimorfismo cromossémico, contando com mais de

50 inversOes cromossdmicas descritas em amostras coletadas do sul da Flérida, na
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América do Norte, até o sul da América do Sul, na regido do rio La Plata (Valente et al.
2003; Rohde and Valente 2012). Espera-se uma intima relacdo entre recursos ecoldgicos
presentes em determinado nicho e variabilidade genética maior e entre variabilidade
ecologica com maior polimorfismo populacional. Geralmente regides centrais de
distribuicéo populacional apresentam maior diversidade de nicho para exploragéo do que
as regibes limitrofes (da Cunha et al. 1959). Porém, os individuos de D. willistoni
coletados no Uruguai (regido limitrofe de sua distribuicdo) apresentaram alto grau de
polimorfismo (Valente et al. 2003), indo contra ao que se esperava. Assim, 0 que se sugere
para esse grupo de organismos, € que no caso das regides limitrofes de distribuicdo, que
possuem condi¢des ambientais menos favoraveis, o polimorfismo cromossémico acaba
se tornando uma ferramenta importante para sobrepujar as adversidades impostas pelo

ambiente.

Contudo, as idiossincrasias do subgrupo willistoni vdo além do polimorfismo
cromossémico. D. willistoni é reconhecida por também possuir um alto grau de
polimorfismo enzimatico, 60% aproximadamente também (Ayala and Powell 1972). A
reducdo no desvio de uso de codons — que esta relacionado com a melhoria da sintese
proteica - é outra caracteristica pertencente as espécies do subgrupo willistoni (Anderson
et al. 1993; Clark et al. 2007).

Através da técnica MSRE (Methylation-Sensitive Restriction Endonuclease) em
estudo realizado por nosso grupo de pesquisa do Laboratério de Drosophila — UFRGS,
detectou-se pela primeira vez o fendmeno de metilacdo de citosinas em D. willistoni.
Porém, muito mais do que observar os padres de clivagem nessa espécie, revelou-se
padroes diferentes de clivagem entre machos e fémeas, o que ndo ocorre em D.
melanogaster (Garcia et al. 2007). A presenca de metilacdo sexo-especifica em espécies
do subgrupo willistoni, assim, é outro fenbmeno peculiar a esses organismos. As
sequéncias provenientes desse processo de clivagem de DNA por MSRE eram compostas
por diferentes elementos do genoma e de rDNA. Dando continuidade e aprofundando-se
nessa emergente e instigante questao que se abria, em trabalho posterior, verificou-se que
D. tropicalis e D. insularis também possuem os mesmos padrdes de metilacdo sexo-
especifica de rDNA encontrados em D. willistoni. Entretanto, em D. paulistorum e D.
equinoxialis, que também apresentaram padrfes de metilacdo sexo-especifica, esses
padrdes ndo estavam restritos aos genes ribossomais (D’ Avila et al. 2010). O interessante

é que espécies do subgrupo bocainensis (grupo willistoni), considerado basal ao subgrupo
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willistoni (Robe et al. 2010), ndo apresentaram padrdes de metilacdo sexo-especifica,
sugerindo que tal fenbmeno tenha emergido apds a divergéncia evolutiva desses dois
grupos (D’Avila et al. 2010). Mais recentemente, constatou-se que o percentual de
conteddo do dinucleotideos GC (% contetdo GC) em D. willistoni, D. mojavensis, D.
virilis e D. grimshawi sdo substancialmente menor do que nas demais espécies do género
Drosophila, entretanto os niveis de citosinas genémicas metiladas (%mC) é
destacadamente elevado em comparacdo as demais espécies de Drosophila, dentro da
relacdo %5mC / %contetdo GC (Deshmukh et al. 2018). Por esse cenario exposto até
aqui, os estudos epigenéticos nesse especifico grupo de drosofilideos se faz por demais
instigante.

A Importancia da Bioinformatica na Resolugcdo de Estruturas e Sistemas de
Proteinas-Alvo

Métodos computacionais podem melhorar as analises de triagem, revelando o
papel das mutacGes individuais e seu impacto na funcéo da proteina. O entendimento e a
possibilidade do estudo das fungdes, estruturas e mecanismos pelas quais as proteinas
executam suas tarefas € um passo importante fornecido pela bioinforméatica. A
compreensdo das estruturas tridimensionais de moléculas possibilitou avancos
significativos nas areas farmacoldgicas e de diagnose (Santos Filho and Bicca De
Alencastro 2003).

O crescente nimero de estruturas de proteinas resolvidas pelas técnicas como a
Cristalografia de Raios-X e Ressonancia Magnética Nuclear (RMN) depositadas em
bancos de dados, permitiu a sistematizacdo desses dados em projetos protedmicos
amplos. As informacdes depositadas propiciaram um arcabouco de conhecimento das
mais diversas interacdes moleculares e fungdes bioldgicas de inimeras proteinas, e a
partir desse instante, se tornou possivel afirmar que a fungdo de uma proteina pode ser
concebida a partir de sua estrutura tridimensional, o que leva a importancia de se conhecer

a estrutura 3D de sequéncias proteicas (Sanchez and Sali 1999).

Apesar da inquestionavel importancia dos metodos experimentais de resolucédo de
estruturas tridimensionais de proteinas (Cristalografia de Raios-X e RMN), essas
possuem diversas limitagdes, como a necessidade de se obter grandes quantidades de

amostras, e mesmo assim ndo ha garantias da qualidade dos cristais oriundos do trabalho
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experimental. Outro revés pode ser encontrado em determinadas classes de proteinas
como as proteinas de membrana, das quais dificilmente se obtém uma cristalizacdo que
possa ser utilizada satisfatoriamente por RMN. Por conta dessas dificuldades, ndo é de se
estranhar a discrepancia existente entre o numero de sequéncias primarias descritas
(559.228 sequéncias depositadas no Uniprot) em contrapartida das estruturas
tridimensionais depositadas em banco de dados (149.424 estruturas cristalograficas
proteicas depositadas no PDB — consulta feita em marco de 2019). Dessa maneira, a
utilizacdo de métodos computacionais torna-se importante para a ampliacdo do
conhecimento e para a resolucéo de estruturas proteicas ainda ndo conhecidas (Sanchez
and Sali 1999; Kiefer et al. 2009).

As simulacgdes de dindmica molecular também séo ferramentas de bioinformatica
que tem colaborado significativamente no entendimento das relacfes existentes entre as
estruturas tridimensionais proteicas com seus cofatores e substratos. Utilizando os
principios de mecéanica classica, métodos mistos (QM/MM) e quéanticos, a dinamica
molecular pode fornecer dados a respeito do comportamento das moléculas em meio
aquoso ou no véacuo, como por exemplo, a estabilidade da conformacéo de uma enzima
(Pikkemaat et al. 2002) e possiveis alteracdes das estruturas secundéarias ao longo do
tempo (Campbell et al. 2016), assim como as relacdes de interacdo intramoleculares e da

prépria molécula com o meio.

Atualmente pode-se contar com diversos programas capazes de modelagem
molecular. Em dindmica, os mais comumente empregados sdo 0 Amber (Pearlman et al.
1995) e 0 GROMACS (Van Der Spoel et al. 2005). Esses programas contam com pacotes
de algoritmos de analises dos dados obtidos das simulagdes que, conjuntamente com as
averiguagOes visuais, permitem quantificar as mudangas conformacionais, interagdes
interatdmicas e diferentes niveis de energia ao longo das simulagcdes. Basicamente, 0
algoritmo empregado nos programas de simulacdo de dindmica molecular assinala
posicdes e velocidades de cada particula envolvida no sistema simulado, além de
especificar o modelo fisico que governara as interacfes entre as particulas. As forcas
podem ser computadas, e dessa maneira, os valores utilizados para atualizar a posicao e
velocidade das particulas segundo a segunda lei de Newton, dentro de um determinado
tempo. Os modelos fisicos existentes podem ser descritos em dois grupos: as interacfes
interligadas e interagcbes nao-interligadas, onde o segundo grupo € representado por

comportamentos de particulas como forgas de van der Waals, ou as leis de Coulomb.
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Atraves de tais ferramentas computacionais podemos analisar evolugdo molecular
em diferentes niveis. O que ocorre basicamente ao se estudar 0s processos de evolugao
molecular, é que essa € conduzida primordialmente por mutacées, as quais podem — ou
ndo — modificar a processividade de uma enzima ou estruturacdo de uma proteina
necessaria para a manutencao da vida de um organismo; sendo alvo da selecdo natural ou
mantendo-se na populagio por deriva genética. E importante notar que a analise de
sequéncias primarias e terciarias de proteinas podem trazer interessantes sugestes a
respeito da evolucdo e da funcdo de proteinas (Bhabha et al. 2013). Assim, as pressoes
evolutivas podem moldar e influenciar a dindmica estrutural proteica em um processo
adaptativo de acordo com diferentes ambientes, facilitando dessa maneira o surgimento
de novas funcionalidades. Por fim, as assinaturas de processos evolutivos se expandem
além da andlise de substituicGes sindbnimas e ndo sindbnimas, mas se encontram também
nas “pistas” conformacionais de novas estruturas que possam representar modificagdes
funcionais das proteinas. Assim, empregaremos tais abordagens, em conjunto com
analises filogenéticas, de hibridizacdo in situ e quantificacdo dos niveis transcricionais de

DNMT2 na investigacdo dos fendmenos acima descritos.

Objetivos
Geral:

O objetivo geral do presente trabalho foi estudar os aspectos moleculares e
evolutivos do gene e da enzima DNA metiltransferase 2 (DNMT2), alem do fendmeno
de metilagdo em ambito funcional e genémico em diferentes espécies do género
Drosophila, com especial atencédo a espécie Drosophila willistoni, com vistas a contribuir
para a melhor compreensdo do complexo padrdo de metilacdo sexo-especifico e sua
relacdo com a importancia ontogenética e o historico evolutivo envolvido nos organismos

que possuem a referida peculiaridade.

Especificos:

e Avaliar a conservacdo e evolugdo molecular de Dnmt2, seu contexto
evolutivo, fatores preponderantes e potenciais sistemas genéticos

interagentes (Capitulo 11);
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e Analisar e quantificar os niveis relativos de expressao transcricional em
diferentes estagios de desenvolvimento de Dnmt2 e sua localizacao fisica
em cromossomos politénicos de Drosophila willistoni (Capitulo 111);

e Relacionar aspectos evolutivos e funcionais da familia DNMT2 de
drosofilideos através de estudos comparativos das propriedades fisico-
quimicas com demais estruturas cristalograficas resolvidas de DNMT2 de
outros organismos (Capitulo 1V);

e Analisar e caracterizar o comportamento das DNMT2 em simulacéo de

dindmica molecular quando na presenca dos ligantes DNA (Capitulo V).
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Abstract

The DMA melhyliransfzrase 2 {DMMT2) prolein is the mest conserved member of Lhe DMNA msthyllransferaze family.
MNewvertheless, its substrate specificity is still controversial and elusive, The genemic rale and determinants of DMA
methylation are poorly understood in inverebrates, and several machanisms and asseciations are suggested, In
Dirosophifa, the only known OMMT gene is Doz, Here we present our findings from a wide search for Onmit2
homelogs in 88 species of Drosophilidae, We investigated its melecular evolution, and in our phylogenetic analyses
the main clades of Drosophilidae species wera recovered. We tested whether the Ornimi2 has evolved neutrally orun-
der positive selection alang the subgenara Drosophifa and Saphophora and investigated postive selection in relation
ta several physicochemical properties. Despite of 2 major selective constraint an Dnmi2, we detected six sites under
positive selection, Hegarding the ONMT2 protein, 12 sites under positive-destabilizing selaction were taund, which
suggests a selection that favors structural and functional shifts in the protein. The search for new potential pretein
pattners with DNMT2 revealed 15 proteins with high cvolutionary rate covariation (ERC), indicating a plurality of
DRMT2 functions in different pathways. These events might represent signs of molecular adaptation. with malecular
peculiarities arizing from the dwversity of evolutionany histones experienced by drosephilids.

Foerwordy Deovopdit; Doml2, pesiove selection. epigenctic, positive-destabilizing selection.
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Introduction

Methylation of eytosine w form S-methyleylosing is
one of the mosl important epigenctie marks uetmg in the
control ol gene expression without ahiermg the DNA nuele-
olide sequence. Cytosine methylution plays o eritical role in

mice and humans and appears to be well conserved among
cukaryotes (Okano e af o 1998 Yoder and Bestar, [995)
This enzyme 15 the only DNMT [ound in dipterans, includ-
ing Drosopfile (organisms “DonmiZ-only™) (Kucharskn e
af., 20081 In agreement with this structural conservation,

the regulation of gene expression in higher cukaryotes. tis
established by DNA methylransferases (DNMTs) classi-
fied into three sublumilies: DNMTL DNMT2 ¢ DNMTA.
The smallest cukarvolic methyliransferase, DNMT2, is
most widely distribuled in unimals, fungi, protsts, and
plants (Ponger and L1, 20050 Dinmit2 was lirst identilied in
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different methods in various  organisms have  shown
DNMT2 to have DNA methylransterase activity (Her-
main et el 2003 Tang of of, 20030 Fisher et af, 2004;
Kaoh ef oo, 2006, However, ucvording o anulyses ol hu-
mini il Entamerel cnzyimes, its catalyiic activity on [INA
15 very wenk (Hermann e af. Z003; Fisher et ol 20047, In
addition, methylation  of RNA
(ncBRNAY plays an important role m the epigenctic land-
scape. The functions of some t(RNA modifications remain
obscure, However, Tuorle er ol (200120 have shown thal cy-
tosine-C3 methvlation of tRMAs is associated with their
striuctoral stability and the rates of protem synthesis m

cylosine non-coding
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mammals. Cytosine-C5 methylation is involved in protect-
ing tRNA against degradation induced by cellular stress
events (Saikia ef al., 2012).

Furthermore, studies have associated DNMT2 with
RNA interference in Dictyostelium (Kuhlmann et al., 2005)
and covalent histone modification in Drosophila (Kunert et
al., 2003), suggesting a role of DNMT2 in epigenetic regu-
lation. Several studies have shown the occurrence of DNA
methylation phenomena in Drosophila species (Lyko et al.,
2000; Kunert et al., 2003; Marhold et al., 2004). However,
recently, Takayama et al. (2014) showed that methylation
in the genome of Drosophila melanogaster probably is in-
dependent of DNMT2 activity. These findings brought new
questions about the epigenetic mechanisms involved in the
methylation process in evolutionarily related species of
drosophilids.

Garcia et al. (2007) compared the DNMT2 protein se-
quences of D. willistoni and D. melanogaster and found
higher conservation at the domains putatively responsible
for methyl transfer catalysis and variability in the region
containing the specific target recognition domain (TRD).
These findings may be indicative of variation in DNMT2
function among organisms, suggesting that the targets — or
modularity - of methylation can also vary among species of
the same genus. Furthermore, Garcia et al. (2007) de-
scribed sex-specific methylation patterns in D. willistoni,
not present in D. melanogaster. Using the Methylation-
Sensitive Restriction Endonuclease (MSRE) technique and
Southern blot analysis with specific probes, the results sug-
gested that selection for different targets of methylation
might occur between different, but closely related species
(Garcia et al., 2007). Furthermore, D’Avila et al. (2010)
found phylogenetic correlations in the sex-specific methy-
lation patterns in the species of the willistoni subgroup,
where D. willistoni, D. tropicalis and D. insularis (closer
related species) shared methylation patterns in ribosomal
genes, whereas D. equinoxialis and D. paulistorum patterns
apparently are not restricted to rDNA.

The presence of DNMT2 enzymes in Diptera was de-
scribed by Marhold ef al. (2004), revealing that DNMT2
protein sequences are highly conserved in D. virilis, D.
hydei, D. simulans, D. melanogaster and D. pseudoobscu-
ra, primarily within the catalytic DNA methyltransferase
motifs. The Drosophilidae family is among the most di-
verse of the Diptera, encompassing more than 4,200 spe-
cies (Bachli, 2016). Species of this family, especially of the
genus Drosophila, are widely used in many areas of con-
temporary biological research. However, only few have
been investigated with respect to the occurrence of DNA
methylation and the presence of the Dnmt2 gene. Thus, the
present study objectives are: (i) improve the previous
search for Dnmt2 (Marhold et al., 2004; Garcia et al.,
2007), including a large number of Drosophila species and
other Drosophilidae, to evaluate the conservation, or not, of
Dnmt2 in the genus; (ii) test whether the gene and protein

Vieira et al.

are evolving under relaxed selective constraint or positive
selection; and (iii), given the current controversial and
enigmatic scenario involving the role of DNMT2 among
epigenetic mechanisms of drosophilids, an attempt to find
potential protein interaction partners of DNMT2 by data-
base searching for protein-protein interactions and via evo-
lutionary rate covariation (ERC) analysis.

Our results indicate, as expected, substantial conser-
vation of DNMT2 catalytic motifs. Nevertheless, the TRD
and the connecting region of the two main domains (cata-
lytic and TRD) show some variability among the species
examined, including closely related species. We also de-
tected that several sites are under positive selection. These
are located in potential regions of protein-protein interac-
tion. The multiplicity of proteins with high ERC values
found in the present work supports the hypothesis of
DNMT2 can be involved in several networks, through con-
trol of gene expression, genomic stability, and in response
to stressor events in “Dnmt2-only” organisms, like
drosophilids.

Materlal and Methods

Fly stocks

The conservation of DNMT2 in the family Droso-
philidae was analyzed in 68 species of Drosophila, along
with Zaprionus indianus, Z. tuberculatus, Scaptodroso-
phila latifasciaeformis and S. lebanonensis (Table Sl).
Most strains were maintained in the laboratory by mass
crosses and reared in corn flour culture medium (Marques
et al., 1966) in a controlled environment chamber (17 +
1 °C, 60% r.h.), except for those species for which se-
quences were obtained directly from GenBank.

PCR, cloning and sequencing

Genomic DNA was extracted from adult flies follow-
ing Sassi et al. (2005). Primers initially used are described
in Marhold et al. (2004) (5° D. melanogaster Dnmt2-F: 5’
GTGGCATTGGCGGCATGCATTATGCCT 3" and D.
melanogaster Dnmt2-R: 5
CGATACTTTTGTCGATTCGTTGTTTCTGGC 3°). This
pair of primers was designed directed against conserved
catalytic motifs of D. melanogaster and used to amplify
Dnmt2 sequences from D. simulans, D. hydei and D. virilis
(Marhold et al., 2004). In this work, specific primers were
designed to D. willistoni Dnmt2 genes (wDnmt2A-F: §°
TCACCCACAACCTTGACATT 3’ and wDnmt2C-R: 5’
ACCTTCTCGCAGACACCAA 3°). Both pairs of primers
align in similar regions of the gene Dnmt2. PCRs were per-
formed in 25 pL volumes containing 20 ng of genomic
DNA, 1 U of Tag DNA polymerase (Invitrogen, Carlsberg,
CA, USA), IX reaction buffer, 200 uM of each nucleotide,
20 pmol of each primer and 1.5 mM MgCl,. The amplifica-
tion sets consisted of a denaturation step of 95 °C for 5 min,
followed by 30 cycles at 95 °C for 40 s, 55 °C to 60 °C for
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40 s and 72 °C for 1 min, and then a final extension cycle at
72 °C for 5 min. Dnmt2 amplicons were directly purified by
incubation at 37 °C for 30 min with Exonuclease I and
Shrimp Alkaline Phosphatase (SAP) (both from USB,
Cleveland, OH, USA) followed by a 15 min inactivation
step at 80 °C. For the Dnmit2 amplicons of D. teissieri, D.
ornatifrons, D. ornatipennis and D. tropicalis, fragments
were excised of the agarose gel and purified using Illustra
GFX PCR DNA kit (GE Healthcare, Pittsburgh, PA, USA).
The purified fragments were cloned into pCR4-TOPO plas-
mids (Invitrogen). DNA sequencing was performed by
Macrogen Inc. (South Korea) using the appropriate primers
(forward and reverse). The sequences generated by PCR
and sequencing were assembled using the GAP 4 software
of the Staden Package (Staden, 1996) (Table S2).

Dot blot analyses

For Dot blot hybridizations, samples of denatured
DNA (I pg) were transferred onto a nylon membrane
(Hybond-N+; GE Healthcare Biosciences). The AlkPhos
Direct Labelling and Detection System and the CDP-Star
kit (GE Healthcare) were used to label and detect nucleic
acids according to the manufacturer’s instructions. The
Dnmt2 amplicon from D. melanogaster was used as a probe
at the stringency temperature of 55 °C.

Data collection from public databases

In silico searches were performed to identify the com-
plete sequence homologs of Dnmt2 among 24 sequenced
Drosophila genomes available in the FlyBase database, us-
ing the Dnmt2 of D. melanogaster (Accession number:
AAF53163.2) as query (Table S2). The D. buzzattii and D.
suzukii Dnmt2 genes were obtained from the Drosophila
buzzatii Genome Project server and Spotted Wing Fly
Base, a dedicated online resource for D. suzukii genomics
(Table S2).

Evolutionary analysis

All sequences were aligned using the Muscle tool
(Edgar, 2004). The evolutionary relationships among the
Dnmt2 sequences were estimated using Bayesian analysis,
which is implemented in MrBayes (Ronquist and Huel-
senbeck, 2003), with the evaluation of at least 1,000,000
generations and a burn-in region of 2,500 trees. Each nucle-
otide sequence was individually translated into its corre-
sponding proteins and aligned using the Muscle tool with
default parameter values. For the evolutionary analysis of
the amino acid sequences, the Jones-Taylor-Thomton
(JTT+G) model was used, as suggested by ProtTest 2.2
(Abascal et al., 2005), in accordance with the Akaike infor-
mation criterion (Akaike, 1974). A Bayesian analysis of the
nucleotide sequences was performed with the general time
reversible (GTR) model using the ratio of invariable sites
(I) and the gamma distribution of the variable sites (G)
model, as suggested in MrModel Test 2.3 (Nylander,

2004). The sequence of Spodoptera frugiperda was used as
outgroup. For the nucleotide and amino acid divergence
analyses, sequences were clustered within species groups
to perform a p-distance analysis using the MEGA 7 pack-
age (Kumar et al., 2016).

Analysis of positive selection

To investigate probable selective pressures that
shaped the evolution of drosophilid Dnmt2 genes, we per-
formed a relaxed branch-site test and a strict branch-site
test (Yang and Nielsen, 2002; Zhang et al., 2005) using the
software CODEML (Yang, 2007) - PAML package. This
software tests for positive selection by comparing a series
of alternative hypothesis that differ in how variable dN/dS
ratio can change in different branches and codons, in which
dN/dS > 1 would indicate positive selection and dN/dS < 1
would indicate a purifying selection, due to a selective con-
straint at the codon level.

The complete sequences of Dnmt2 genes were used,
obtained from in silico search, as previously described. The
initial maximum likelihood (ML) phylogenetic trees were
constructed using the 24 complete sequences (Table S1) by
the software PHYML 3.1 (Guindon and Gascuel, 2003).
The analysis of the nucleotide sequences was performed
with the general time reversible (GTR) model using the ra-
tio of invariable sites (I) and the gamma distribution of the
variable sites (G) model, as suggested by MrModel Test 2.3
software (Nylander, 2004).

With the relaxed branch-site test or strict branch-site
test, phylogenetic trees are separated into foreground
branches, at which positive selection is tested, and back-
ground branches, represented by the other lineages. Both
tests use the alternative model (MA), in which the codons in
foreground are allowed to have a dN/dS > 1, and the back-
ground codons, dN/dS < 1. The relaxed branch-site test null
model (M1a) assumes that evolutionary rates are the same
for all sites and branches, with all sites varying dN/dS from
0 and 1. In the null model (restricted MA), the dN/dS > 1
category is fixed to I, so all sites with dN/dS > 1 are forced
to evolve neutrally (dN/dS = 1). We used a log likelihood
ratio test (LRT) to infer the positive selection when these
values result in a significant value. The significance of the
LTR was verified by a ¥, null distribution, with critical
values of 2.71 for 5% and 5.41 for 1% significance levels,
respectively, originated from a null distribution composed
of a 50:50 mixture of point mass 0 and %,” (Zhang ef al.,
2005).

Additionally, we investigated positive selection with
respect to several physicochemical properties of the data-
sets. The MMO1 method of McClellan et al. (2005) evalu-
ates whether nonsynonymous substitutions favored
changes in protein, either structural or functional. The anal-
yses were carried out by TreeSAAP 3.2 (McClellan and
McCracken, 2001; Woolley et al., 2003; McClellan et al.,
2005). First, global deviation from neutrality is verified by
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a goodness-of-fit test, in which a comparison of neutral ex-
pected distribution and observed distribution of the se-
lected physicochemical properties is made. Positive selec-
tion is detected in TreeSAAP software when the number of
inferred amino acid replacements significantly exceeds the
number of expected replacements caused by chance alone,
given positive z-scores. Stabilizing-selection can be visual-
ized when the magnitude of chance is low (categories 1, 2
and 3), meaning it is a conservative process, while posi-
tive-destabilizing selection is represented as a high magni-
tude of change (categories 6, 7 and 8) (McClellan et al.,
2005). Stabilizing selection is defined by McClellan ef al.
(2005) as a selection that tends to maintain the original bio-
chemical attributes of the protein, and positive-destabi-
lizing selection as a selection that favors structural and
functional shifts in a region of a protein. In other words,
positive-destabilizing selection represents signs of molecu-
lar adaptation. To verify which regions were under positive
selection (stabilizing and destabilizing) we performed a
sliding window analysis using the amino acid properties
significant for this type of change (McClellan et al., 2005).

Potential protein-protein interaction partners

Using the database STRING (Szklarczyk et al., 2015)
we conducted a search for predicted protein-protein inter-
actions with DNMT2. To perform the search, the D. mela-
nogaster DNMT2 sequence was used as query and data
were collected from D. ananassae, D. grimshawi, D. pseu-
doobscura, D. virilis, D. willistoni and D. yakuba. We also
attempted to evaluate the predicted protein-protein partners
from the STRING search and find protein partners with
DNMT2 by evolutionary rate covariation (ERC) using the
ERC Analysis Webserver (Clark et al., 2012, 2013, Findlay
etal., 2014).

Results

Detection of Dnmt2 sequences in Drosophilidae
species

In a preliminary screen of the presence of Dnmz2 se-
quence homologs within the Drosophila genomes, we
tested 56 species by dot blot analysis (Table S1 and Figure
S1). Of these, 54 showed a positive signal for the Dnmt2
probe (amplicon from D. melanogaster), two of which had
a weak signal (D. orena and D. polymorpha). In this assay
we observed a strong hybridization signal, primarily in the
melanogaster group. Nevertheless, hybridization was also
detected in the other species, indicating that the Dnmit2
gene has related sequences in all species groups analyzed.

To verify this homology, we also performed a Dnmi2
homolog search by PCR amplification in a large number of
Drosophilidae species from different Drosophila groups
(Table S1). Altogether, 61 species were tested by PCR for
presence of a Dnmt2 gene. Thirty species tested positive for
Dnmt2 by PCR. We achieved 20 amplicons for several spe-
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cies of the Drosophila genus, including the Drosophila
subgenus (guarani, guaramunu, tripunctata, calloptera,
immigrans, mesophragmatica, flavopilosa and repleta
groups) and the Sophophora subgenus (melanogaster and
willistoni groups). The representative species of the Dorsi-
lopha subgenus did not show Dnmt2 amplification with the
primers used. The annealing regions of the primers corre-
spond to motif I (forward primer) and motif X (reverse
primer) of Damt2, both belonging to the catalytic domain of
the enzyme (Figure S2). The length of the amplified frag-
ments was around 800 bp.

DNMT2 conservation

The availability of several species maintained in cul-
ture chambers in our laboratory and genomic sequences in
gene banks allowed us to search for open reading frames
encoding DNMT2 in several genomes. For the analyses of
gene conservation, all cloned sequences (obtained by direct
PCR or cloned) (Table S3) and those obtained by in silico
search were used in the phylogenetic analysis to investigate
the evolutionary pattern and conservation of Damt2 among
Drosophilidae species. The sequences were aligned to build
a phylogenetic matrix from the 44 analyzed species (Figure
S2).

To perform the analyses of Dnmt2 nucleotide and
amino acid divergence, pairwise comparisons of the se-
quences were conducted (with species clustered by taxo-
nomic group). The highest nucleotide divergence found
was between the willistoni and tripunctata groups, with a
p-distance value of 34.47%; whereas the lowest divergence
(p-distance value of 10.70%) was detected between the
guarani and calloptera groups (represented only by D.
ornatipennis) (Table 1, standard error presented at Table
S4). The comparison of all nucleotide sequences between
species showed that the sequences of D. willistoni and D.
suzukii are more divergent than any other, with a p-distance
value of 35.3% (data not shown). When we estimated the
average divergence of amino acid sequence pairs within
subgenus Drosophila and Sophophora, it revealed the al-
most the same internal divergence: 17,8% (S.E. 1.65) and
18.7% (S.E. 1.62), respectively. Pairwise alignment of the
amino acid sequences between groups (Table 1) revealed
that willistoni and mesophragmatica groups were more di-
vergent (p-distance value of 31.84%).

We used the MEGAT7 package to compute the mean
evolutionary rates at each DNMT2 site. Figure 1 shows the
plots, which evolutionary rate are shown to each site for all
Drosophilidae complete sequences and for each subgenus
separately. Several DNMT?2 sites are under evolutionary
restrictions, and these sites are mainly part of the catalytic
motifs of the enzyme. Nevertheless, 10 regions with sites
having high evolutionary rates distributed throughout
DNMT?2 are evident (Figure 1). This means that sites show-
ing a rate < 1 are evolving slower than average and those
with arate > 1 are evolving faster than average evolutionary
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Table 1 - Estimates of evoluti y diverg between seq pairs of different Drosophilidac species groups. The numbers of amino acid differences
per site from the ge over all pairs b groups are given below the diagonal. The of nucleotide evoluti y divergs are
provided above the diagonal. The p-distances are given in percentages.
Groups 1 2 3 4 5 6 7 8 9 10 11 12 13
1 calloptera 2531 2639 1289 1070 2608 3053 2366 2958 2387 1566 2222 3333
2 favopilosa 2332 2330 2423 2577 2677 3083 1512 2932 1662 2562 1620 32.18
3 grimshawi 2422 1883 2531 26.13 2623 2862 2279 27.11 2315 2639 2037 3395
4 guaramunu 10.09 2108 2354 1515 2523 2927 2297 2672 2346 1387 21.14 3407
5 guarani 792 2481 2392 1129 2536 3054 2356 29.15 2474 17.16 2289 3295
6 immigrans 17.94 2063 21.08 17.60 1876 2989 2569 2850 2793 2531 2508 3083
7 melanogaster 2516 2541 2422 2463 2595 2356 29.87 2372 2978 2993 2924 3272
8 mesophragmatica  20.78 1570 19.13 1868 21.72 1958 2529 2846 1535 2434 1564 3364
9 obscura 2556 2601 2257 2429 2481 2302 19.11 2526 2891 28.10 2623 3261
10 repleta 21.82 1495 18.09 1988 2277 2040 2515 11.61 2566 2531 18.57 33.02
11 tripunctata 12.00 2309 2399 1048 1286 1889 2526 20.67 2496 2156 22.69 3447
12 virilis 1839 1166 1525 1592 1898 1570 2222 1031 21.52 1241 1794 30.56
13 williston! 3117 3117 2848 3072 31.76 2791 2955 31.84 2720 30.19 3122 2892

Standard error values arc shown in Table S5.

rates. Evolutionary rates were estimated under the Jones-
Taylor-Thornton (Jones ef al., 1992) model (+G).

The phylogeny obtained by amino acid analysis re-
covered the evolutionary relationship between the subgen-
era Drosophila and Sophophora (Figure 2). The quinaria
section (Drosophila subgenus) composed of guarani, gua-
ramunu, calloptera and tripunctata species groups appears
as basal radiation. A second cluster in Drosophila subgenus
includes the virilis, repleta, flavopilosa and mesophragma-
tica species groups (virilis-repleta radiation). The Sopho-
phora subgenus is composed of the melanogaster,
willistoni and obscura groups, where the willistoni group
appears as basal to the obscura-melanogaster radiation. D.
ananassae and D. bipectinata appear more externally posi-
tioned within the melanogaster group, likely reflecting the
ancestral condition of the ananassae subgroup (to which
both species belong) within this group (Kopp, 2006; Clark
et al., 2007). This placement is confirmed by the correct po-
sitioning of the remaining species of the melanogaster
group, belonging to the melanogaster, takahashii, rhopa-
loa and elegans subgroups, consistent with previous studies
(Lewis et al., 2005; Kopp, 2006).

The nucleotide Bayesian inference tree of Dnmi2
(Figure S3) showed congruence with the tree previously
obtained for the Drosophilidae, which was based on nuclear
genes and produced using similar methods (Gailey et al.,
2000; Tarrio et al., 2001; Da Lage ef al., 2007). However,
D. immigrans and D. albomicans sequences were incor-
rectly positioned, grouping with the Sophophora subgenus,
but with low statistical support. Also, the guinaria section
presented polytomy. There is no strong evidence to sustain
this finding, and the data from amino acids analysis confirm
the correct positioning of this species, grouped with the rest

of the Drosophila subgenus species, according to previous
studies (Throckmorton, 1975; Russo er al., 1995; Kwia-
towski and Ayala, 1999), however, again some clades
showed low statistical support and the quinaria section spe-

cies grouped with polytomy.

Long-term evolutionary analysis in drosophilids
Dnmt2

To evaluate positive selection in Dnmt2, we selected
representative species of the main groups of drosophilids
whose complete sequences could be obtained (Figure 3).
Using the PAML package we obtained an initial tree that
was later analyzed for positive selection in codeML. The
initial ML tree recovers the evolutionary relationship be-
tween Drosophila and Sophophora subgenera (Figure 4),
as well as the amino acid tree obtained from the Bayesian
analysis (Figure 2). We used the results of the divergence
analysis (Table 1) to establish which branch to use as fore-
ground. When analyzing the results of divergence, we
found that the divergence within the Sophophora subgenus
is lower than the divergence between the Sophophora and
Drosophila subgenera, as expected (Table S5). Moreover,
the Sophophora and Drosophila subgenera show different
evolutionary rates, with the Sophophora subgenus having
more sites with fast evolution (Figure 1). Therefore, we
asked whether the divergence observed between the groups
is random or driven by selection. Thus, we established the
Sophophora subgenus as foreground and the Drosophila
subgenus as background.

The selective pressures over the Dnmt2 sequence
were investigated by the ratio of nonsynonymous to synon-
ymous substitutions. Table 2 shows the parameters inferred
for the null models (M1a and MA) and for the alternative
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MA model. The null model of selective constraint (0 < @  laxed selective constraint or by positive selection (Table 3).
< 1) was rejected by the relaxed branch-site test, indicating By the contrast of the restrictfed-}_vi/? versus MA models
that the foreground branch (Figure 3) has diverged by re-  (strict branch-site), we could discriminate between the two
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Sequence of Spod

hypotheses, where the null model of selective constraint
was rejected (Table 3), in favor of the hypothesis that sev-
eral sites of Sophophora DNMT2 (Figure 3 and Figure 4)
differentiated by positive selection. We estimated that six
sites (position 85, 94, 109, 192,257 and 311) were evolving
under positive selection (Table 3) (Figure 3).

To investigate selection on amino acid properties we
used the software TreeSAAP, based on the global good-
ness-of-fit statistics calculated by the MM0! method. All
physicochemical properties examined are significant (cut-
off=0.05) (Table 4). Seven properties demonstrated signif-
icantly positive z-scores under a trait of radical changes

ptera frugiperda was used as outgroup.

category between 6 and 8: a-helical tendencies (Pa),
Equilibrium constant (ionization of COOH) (pK ), Polar re-
quirement (Pr), Power to be at the C-terminal (aC), Power
to be at the middle of alpha-helix (am), Power to be at the
N-terminal (an) and Tumn tendencies (Pf). Specific analysis
with the sliding window in TreeSAAP showed that 12
amino acids were under positive-destabilizing selection
(Figure 5a); the properties of most of these are related to the
alpha-helix structures, mainly located in the catalytic do-
main.
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The DNMT2 sites that are under positive selection
and positive-destabilizing selection (as indicated by the
CodeML and TreeSAAP analyses, respectively) are shown
in Figure 5b. Most sites under selection are located in the
catalytic domain and especially located on the molecular
surface. The only crystallographic model of DNMT?2 avail-
able for arthropods is from S. frugiperda and it is used just
as a representative model only (Li et al., 2012).

Protein-protein interactions and co-evolutionary
predictions

We accessed the predicted genes as interacting with
D. melanogaster, D. ananassae, D. grimshawi, D. pseudo-

the target r

obscura, D. virilis, D. willistoni and D. yakuba Dnmt2
through the STRING database (Table 5). These were con-
catenated and the D. melanogaster gene annotations to
ERC analysis were used, since the taxonomic group uti-
lized in ERC Analysis Webserver is D. melanogaster. We
also made an extensive search for genes that have signifi-
cant ERC values with D. melanogaster Dnmt2 by ERC
Analysis Webserver Top Genes tool, which retrieves the
genes with the highest ERC values for a given query gene
from the entire genome (Clark ef al., 2012., 2013, Findlay
etal., 2014).

Altogether, 551 genes were obtained with an ERC
value > 0.400 (p-value < 0.05) as result of the search. We
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Table 2 - Parameters estimates and log likelihood values for branch-site M1a, MA and restricted MA model.

Model Parameters InL

Mla ®0 = 0.04651 p0=0.86743 -11 046.650097
Relaxed branch-site test null model ®l = 1.00000 pl =0.13257

Restricted MA (2 = | fixed) @l =0.04520 ®2=1.000 -11039.638028
Strict branch-site test null model p0 = 0.82646 pl =0.12587 (p2a + p2b) = 0.04767

MA ®0 = 0.04596 ®2 = 50.90099 -11 032.575669
Alternative model p0 = 0.84965 pl =0.12542 (p2a + p2b) = 0.02493

Lnl = log likelihood; @0 = dN/dS values for sites with 0 < < 1; @1 = dN/dS values fixed to 1; @2 = dN/dS values for sites with @ > I, which corresponds
only to sites in the foreground branch.
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Table 3 - Comparison of null and alternative models by LRT and positively sel d sites d by Bayes Emp 1 Bayes.

Test Contrast LRT D.F. %2~ Probability Positively selected sites
Relaxed branch-site Mla MA 25.20 2 p< 7.7x107

Strict branch-site Restricted MA MA 12.41 p<0.001 85, 94, 109, 192, 257, 311

LRT - likelihood ratio test; D.F - Degrees of freedom.

Table 4 - Amino acid physicochemical properties under positive destabilizing sclection in DNMT2.

Physicochemical property Good f-fit (1 I exp ion) radical chang gory (6, 7 and 8) z-score
Alpha-helical tendencies (P,) 33.339¢%e¢ 8 4.292%4¢
Average ber of sur ding residues (N,) 119.136%** 6.442%+*
Beta-structure tendencies (Py) 30.909%** 2.804%*
Bulkiness (B)) 35.052¢%* 3.104%+*
Buriedness (8,) 54.407%* 2.580%*
Chromatographic index (R 107.1094** 3.190%++
Coil tendencies (C,) 18.839¢* -
Composition (C) 43,1794+ 3.8084¢*
Compressibility (K°) 22,5484 -
Equilibrium constant (ionization of COOH) (pK ") 79.39%%¢ 8 2.828%*
Helical contact area (C,) 81.079%%+ 3.732¢¢¢
Hydropathy (H) 83.046%* 3.885%4¢
Isoclectric point (pH)) 45.283%% 4.261%*°
Long-range non-bonded energy (E) TR.A459%* 5.712%¢¢
Mean r.m.s. fluctuation displacement (F) 117.7084%* 5.736%+*
Molecular volume (M,) T7.479%+ 3.151%4¢
Molecular weight (M) 69.846%%* 35774
N lized hydrophobicity (H,.) 57.459¢%* 2.062*
Partial specific volume (¥*) 61.97%++ 2.986%*
Polar requircment (P,) 29.801%%+ 7 2.341%*
Polarity (P) 59.713%¢¢ 2.522%
Power to be at the C-terminal (a,) 118.516%** 6 5.758%¢+*
Power to be at the middle of alpha-helix (a.) 49.271% 7 3.657%¢
Power to be at the N-terminal (a.) 32.449%%* 7 3.159%4s
Refractive index () 47.548%%* 3.632%**
Short and medium range non-bonded energy (E_) 67.785%¢ 3.743%¢¢
Solvent accessible reduction ratio (R,) 83.159¢%+ 2,942
Surrounding hydrophobicity (H,) 69.397¢* 2.345%
Thermody i fer hydrohphobicity (H)) 50.917%%¢ 2.785%¢
Total non-bonded energy (E,) 109.5484%* 5.654%+*
Tum tendencies (Py) 109.136%** 6 6.198%+*

*p<0.05** p<0.01;*** p<0.00l.

filtered the genes found according to the expression period
from 00-12 hour of the embryonic stage, which corre-
sponds to the expression of Dnmt2 in D. melanogaster ac-
cording to Lyko et al. (2000). The biological role played by
genes according to the biological process described for
DNMT2 was also considered (i.e., epigenetic functions,

transcriptional control, stress response, tRNA methylation,
response to heat, positive regulation of innate immune re-
sponse, telomere maintenance). At the end, we obtained a
list of 35 genes and added the enolase enzyme, since this
was the first DNMT2 interacting protein described (Tovy et
al., 2010) (Table 5).
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ERC values for the 36 genes were obtained by the
Group ERC Analysis tool, which returns the ERC values
between a group of genes and statistics for the strength of
ERC between them (Table S6). Interestingly, Dnmt2 pres-
ents high ERC values related with 10 genes (p < 0.05) (Ta-
ble 6), in which four are related to transcriptional control

hionine (SAM) cyan.

and three have a chromatin-remodeling function. However,
genes with protein interaction prediction coming from the
STRING database showed low ERC values (Table 6). The
15 genes with an ERC value > 0.400 (p-value < 0.05) are
distributed between the Muller’s elements A, B, C, D and
E.
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Table 5 - Gene tation and location from STRING and ERC webserver searching from D. melanogaster genome. Genes with high ERC

value (>04oo)ndp-valu<005 are colored gray.

Gene Annotation Description

Cap CG18408 I lectively and lently with vinculin, a protein found in le, fibrobl and epithelial cells
Mbmdnmudappunmmedumnmhmutofmﬁhmmﬂlo integral proteins of the plasma mem-
brane.

CG10262 CG10262 Proliferating Cell Nuclear Antigen (PCNA) domain. These polymerase processivity factors play a role in DNA

CG13035 CG44836 Uncharacterized protein involved in ial ion of pain.

CG17124 CG17124 PKC-activated protein phosph 1 inhibitor. Stops, pr or reds the activity of a protein
phosph an enzyme that hydrolyzes phosphate groups from phosphorylated proteins.

CG6712 CG6712 Probably RNA binding inferred from seq or | similarity with Sacch yyces RPF1, involved in
ribosome biogenesis. Belongs to Brix superfamily.

CGT7470 CG7470 Predicted gamma-glutamyl phosph du with deltal-pyrroline-5-carboxyl h ivity, ghuta-
mate 5-ki ivity. An inner mitochondrial membrane enzyme, is "tolhzdcnavolyntheluofm
amino acids proline and arginine. Involved in epithelium develop and g ium-derived egg chamber for-
mation.

CTCF CG8591 CTCF is a ubiquitous transcription factor that binds to insulators and domain bound. It medi insul
function and blocks enhancers by binding to Cp190. It contributes to long-range chromatin interaction, orga-
nizes ch tin domain boundaries and coordinates nuclear architecture.

Dnmt2 CG10692 Methyltransferase 2 is a (cytosine-5) DNA/tRNA methyltransferase. It is involved in regulation of gm expres-
sion by cytosine-5 methylation. The major protein role is the modifications that p tRNAs
endonucleolytic cleavage and contributes to stress resistance, mmmxhnmmﬂmnllkNA-mmwdgm
regulation.

Eggless CG12196 Belongs to the class V-like SAM-binding methyltransferase superfamily. Histone-lysine methyltransferase fam-
ily. Involved in negati -gulation of gene expressi

Eno CG17654 Responsible for the lysis of the ion of 2-phosphogly (2-PG) to phosphoenolpyruvate

Hsp22 CG4460 A key player in cell-p i hani gainst oxidative injuries and aging in Drosophila. Activated in late
third-instar larvae of Drosophila melanog: in the ab of heat stress
MBD-like CGR208 Methyl Binding Protein 2/3, a co-repressor and an integral p of the nucl delling and

deacetylase (NuRD) complex. Negative regulation of transcription, involved in organism dev

mus209 CG9193 Belongs to the PCNA family. Involved in eggshell chorion gene amplification, DNA replication, mismatch re-
pair, neurogenesis and antimicrobial humoral response.

Nsun2 CG6133 tRNA (cytosine-5-)-methyltransferase activity.
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Table 5 - Cont.

Gene A i D

Rel CG11992

Relish is a transcription factor and the downstream component of the Immune Deficiency pathway, which regu-

lates the antibacterial response and other less cmizcd cellular processes.

1. Ci

CG7471 Histone d yl

Rpd3

lyzes the d

of lysine residues on the N- 1 part of the core histones

TP

(H2A, H2B, H3 and H4) Humne deacetylation may constitute a tag for eplgeuuc repression and plays an im-

role in

P P

stance, deacetylation of histone H3 may be a p
methyltransferase Su(var)3-9 to histones. Involvod in position-effect variegatio

I events. For in-
of the hi

cell cycle progr and develoy
ite for the sub

4 q

n (PEV).

hromati i iated with the pericentric heterochromatin and

Su(var)2-5 CG8409 Supp of 205isah
1 in Drosophila. It is i
nucleosomes.

d in the poamve autoregulatory expression and can bind directly to

Su(var)3-3 CG17149 Probable hi di hylase that specifically demethylates ‘Lys-4" of histone H3, a specific tag for cpigenctic
transcriptional activation, thereby acting as a P Required for h h ic gene sil g

Su(var)3-9 CGA43664 Histone methyltransferase that specifically trimethylates “Lys-9’ of histone H3 using monomethylated H3
‘Lys-9’ as substrate. H3 ‘Lys-9’ methylanon represents a speclﬁc tag for emgencuc mmmpuoml repmuwn
by recruiting Su(var)205/HP1 to 1 Mainly fu inh g by
pllym; a centml role in the establishment of constitutive h h in at peri ic regi Involved in

gene silencing including the modification of pocmon-cffecl-vaneptmn

Tet CG9973 Ten-Eleven Translocation (TET) family protein. I d in positive reg of DNA demethylation, induc-
ing positive regulation of iption from RNA poly Mp

Thor CGE8846 Eukaryotic translation initiation factor 4E binding protein, controlled by tor. It contributes to translation regula-
tion, response to environmental stress and cell growth regulation.

Discussion Functionally important genes are often evolutionarily

Evolutionary scenario of drosophilids DNMT2

In our analyses of Dnmt2 homologs among species of
Drosophilidae (Dot blot, Figure S1), we detected a hybrid-
ization signal in the majority of the analyzed species. Not
all species amplified using the D. melanogaster and D.
willistoni primers, indicating that the degree of Dnmt2 sim-
ilarity among Drosophilidae species varies (Table S1). The
representative species of the Dorsilopha subgenus did not
present Dnmt2 amplification with the primers used, which
could indicate that the 5’ and 3’ regions of the Dnmt2 gene
must have certain variation in the species that did not show
amplicons (Table S1). However, the average divergence
value did not exceed 22.5% for the amino acid sequences,
or 26.57% for the nucleotide sequences (data not shown).

constrained because the amino acid sequence must be pre-
served for a protein’s catalytic or structural role to be main-
tained (Figures 3 and S2).

Overall, the Neotropical willistoni species group pre-
sents the highest differences when compared to all other
groups, both in the nucleotide and amino acid analysis (Ta-
ble 1). Interestingly, the difference is reflected in the in-
creased presence of basic amino acids in the DNMT?2 of the
willistoni subgroup. Such differences may result in changes
in physicochemical properties of the enzyme, giving modu-
lations and differential affinities between proteins of differ-
ent groups. Shifts in codon preferences are described in D.
willistoni (Singh et al., 2006; Vicario et al., 2007), and be-
ing a lineage-specific feature, it is suggested that the differ-
ential preference may influence the evolution of DNMT2 in
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Table 6 - ERC values between potential DNMT2 protein-protein partners. The matrix shows all pairwise ERC values between genes below the diagonal and respectively p-values above the diagonal. Cells are

shaded red according to the intensity of their deviation from the null expectation.
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the species of the willistoni group. Also, molecular evolu-
tion is atypical in this species of the willistoni group (and its
sister group saltans), characterized by high rates of nucleo-
tide substitution and low portions of G/C (DeSalle, 1992;
Powell and DeSalle, 1995; Remsen and O’Grady, 2002).

Our phylogenetic analysis further showed that the
DNMT?2 relationships in Drosophilidae comprised three
main clades: a virilis-repleta section, a quinaria-tripunc-
tata section and the Sophophora subgenus (Figures 1 and
S2), consistent with previous studies regarding the phylog-
eny of the genus (Lewis et al., 2005; Robe et al., 2005,
2010; Wang et al., 2006; Hatadani et al., 2009), although
for the quinaria-tripunctata section, the evolutionary rela-
tionships between the species did not have a strong support
value and presented, in some cases, polytomy. Monophyly
of the subgenus Sophophora has been confirmed as well by
Tatarenkov et al. (1999) and Robe et al. (2005). These find-
ings suggest that the DNMT2 sequences exhibit similar
patterns to the species evolution.

Despite the conservation of drosophilid DNMT2s, at
least 10 regions have a high evolutionary rate along the pro-
tein (Figure 1). Noteworthy, region 7 has a long sequence
with high evolutionary rate. The structural location of this
region corresponds to the connecting handle between the
catalytic domain and TRD. When analyzed separately, the
evolutionary rates of the Drosophila and Sophophora sub-
genera showed very similar patterns with regard to the dis-
tribution of sites that evolve faster. Nonetheless, evolution-
ary rate values in the Drosophila subgenus seem to be
smaller than those of Sophophora (Figure 1). Thus, we
question whether some of these sites with faster evolution-
ary rates may be under some lineage-specific adaptive se-
lection event, or just correspond to a relaxed selection pres-
sure.

Positively selected sites in DNMT2 suggest
adaptation for protein-protein interactions

The importance of Dnmt2 for development in droso-
philid species remains unclear. Marhold ef al. (2004) com-
pared DNMT2 sequences from different dipterans,
showing high evolutionary conservation mainly in the cata-
Iytic domain. The occurrence of DNA methylation in vari-
ous dipteran species was also demonstrated, suggesting that
DNMT2-mediated DNA methylation has a deep evolution-
ary relationship of at least 250 million years. In any case,
DNMT2-mediated DNA methylation remains an open is-
sue.

By depletion of Dnmt2 with RNA interference, Ku-
nert et al. (2003) demonstrated that DNMT?2 is both neces-
sary and sufficient for DNA methylation in D. melano-
gaster and suggest a different target sequence for DNA
methylation: CpT/A. However, depletion of Dnmt2 had no
detectable effect on embryonic development, despite com-
plete loss of DNA methylation. On the other hand, DNMT2
has low catalytic activity on DNA (Hermann ef al., 2003;
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Fisher et al., 2004), and it seems to have a preference for
tRNA-Asp as a methylation target (Goll et al, 2006;
Jurkowski et al., 2008; Krauss and Reuter 2011; Tuorto et
al.,2012; Durdevic et al., 2013a; Shanmugam et al., 2014).
More recently, Takayama et al. (2014) have brought an-
other piece to the controversial and elusive puzzle of DNA
methylation in the genome of D. melanogaster: lines defi-
cient for DNMT2 retain genomic methylation, although
with altered patterns. Adding up to this peculiar field, there
is the phenomenon of sex-specific DNA methylation in
species of the subgroup willistoni (Garcia et al., 2007;
D’Avila et al., 2010), which raises questions about the
mechanisms that are directly involved in the sex-specific
DNA methylation process in this drosophilid group.

These scenarios raise issues about the selective pres-
sures acting on Dnmt2 and on how the DNMT2 protein may
have evolved along the several Drosophilidae lineages.
Considering that Dnmt2 was described as unnecessary for
embryological development (Kunert ef al., 2003) and no
loss of fitness with depletion of DNMT2 was detected
(Takayama et al., 2014) in D. melanogaster, one might ex-
pect a relaxed selective constraint. However, the present
study demonstrated that Dnmt2 is evolutionarily conserved
(Figures 2 and S2), as previous studies have already shown
(Marhold et al., 2004), and therefore, it could be suggested
that the entire gene has evolved under purifying selection
and that positive selection has played only a minor role in
the evolution of Drosophilidae Dnmt2.

Since the catalytic domain (residues from the cofac-
tor-binding pocket and catalytic residues in the motifs ENV
and PPC) and the motif CFT in TRD are generally con-
served (Figures 3 and 5b), the 10 sites with high evolution-
ary rates in some motifs in the catalytic domain and most of
the TRD motif would be due to relaxed selective constraint
or neutral evolution (Figure 1). On the other hand, this vari-
ation would be better explained by an adaptive selection.
Nevertheless, when we employed analyses which consid-
ered variation in ® rates in branches and sites, we found
several positively selected sites in the catalytic domain and
in the TRD from Dnmt2 between foreground (subgenus
Sophophora) and background (subgenus Drosophila) lin-
eages (Table 3 and Figure 5b). Positive selection has been
shown to act directly on amino acid residues exposed on the
surface of proteins, while those in the core remain stable
(Casewell et al., 2011), favoring the maintenance of cata-
lytic function of the protein.

The majority of sites under positive-destabilizing se-
lection were located at the protein surface, which suggests
that these sites are potentially involved in interactions with
the surrounding environment. The sites 63, 163 and 288
(Figure 4a,b) were noted as having radically changed prop-
erties, namely Power to be at the C-terminal («C). This
property relates to the ability of residues to interact with
other molecules, especially protein-protein and subunit in-
teractions. Also, sites 136 to 183 are located in the connect-

ing region of the catalytic domain and TRD and could be a
potential region of protein interaction.

DNMT2 has new potential partners that have not
been considered yet

Tovy et al. (2010) established enolase as the first
DNMT?2 interacting protein and highlighted an unexpected
role of a glycolytic enzyme in the modulation of DNMT2
activity. Other potential protein partners of DNMT2 have
been described, such as EGGLESS (dSETDBI1), whichisa
member of the family of SET/MBD proteins and methy-
lates lysine 9 in histone H3, that mediates DNA methy-
lation and is involved in silencing genes and retrotrans-
posons (Gou et al., 2010). Another probable candidate is
MBD-like, a methyl-DNA binding protein that keeps cer-
tain genes epigenetically silenced during genome activa-
tion (Marhold et al., 2004; Gutierrez and Sommer, 2004).
Since DNMT2 has tRNA as a preferential target, NSUN2 (a
tRNA methyltransferase which has the function of cyto-
sine-C5 methylation) may also be a possible protein part-
ner, cooperating with tRNA stability and protein synthesis
(Tuorto et al., 2012), together with DNMT2.

ERC values are typically elevated between interact-
ing proteins and can be used to establish molecular and
functional interactions between a pair and/or a group of
proteins. Therefore, here we tested 36 proteins retrieved
from searches through the STRING database and the tool
ERC Analysis Webserver Top Genes. Interestingly, we
found that the protein-interactions predicted with DNMT2
(STRING database) have low ERC values, mostly with
negative values (Table 6). We had expected that high ERC
values would be found in the protein pairs that are known to
belong to epigenetic mechanisms predicted to interact with
DNMT2. However, only the CG6712, MDB-like, RPD3
and SU(VAR)2-5 proteins showed positive ERC values,
but these were very low (ERC < 0.3). DNMT2 and mus209
showed a low ERC (0.369) but this was not significant (p <
0.18). Even enolase, which was described as the first
DNMT?2 interacting protein (Tovy et al., 2010), showed a
low ERC value. Nonetheless, Clark et al. (2012) demon-
strated that direct physical interaction is not required to es-
tablish a high evolutionary rate covariation, but that the two
major components associated with ERC are cofunctionality
(functional and physical interactions annotations) and the
coevolution of expression levels. When we looked at the
proteins with high ERC values, we observed a variety of
proteins with different levels of gene expression regulation
(Table 6). This was not surprising, given the previously
known subtract duality and the diversity of biological pro-
cesses involving DNMT2 (Kunert et al., 2003; Tang et al.,
2003; Lin et al., 2005; Goll et al., 2006; Phalke et al., 2009;
Schaefer et al., 2010; Durdevic et al., 2013b). This said, we
can rank the proteins with high ERC values into six groups:
(1) chromatin remodeling, (2) transcription factors, (3) ex-
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pression regulation, (4) DNA replication, (5) stress re-
sponse, and (6) RNA editing.

The first group shows that DNMT2 has a high ERC
value with proteins related to chromatin remodeling, like
ATACS3 that is an essential D. melanogaster histone acetyl
transferase (HAT) complex, together with transcriptional
cofactors GCN5 (KAT2), ADA3, ADA2A, ATACI and
HCF. This complex does not work in nucleosome remodel-
ing itself, but it stimulates nucleosome sliding by the ISWI,
SWI-SNF and RSC complexes (Suganuma et al., 2008).
The nucleosome remodeling process is required to expose
sequences that may be a target for gene silencing.

In their review, Klose and Bird (2006) describe that in
targeting de novo DNA methylation, transcription factors
(TF) have the capacity to interact with DNMT enzymes and
to promote cytosine-target methylation as a part of the mo-
lecular silencing repertoire. This specific DNMT-TF net-
work may be responsible for promoting specific differenti-
ation stages in different organs. The significant ERC values
found between DNMT?2 and TFs like PNT and SNAIL (Ta-
ble 6) reinforce the DNMT-TF interaction findings.

The involvement of DNMT2 in gene expression regu-
lation appears in the interaction with histone methyltransfe-
rases enzymes (HMT) with high ERC values between the
heterochromatin protein (HP) SU(VAR)2-10.
SU(VAR)2-10 encodes a member of the PIAS protein fam-
ily that controls diverse functions and is involved in differ-
ent aspects of chromosome structure and function by estab-
lishing/maintaining chromosome organization (Hari et al.,
2001). Furthermore, DNMT-TF interaction and DNMT-
HP interaction can produce a ternary complex composed of
a DNMT, a MBD and an HP, promoting the recruitment of
histone H3K9 methyltransferases (HMTs) (Rai et al,
2010). The CG16863 protein has a BED-type zinc finger
domain and is not characterized yet. BED fingers are able to
bind DNA and are present in some proteins like Drosophila
boundary element-associated factor (BEAF), responsible
by chromatin insulation and also required during early de-
velopment (Gilbert et al., 2006). DREF (DNA replica-
tion-related element-binding factor) is another protein that
contains BED fingers; it is a transcription regulatory factor
and it interacts genetically and physically with regulatory
factors related to chromatin structures. Matsukage et al.
(2008) identified more than 150 genes carrying DRE se-
quences in their promoter regions, most of them related to
DNA replication, transcriptional regulation, cell cycle reg-
ulation, growth signal transduction and protein metabo-
lism. The high ERC value between DNMT2 and BED-
finger domain (0.712) is very interesting (Table 6), because
the DREF target sequence is 5"-TATCGATA-3’, carrying a
CpG motif that can be a DNMT2 target for cytosine
methylation.

Another protein group that shares a high ERC with
DNMT2 is related with expression regulation:
HOPSCOTCH and HAYWIRE. HOPSCOTCH is a protein

Vicira et al.

pseudokinase and is involved in many biological processes,
like cell proliferation, structure morphogenesis, and others.
Hou et al. (1996) have described Hopscotch/JAK kinase as
an invertebrate JAK/STAT system. HOPSCOTCH regu-
lates the transcription of target genes, such as the pair-rule
gene even-skipped. even-skipped is a transcriptional re-
pressor of a number of genes during early embryogenesis.
Thus, having its role in the epigenetic system may DNMT2
have coevolved with Hopscotch/JAK to rearrange the epi-
genetic marks during the ecarly development of
drosophilids.

We also found significant evolutionary rate covaria-
tion values with proteins involved in DNA replication like
ORC2, MMS4 and even MUS209 (a Proliferating cell nu-
clear antigen — PCNA) (Table 6). This may be linked to
DNMT2 maintenance methylation of DNA in the replica-
tion event, or to de novo methylation during embryonic de-
velopment.

Usually present in the nucleus, under conditions of
stress, DNMT2 reallocated to cytoplasmic stress granules
and RNA processing bodies (P-bodies). Thiagarajan ef al.
(2011) describe DNMT2 as part of the RNA processing
machinery during cellular stress. During heat shock condi-
tions, DICER-2 degrades tRNA and tRNA fragments, so
DNMT2 can limit the extent of tRNA fragmentation during
a stress event, since long double-stranded RNAs (dsRNAs)
inhibit DICER-2 activity. Hence, DNMT2 is essential for
DICER-2 processing in Drosophila (Durdevic et al.,
2013a).

Another role of DNMT?2 against stress events is the
silencing of retrotransposons and the control of RNA vi-
ruses in Drosophila (Phalke et al., 2009; Durdevic ef al.,
2013b). So, DNMT2 seems to be important as a control tool
to various forms of stress that involve RNA, which can be
triggered by an excess of endogenous (retrotransposons) or
exogenous (viruses) RNAs. The presence of the proteins
HOMER and Rpp20, with high ERC values, may contrib-
ute to the presence and function of DNMT2 involved in the
response to stress events and opens new possible partner
proteins. HOMER protein acts in response to ethanol (Uri-
zar et al., 2007), controlling circadian cycles (Naidoo et al.,
2012), and acts during the stress response. Rpp20 is a sub-
unit of RNase P and RNase MRP that is involved in precur-
sor rRNA processing (Li et al., 2002) and interacts with
SMN protein in response to stress (Hua and Zhou 2004).

Finally, we denoted an evolutionary rate relationship
between DNMT2 and two nucleotide modification en-
zymes: CG14906 e CG14618. The CG14906 gene product
corresponds to a TM-A70-like factor, an mRNA (2-O-
methyladenosine-N(6)-)-methyltransferase (Bujnicki et
al., 2002), and CG14618 belongs to the class IV-like
SAM-binding methyltransferase superfamily, tRNA
methyltransferase TRM10 family. TRMI10 catalyzes all
known instances of m'G9 modification and, according to
Swinehart et al. (2013), it is involved in different pathways
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beyond tRNA processing. The plurality and importance of
RNA and tRNA modifications found in the last decade are
well described (Chiari et al., 2010; Chan et al., 2012; Gu et
al.,2014; Hori, 2014; Swinehart and Jackman., 2015; Tuor-
to et al., 2015). The pathway diversity and response plastic-
ity to environmental modifications makes the tRNA/RNA
processing enzymes a major link between the genome and
environment.

Conclusions

Our study shows that, although Dnm¢2 is highly con-
served within the Drosophilidae family, it carries several
nonsynonymous changes in some domains, which were
shown to be maintained by positive and destabilizing selec-
tion. Purifying selection remains the major maintenance
process of gene function(s), but positive selection appears
to act on certain domains potentially involved with envi-
ronment interactions. Thus, the findings suggest that the
residues affected by positive selection may be involved in
an interaction-driven co-evolution and the connection of re-
gions of catalytic domains and TRD that probably would
interact — direct or indirectly — with other proteins.

We suggest that the episodes of adaptive evolution in
Dnmt2 could be related to the wide diversity of niches, be-
haviors, amplitude distribution of drosophilids, as well as
with and other peculiarities, such as the presence of trans-
posable elements, chromosomal inversions, chromosomal
stability, sex-specific DNA methylation, responsive modu-
lation of RNA methylation (coding and noncoding), and
endosymbiotic interactions. The multiplicity of proteins
having strong evolutionary rate covariation found in the
present work supports the hypothesis of a plurality of
DNMT?2 functions in Dnmt2-only organisms, like droso-
philids. Since epigenetic systems are dynamic and change
with the environment and along the evolutionary history of
the organisms, we think that a wide scenario was opened,
and the next step will be to analyze probable Dnmt2 interac-
tions with other genes along the evolution of different lin-
eages in their ecological and evolutionary contexts.
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Table S1 - Drosophilidae species used in the present study. Results from Dot blot and PCR screening are shown, as well as the species when the

sequences used in this work were obtained.

Genus Genus

Drosphila Sophophora

‘Group Species Dot PCR  Sequence Group Species Dot PCR Sequence
guara D ornatifrons + + y melanogaster ~ D. melanogaster + + DB

D subbadia + F i D smulans +  * DB

D guaru + o+ y D sechellia NT + DB
guaramunu D griseokineata + + iy D mawnifiana 1n + R

D maculifrons + o+ vy D teisgen + o+ )
tripunctata D nappae +  F ¥ D santomea + F ¥

D paraguayenss NT - D erecta + + DB

D crocina + o+ 4 D yakuba + o+ DB

D paramediostriata + - D kv + - DB

D tripunctata + ¥ i D ananassae + o+ DB

D mediodiffusa NT + ¥ D bipectinaia NT NT DB

D mediopictoides + D malerkotiana + -
cardinm D neocardim + - D. orena + -

D polymorpha + - D ficusphila NT NT DB
pallidipenmns D pallidipenms NT - D takahashi NT NT DB
calloptera D ornatipeniis + + 4 D rhopaloa NT NT DB
T grans D imnigrans + o+ iy D suzukii NT NT DB

D albomicans NT NT DB D harmpes NT NT DB
Sfunebris D funebns & - D eugracikis NT NT DB
mesophragmatica D gasici + + iy D elegans NT NT DB

D bracici NT - obscura D psendoobscura + + DB

D gaucha + o+ y D miranda NT NT DB

D pavani NT + iy D persnils NT NT DB
repleia D hydei + o+ ’J saltans D prosaltans + -

D. mercatorum + - D saltans ¥ 2

D mojavenss + + DB D necelliptica + -

D buzzahi NT - DB D sturtevanit + s
canalinea D canalinea + - willistom D sucinea + NT
flavoptlosa D cestit 2 - D nebulosa i -

D willistom (Gd-
D incompta + o+ R Hg¢) + DB
D willistons (Wip-
wnls D unks + + DB 4) + NT
grimshawi D. gnimshawi NT NT DB D willistom (I7A2) + NT
robusta D robusta + - D paulistorum + -
buschi *** D buschii *** + - D insularns + -

Z indianus* F o= D tropicakis ¥, ok A

Z. tuberculatus* + - D equinoxialis + -

S lafifasciaeformis**  + - D capricorm + g

S lebanonenss ** + - D fumipemu s + -

(+) signal detected in Dot blot or PCR amplification; (-) no PCR-specifi amplification; (NT) not testad; (V) Drumt2 homologous sequence obtamed by PCR;

(DB) Drmt? homologous sequence obtamed via data bank (Genome/GenBank)
*Zaprionus gens: Z mdiconss and Z tubercidanis

**Scaptodrosophila geaws: 5. lanfasciaeformis and 5. led,
***Dorsilopha subgers: D. buscki
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Table S2 - Complete MT2 homologous sequences annotation

Annotation symbol

Drosoplhila albonicans
Drosoplila ananassae
Drosoplila biarnipes
Drosoplila bipectinata
Drosoplila buzzatit
Drosoplila elegans

Drosoplila erecta
Drosoplila eugracilis
Drosoplila ficusphila
Drosoplila gnmshawt
Drosoplula kaldawa
Drosoplila melanogaster
Drosophila niranda

Drosoplila mojavens's
Drosoplila peranslis
Drosoplila psendoobscura
Drosoplila rhopaloa
Drosopila sechellia

Drosoplila smulans
Drosopltla suzuki
Drosoplila takahashi

Drosoplila virilis
Drosoplila wilk stoms

Drosoplila yakuba

£1|405988621|gb|JH859534.1] Drosophila albomicans strain FVIS5-5 unplaced genomic scaffold
Dalb_scaffold_67169, whole genome shotgun sequence

gnl|danalscaffold 12943 type=golden_path _region; loc=scaffold 12943:1..5039921, ID=scaffold 12943,
dbxref=GB:CH902624

g1|459197679)|gb|KB462833.1] Drosophila biarmupes unplaced genonuc scaffold scf7180000302422, whole
genome shotgun sequence

£1/459198809]gb{KB464388 1] Drosophila bipectinata unplaced genomic scaffold scf7180000396728, whole
genome shotgun sequence

Icliscaffold27 [847237 - 848191] and [847126 - 847185]

1|459200570|gbB458413.1] Drosophula elegans unplaced genomic scaffold scf7180000491028, whole
genome shotgun sequence

gnl|dere|scaffold 4929 type=golden_path_region; loc=scaffold 4929:1.26641161; ID=scaffold 4929,
dbxref=GB:CH954177

g1459206169/gb|FB464972.1] Drosophila eugracilis unplaced genomic scaffold scf7180000409122, whole
genome shotgun sequence

1|459201587|gbjKB457400 1] Drosophila ficusphila unplaced genomic scaffold scf7180000453936, whole
genome shotgun sequence

gnlldgniscaffold 15252 type=golden path region; loc=scaffold 15252:1..17193109; ID=scaffold 15252,
dbxref=GB:CH916368

g1|459202993|gb{KB459629 1] Drosophila kikkawai unplaced genomic scaffold scf7180000302408, whole
genome shotgun sequence

FlyBase_Annotation_IDs:CG10692-PC. Accession number: AAF53163.2

148099521 7gb|CMD01520 2] Drosophila nuranda strain MSH22 chromosome 4, whole genome shotgun
sequence

gnl|dmoj|scaffold 6500 type=golden_path_region; loc=scaffold_6500:1..32352404; ID=scaffold_6500,
dbxref=GB:CH933807

gnl|dperiscaffold 8 type=golden path region; loc=scaffold 8:1.3966273; ID=scaffold 8;
dbxref=GB:CH479187

gnlldpse|4_group? type=golden_path region; loc=4 group2:1..1235759; ID=4_group?; dbxref=GB:.CH379059

1/452191607|gbjKB448653.1] Drosophila thopaloa unplaced genomic scaffold scf7180000761302, whole
genome shotgun sequence

gnl|dsec|scaffold 16 type=golden path_region; loc=scaffold_16:1.1878335; ID=scaffold_16;
doxref=GB CH430831

gnlldsim2L type=golden_path_region; loc=2L:1..22036055; ID=2L, dbxref=GB.CM000361

scaffoldl [22179055 - 22179114] - [22179153 - 22180145]

£1/459204042/gb{KB461661 1] Drosophila takahashi unplaced genomic scaffold scf7180000415863, whole
genome shotgun sequence

nljdviriscaffold 12963 type=golden_path_region; loc=scaffold 12963:1.20206255; ID=scaffold 12963,
dbxref=GB:CH940649

Dwnl\GE.21086-PB type=CDS; loc=scf2_1100000004851:join(40528..40546,40598. 41559);
name=Dwil\GI.21086-RB; dbxref=FlyBase FBpp0378827 / Garcia et al. 2007

gnl/dyak|2L type=golden_path_region; loc=2L:1..22324452; ID=2L; dbxref=GB:CND00157
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Table S3 - GenBank accession numbers for nucleotide

sequences obtamed by DNA sequencing performed by
Macrogen Inc.

Accession numbers

Drosoplila tropicakis (clone 1) Seql KI873136
Drosoplula tropicalis (clone 2) Seq2 [KI873137
Drosoplila tripunctata Seq3 KI873138
Drosoplila teisgen (clone 4) Seqd FKI873139
Drosoplila teissen (clone 3) SeqS KI873140
Drosoplula teisgen (clone 2) Seq6 KI873141
Drosoplila subbadia Seql KI873142
Drosoplila pavam Seq8 KI873143
Drosoplila ornatipemns (clone 1) Seq@ KI873144
Drosoplila ornatipemns (clone 2) Seql0 KIJ873145
Drosoplila ornatifrons (clone 3)  Seqll KI873146
Drosoplila ornafifrons (clone 2) Seql2 KI873147
Drosoplila ornaiifrons (clone 1)  Seql3 KI873148

Drosoplila nappae Seqld FKI873149
Drosoplila mediedifiusa Seql5 KI873150
Drosoplula maculifrons Seql6 KI873151
Drosophilainconpta Seql7 KI873152
Drosoplzlaimmu grans Seql8 KI873153
Drosoplila hydei Seql9 KI873154
Drosoplila guaru Seq20 KI873155
Drosoplila griseolineata Seq21 KI873156
Drosoplila gaucha Seq22 KI873157
Drosophila gasc Seq23 KI873158
Drosoplila crocina Seq24 KI873159
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Table $4 - Standard eror estimate(s) from estimates of evolutionary divergence between sequence pairs of different
Drosophilidae species groups. Amino acid standard emror is given below the diagonal The nucleotide standard enor is provided
above the diagonal. The values are given in percentage.

Groups 1 2 3 4 5 6 1 8 9 10 1 12 13
1 calloptera 162 151 111 084 138 131 151 163 139 090 150 163
2 flavopilosa 282 152 153 145 133 131 125 15 114 132 131 155
3 gnmshawi 2719 257 155 143 136 137 140 15 134 134 137 163
4 guaramunu 175 264 269 09 129 128 14 160 137 076 14 158
5 guaram 138 273 265 159 122 119 133 144 124 082 132 149
6 immigrans 231 24 248 223 221 118 134 138 121 109 129 148
7 melanogaster 253 257 248 248 244 236 130 111 125 113 121 129
8 mesophragmatica 262 231 255 242 252 241 252 157 107 123 124 153
9 obscura 284 289 266 273 265 255 218 278 147 138 149 154
10 repleta 254 210 234 233 244 231 244 170 268 118 114 146
11 tripunctata 166 257 255 134 155 212 237 233 260 224 120 142
12 vnlis 256 213 233 232 246 214 236 192 268 193 224 155
13 wallistoni 294 291 284 287 284 264 266 290 271 275 279 282

Genetics and Molecular Biology

Supplementary Material to “Evolution of DNMT?2 in drosophilids: Evidence for
positive and purifying selection and insights into new protein (pathways) interactions”

Table S5 - Estimates of Average Percentual Divergence over Sequence Pairs Groups. The values are given in

percentage.
Within Groups
Subgenus Nucleotides SE. Amino Acids SE.
Drosopiila 2194 094 1789 1.65
Sophophora 2265 0389 18.17 162
Between Groups
Drosoplila vs Sophophora 3137 1.17 25.35 214
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Table S6 - ERC values for 36 genes obtained by Group ERC Analysis tool and STRING database. The matnx shows all pairwise ERC values between genes below the diagonal and respectively p-values above the
diagonal. Cells are shaded red according to the intensity of their deviation from the null expectation.
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Figure S1 - Dot blot screemng for Dnmt? sequences homologous to the Drosophila melanogaster Dnmi?2 gene. The
species tested are the following: 1- Drosoplila ornafifrons, 2- D. subbadia, 3- D. guaru, 4 D. griseolineata; 5- D.
nappae; 6- D. paramedioesiniata, 7- D tnipunciata; 8- D medipicteides, 9- D. neocardin, 10- D. polymorpha; 11-
D omatipennis, 12- D immigrans; 13- D, funebiis, 14- D gasci; 15- D gaucha, 16- D mercatorum; 17- D.
mojavends, 18- D incompta; 19- D wnlis; 20- D robusta; 21- D melanogaster, 22- D. smulans; 23- D.
mawrifiana, 24- D, teiszen, 25- D santomea; 26- D. erecta, 27- D. yakuba; 28- D. kikkawa, 29- D. ananassae;, 30-
D. malerkotliana, 31- D. psendoobscura; 32- D prosaltans; 33- D. saltans, 34- D neoellipiica;, 35- D. sturtevant;
36- D. sucinea; 37- D nebulosa; 38- D willistoni (ww strain); 39- D. paulistorum Orinocan; 40- D. insulans, 41-
D tropicalis,42- D. equinoxialis; 43- D. capricor, 44- D, fumipemwns, 45- D. busckii, 46- Zaprionusind anus, 41-
Z tuberculatus, 48- 5. lafifasciaeformis, 49- 5. lebanonens's, 50- D. maculifrons; 51- D. crocina, 52- D. hydet, 53-
D canalinea, 54- D. orena;, 55- D. willistomt (Wip-4 strain); 56- D. willistont (17A2 strain).
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Abstract

Organisms that have only the DNA methyltransferase 2 (Dnmt2) to mediate the
DNA methylation are called "Dnmt2-only" and they have been investigated in recent
surveys. Drosophila is one of the “Dnmt2-only” organisms and is also an ideal model for
Dnmt2 research. Homologs for this enzyme are found in virtually all organisms already
investigated for the DNA methylation, including Drosophila melanogaster, but the
biological function of the Dnmt2 protein is still uncertain. Some studies have pointed to
a putative role during the early stages of invertebrate development. In this work, we
present our findings on the Dnmt2 expression in D. willistoni, a neotropical species of
large ecological versatility with peculiar molecular features, when in comparison to other
species of the same genus. We demonstrate here the presence of transcripts not only in
the early stages of development, as described for other species, but also during the
oogenesis. Our findings give insights on the possible biological function of Dnmt2-related
processes associated with the development and differentiation of oocytes since
germinative tissue formation seems to require a higher expression of Dnmt2,
Additionally, we mapped the Dnmt2 probe on the IIL chromosome arm (Muller’s B
element) of D. willistoni, near at the end of the singular telomeric region.

Keywords: Dnmt2, DNA methylation, Drosophila willistoni, embryogenesis, oogenesis
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Introduction

Cytosine-5 RNA methylation is one among more than 100 distinct RNA
modifications that has been already detected in tRNA, rRNA and mRNA (Li and Mason
2014), representing an important epigenetic modification that regulates gene expression
in eukaryotes, with a standing role on their development and for the etiology of human
diseases and mediating chromatin organization (Klose and Bird 2006; Zhao et al. 2016;
Cheng et al. 2018). Elucidation of the molecular mechanisms mediating RNA and DNA
methylation is crucial to understanding the roles that diverse nucleic acids play in the

regulation of genetic information.

Although DNA methylation appears to be a widespread epigenetic regulatory
mechanism, genomes are methylated in different ways in diverse organisms. DNA
methylation in plant genomes, for instance, can occur symmetrically at cytosine
nucleotides in both CG and CHG (H= A, T or C) contexts, whereas DNA methylation
systems are well characterized in vertebrates (Bird 2002) and occur mostly symmetrically
at the cytosine of a CG dinucleotide (Lee et al. 2010; Jin et al. 2011). The cytosine
methylation is established and maintained by a family of conserved methyltransferases.
In eukaryotes, there are three distinct families of DNA methyltransferases: Dnmt1,
Dnmt2, and Dnmt3. Whereas Dnmt3 enzymes seem to be responsible for establishing
DNA methylation patterns (de novo methyltransferases), Dnmtl enzymes are involved in
the maintenance of the methylation patterns (Goll and Bestor 2005). On the other hand,
the biochemical activity and the biological function of Dnmt2 enzymes are still an open

case.

Evidence for DNA methylation has been described and its importance
demonstrated in different insect orders. The honeybee genome contains genes that encode
orthologues of all vertebrate proteins required for DNA methylation (Schaefer and Lyko
2007; Elango et al. 2009). In addition to Dnmt2 (also found in Diptera), two CpG-specific
DNMT family genes were identified: Dnmtl and Dnmt3a/b genes (Wang et al. 2006).
The specificity for CpT and CpA nucleotide residues distinguishes Dnmt2 from all other
known animal DNA methyltransferases and confirms the previous suggestion of
predominant non-CpG methylation in Drosophila (Lyko 2001; Kunert et al. 2003). The
Apis mellifera genome shows greater similarities to vertebrate genomes than Drosophila

and Anopheles genomes for the genes involved in DNA methylation, among others (The
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Honeybee Genome Sequencing Consortium, 2006). For these reasons, methylation in D.

melanogaster and other invertebrates remains a controversial research area.

Regarding the genus Drosophila, the species of this genus are so-called “Dnmt2-
only” organisms, not containing any of canonical vertebrates DNA methyltransferases
homologs (Dnmtl and Dnmt3). For the species of this genus studied so far, methylation
was demonstrated at non-CpG nucleotides (Lyko et al. 2000; Kunert et al. 2003; Garcia
et al. 2007), in contrast to most organisms already analyzed. Furthermore, the specificity
for CpT, CpA, and CpC nucleotide residues distinguishes Dnmt2 from all other known
animal DNA methyltransferases (Kunert et al. 2003; Panikar et al. 2015), and the
functional role of DNA methylation in Drosophila remains unclear. However, adding to
that discussion, a recent study describes the importance of the methyl-CpG binding
domain proteins to inhibit interspecies courtship and promoting aggression in Drosophila
(Gupta et al. 2017). Another important difference between DNA methylation in mammals
and Drosophila is the level of the cytosine nucleotides methylated. Whereas mammals
have 2 to 10% of all cytosine residues modified to 5-methylcytosine (Li and Zhang 2014;
Breiling and Lyko 2015), Drosophila melanogaster has only about 0.1 - 0.6% (Gowher
et al. 2000b; Lyko et al. 2000), making it experimentally difficult to demonstrate
unambiguously DNA methylation in this organism. Moreover, in contrast to the pattern
of genome-wide DNA methylation in vertebrates, DNA methylation is relatively
scattered in invertebrates (Suzuki and Bird 2008).

Several attempts were made to demonstrate the DNA methylation activity of
Dnmt2 in D. melanogaster (Kunert et al. 2003; Mund et al. 2004) revealing a low, but
significant activity by distinct experimental methods. Overexpression of Dnmt2 in
Drosophila species appears to enhance genome-wide DNA methylation from 0.2% to 0.4
—0.7%, as determined by capillary electrophoresis (Kunert et al. 2003; Mund et al. 2004).
Nevertheless, in a recent study reported that Dnmt2 controls DNA methylation in early
D. melanogaster embryos and provide insight into its function in control of
retrotransposon silencing and telomere integrity in somatic cells (Phalke et al. 2009). This
report showed a clear-cut difference of methylation within Invader4 elements LTRs
between wild type and Dnmt2-/- flies (Phalke et al. 2009). Dnmt2 appears to mediate
methylation on D. melanogaster embryos genome, even though both this activity and its
functional consequences remaining poorly understood. However, a recent study showed

that cytosine methylation in the genome of Drosophila melanogaster probably is
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independent of Dnmt2 activity (Takayama et al. 2014). These findings show how elusive

Is the genomic methylation context in drosophilids.

Previous studies reported by our research group in the neotropical D. willistoni
and its related species (willistoni subgroup) shows a distinct scenario. Adult flies show
sex-specific patterns of rDNA genes investigated by Methylation Restriction Sensitive
Endonucleases (Garcia et al. 2007; D’ Avila et al. 2010). Comparisons of D. willistoni and
D. melanogaster Dnmt2 protein sequences indicated higher primary structure
conservation on motifs responsible for the catalysis of methyl transfer and great
variability in the region related to specific recognition of target DNA sequences. These
outcomes from the willistoni subgroup species are encouraging due to the previously
reported peculiarities of this species when compared to other species of the Drosophila
genus that have their genomes sequenced (Clark et al. 2007). D. willistoni singularities
correspond to overall genome size, distribution of transposable element classes, patterns
of codon usage, dot chromosome lacking and unclear phylogenetic clustering placement,
among others (Clark et al. 2007; Vicario et al. 2007; Schaefer et al. 2008).

In addition to the peculiarity of having sex-specific methylation (Garcia et al.
2007; D’Avila et al. 2010), D. willistoni is known to have extensive gene arrangement
polymorphisms on all chromosomes (da Cunha and Dobzhansky 1950; da Cunha and
Dobzhansky 1954; Valente and Araudjo 1986; Rohde and Valente 2012) as observed from
chromosomal variability in natural populations. As a result of its higher rate of
intraspecific polymorphism and significantly large independent evolutionary time
compared to other species of Drosophila 12 Genomes Project, computational methods
seem to demonstrate some ambiguity in its phylogenetic placement (Schaeffer et al.
2008). The ambiguity arises as a consequence of the elevated level of sequence and gene-
order evolution that leads to a significantly long lineage leading to D. willistoni. Most
phylogenetic reconstruction software tends to force D. willistoni as an outgroup, based
on the high evolutionary rates. In light of these reasons, studies are needed to map more
genes in the genome of D. willistoni in order to elucidate the discrepancies found in the
previous reports. New approaches, using an additional marker will not only identify more
genes to confirm the ordering of scaffolds assembled so far but will also facilitate further

comparative studies by increasing the database from this species.
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To improve the Dnmt2 knowledge about its biological function and importance,
more assays for characterization and detection of Dnmt2-dependent DNA/RNA
methylation will have to be established. Genomic DNA methylation patterns need to be
characterized mostly in “Dnmt2-only” model systems, like Drosophila. In the present
study, we detected and quantified the expression of D. willistoni Dnmt2 in different
development stages. Accordingly, we also detected the expression of Dnmt2 on oogenesis
and embryogenesis, indicating a possible contribution of Dnmt2 expression during
development. In addition, we localized Dnmt2 homologs on polytene chromosomes of D.
willistoni and we attempted to establish cause and/or effect relationships for the exact
location of the gene with its adjacent sites and possible activity modulated by position.

Material and Methods
Detection of Dnmt2 transcripts by Reverse Transcription PCR (RT-PCR)

RNA was obtained from D. willistoni adult males, adult fertilized females, adult
females without ovaries, pupae, larvae and 0-3h dechorionated embryos using Trizol,
according to the manufacturer's protocol (Invitrogen). Extracted RNA was further treated
with DNasel (Promega) to eliminate DNA contamination. cDNA synthesis was
performed using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher)
with random primers. After cDNA synthesis, Dnmt2 fragment was amplified by PCRs
with the following primers wDnmt2AF: 5’-CAGGCTCGCCAACAGTTTAT-3’ and
wDnmt2BR: 5’-CCTTGTCCTTGCGTGCTAAA-3’. Primers were designed based on
the D. willistoni Dnmt2 sequence (Garcia et al. 2007). The PCR reaction was performed
in 25uL reactions using 20 ng of cDNA, 1 U Platinum Tag DNA Polymerase (Invitrogen),
1x reaction buffer, 200 uM dNTPs, 20 pmol of each primer and 1.5 mM MgCl.. The
amplification conditions were 95 °C for 5 min and 30 cycles of 95 °C for 40 s, 55 °C for
40 s and 72°C for 1 min, followed by a final extension cycle at 72 °C for 5 min. A fragment
of 280 bp was expected as a result of the amplification reactions. The A-actin
housekeeping gene was used as a control for amplification. PCR products were verified
by electrophoresis on a 1% agarose gel and stained with GelRed GelRed™ (Sigma-
Aldrich).
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Expression analysis by Quantitative Real-Time PCR

The relative abundance of D. willistoni Dnmt2 mRNA transcripts was measured
by quantitative real-time PCR (gPCR) using an Applied Biosystems (ABI) 7500 Real-
Time PCR System with the same primers of conventional RT-PCR (Dnmt2 and 4-actin
gene). Samples of cDNA from D. willistoni, produced as previously described, were used.
The gPCR conditions were: 94 °C for 5 min followed by 40 cycles at 95 °C for 15 s, 60
°Cfor 10 s, 72 °C for 15 sand 35 s at 60 °C to measure fluorescence. Next, samples were
heated from 55°C to 99 °C at a 0.1 °C/s temperature gradient to construct the denaturation
curve of the amplified products. Relative quantifications of amplified products were made
by the 2724t method (Livak and Schmittgen 2001) and Ct values were obtained in the
SDS software. SYBR-green (Molecular Probes) was used to detect amplification and to
estimate Ct values, as well as to determine specificity of the amplicons by denaturing
curves and melting temperatures (Tm). The A-actin gene was used as the internal control
gene for all relative expression calculations. All assays were conducted with technical
and biological triplicates.

Inspecting Dnmt2 mRNA transcripts by in situ hybridization in embryos

For Dnmt2 riboprobe synthesis, the fragment of 949-bp of the gene was obtained
from genomic DNA of adult flies by PCR using the primers wDnmt2C-F: 5’
TCACCCACAACCTTGACATT 3 and wDnmt2D-R: 5
ACCTTCTCGCAGACACCAA 3’. Resulting PCR products were cloned into pCR4-
TOPO vector (Invitrogen) and submitted to automatic nucleotide sequencing performed
by Macrogen Inc. (Korea), to assign insert orientation. Resulting plasmids were then
linearized according to the vector map and digoxigenin-labeled using a DIG-labeled
dNTP mix (Roche). The antisense riboprobe was labeled by T3 RNA Polymerase in vitro
transcription of the Notl-linearized plasmid. In situ hybridization assays were performed
in embryos collected in different developmental stages (Depra et al. 2009). Prior to in situ
hybridization, probes (200 ng in 50uL) were mixed with in situ hybridization solution as
follows: 50% formamide, 5x SSC, 100pg/mL of herring sperm DNA, 50ug/mL of heparin
and 1% of Tween 20. The hybridization mixture was added to the embryos at 55 °C and
incubated overnight. After hybridization embryos were washed several times with PBS
and color development was performed with BCIP/NBT 75 (Promega). Embryonic
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stages were identified according to the outlined criteria (Campos-Ortega and Hartenstein
1985).

Physical mapping of Dnmt2 gene

Non-fluorescent in situ hybridization technique for the precise location of Dnmt2
sequences in polytene chromosomes of D. willistoni was used since it allows better
visualization of the banding patterns and is recommended for precise physical mapping
(Clark et al. 2007). DNA probe of Dnmt2 of D. willistoni was constructed from a
fragment of 949 bp cloned into the vector TOPO PCR-4 (Invitrogen). The probe was
obtained by PCR, from the sequenced Gd-H4-1 line, as well as the photos of the polytene
chromosomes. The probe was labeled with a Biotin PCR Labeling Core Kit (Jena
Bioscience) following the manufacturer instructions, with minor adjustments. The labeled
products were purified with a NucleoSpin Gel and PCR Clean-up Kit (MACHEREY-
NAGEL). Vectastain Elite ABC (Vector Laboratories) and DAB Substrate (Roche)
performed the detection and revelation of hybridization signals, respectively. Slides were
stained with Giemsa solution (5%) and coverslips were assembled with Entellan (Merck).
Polytene chromosomes images were acquired in phase contrast photomicroscope and
analyzed according to the photomap of D. willistoni (Schaeffer et al. 2008).

Results
Transcriptional expression of D. willistoni Dnmt2 is developmental delimited

We performed RT-PCR analysis to verify the levels of Dnmt2 transcriptional
expression. The expression of Dnmt2 transcripts was detected for all cDNA samples used:
D. willistoni adult males, females, females without ovaries, pupae, larvae, and 0-3h
dechorionated embryos. The amplification of a single fragment with an expected size of
280 bp, corresponding to processed mRNA, confirmed the absence of genomic DNA
contaminants in all samples (Figure 1). In order to infer the amount of Dnmt2 transcripts
at different stages of development and samples analyzed, further investigations were
carried out by gPCR.
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Figure 1. Detection of Dnmt2 by conventional RT-PCR. All the RT-PCR products had
the expected size (280 bp) on 1% agarose gel and stained with GelRed™ (Sigma-
Aldrich).

The gPCR showed that Dnmt2 expression has different levels along with D.
willistoni development (Figure 2). The analysis showed a pattern of Dnmt2 expression
where embryos rank higher than the other developmental stages (approximately 2 to 3-
fold). The Dnmt2 transcription decreases along with the development, although the adult
stages showed a slight increase. Females, females without ovaries and males showed no

substantial differences between the levels of Dnmt2 expression.
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Figure 2. Dnmt2 transcriptional expression levels in the D. willistoni samples. The results
were normalized with g-actin expression. All data were obtained from triplicates.
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Dnmt2 transcripts follow the dynamics of embryonic development

In situ hybridization experiments were conducted at different developmental
oogenesis and embryogenesis stages to determine the spatial and temporal pattern of the
Dnmt2 transcriptional expression of the D. willistoni. Initially, the Dnmt2 transcripts were
detected as uniform and widespread in all stages of oogenesis (Figure 3). The staining
pattern indicates early expression at the anterior end and in the ventral position of the
oocyte (Figure 3A-3H).

E . Overview of Drosophila oogenesis

Egg shell
" Mature egg

~_

Figure3. Spatial expression patterns of Dnmt2 transcripts on D. willistoni during

0.2mm

oogenesis, showing a widespread pattern during differentiation, which gradually reaches
an evident pattern on its ventral surface; to the right, we have an overview of Drosophila

oogenesis. The orientation of oocytes: anterior is to the left. Bar: 0.2mm.

In the initial embryonic developmental stages, Dnmt2 transcripts appear as
superficial and later as diffuse internal granules, a pattern similar to those found in
maternal transcripts (Figure 4A-4C). This pattern persists until the cellular blastoderm
stage. Throughout development, Dnmt2 transcripts accumulate at the embryonic ventral
periphery (Figure 4D), and subsequent expression can be detected on the anterior portion,
coinciding with the moment when the cephalic furrow is formed (Figure 4E). The
expression of Dnmt2 was detected from the cephalic region expanding through the ventral
region to the embryo’s posterior pole (Figure 4F-4H). The anterior and posterior

expression levels of staining decreased and became a basal signal from then on (Figure
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41). During late embryogenesis, at the germ-band retraction stage, transcript
accumulation persisted as a basal expression in the ectoderm layer.

Stages of embryonic development
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Figure 4. Spatial expression patterns of Dnmt2 transcripts on D. willistoni during
embryogenesis showing. A-D: first embryogenesis stages showing global staining
patterns. E-I: signal expansion from anterior to posterior embryo pole; J: late
embryogenesis showing germ-band retraction and weak staining. Images adapted from
the Atlas of Drosophila Development (Campos-Ortega and Hartenstein 1985). The

orientation of embryos: anterior is to the left. Bar: 0.2 mm.

The Dnmt2 gene resides in the arm I1L of the D. willistoni chromosome

The location of the probe hybridization signal was determined to be at the distal
region of the chromosome |1 left arm (IIL), specifically in section 55C (Figure 5A and
5B). The IIL arm of D. willistoni corresponds to the Muller B element, according to a
previous study (Garcia et al. 2015). On FlyBase search tool (Wilson et al. 2008), we could
verify that in the other eleven species (D. melanogaster, D. simulans, D. sechellia, D.
erecta, D. yakuba, D. ananassae, D. pseudoobscura, D. persimilis, D. virilis, D.
mojavensis, and D. grimshawi) whose genomes are available, the sequences homologs to

Dnmt2 are also localized at the B element.
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Figure 6. Schematic correspondence of rearrangement for the six Muller elements among
twelve species of Drosophila. The centromeres are indicated with solid black circles. The
approximate localization of the Dnmt2 in the arms is in indicated by a red arrow.
Modified from Schaeffer et al. (2008) with corrections by Garcia et al. (2015).

Discussion

Drosophila are so-called ‘‘Dnmt2-only’’ organisms, that is, they do not have any
of the canonical DNA methyltransferases (Dnmtl and Dnmt3). DNA methylation was
also observed in other ‘‘Dnmt2-only’’ organisms, especially in other dipterans, though
direct evidence of Dnmt2 involvement is still enigmatic. Interestingly, there is a diverse
group of animal species that have retained Dnmt2 as their only DNA methyltransferase
candidate, like Schizosaccharomyces pombe, Dictyostelium discoideum, Entamoeba
histolytica, Schistosoma mansoni, and D. melanogaster. For instance, about 1 in 600
(0.17%) cytosine nucleotides are methylated in the DNA of the Aedes albopictus
mosquito (Adams et al. 1979). However, although such species have genomic
methylation, this is still at low global levels and Dnmt2 biological function has been
fervently discussed (Jeltsch et al. 2006; Krauss and Reuter 2011).

There are accumulating findings that instigate investigations in “Dnmt2-only”
organisms, such as female-specific DNA methylation that was reported for D. willistoni
and related species (Garcia et al. 2007; D’Avila et al. 2010). Recently, males that have
reduced expression of dMBD-R2 (a methylated cytosine binding protein), specifically
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octopamine (equivalent to norepinephrine) neurons, have exhibited mating behavior
toward divergent interspecies such as D. virilis and D. yakuba and a decrease in the
success of co-specific mating (Gupta et al. 2017). These data strongly suggest the
existence of methylation-dependent chromatin structures in Drosophila, that is, the role
of methylation of genomic cytosines appears to be fundamental at various levels in these
organisms. Thus, Dnmt2 studies are of great importance towards a better understanding
of DNA and RNA methylation in ‘‘Dnmt2-only’’ systems, whose data are still vastly

controversial and uncertain.

Our quantitative analyses on different development stages showed differences in
Dnmt2 expression (Figure 2), with the highest expression being observed in embryos, in
the D. willistoni, in which Dnmt2 expression was 2-fold higher than in the larvae stage.
Essentially, on Drosophila genus, DNA methylation is described as predominant during
embryonic development. In D. melanogaster, the DNA methylation is prevalent in young
(1-2 h) embryos, but less marked in older (15-16h) embryos and only trace amounts of
5-methylcytosine were found in isolated ovaries (oocytes), and Dnmt2 transcripts present
similar levels corresponding to DNA methylation stages (Lyko 2001). The data herein
showed a very close pattern of Dnmt2 expression in D. willistoni, similar to previously
founded in D. melanogaster. Interestingly, the Dnmt2 expression in females and males of
D. willistoni revealed a slightly higher value when compared with the pupae stage, and
this relative expression levels in the D. willistoni adults are higher than what is found in
D. melanogaster adults (Figure 2) (Lyko 2001). Thus, this Dnmt2 expression can be
relevant, since recently we had reported evidence of DNA methylation in adult flies of D.

willistoni and closely relates species (Garcia et al. 2007; D'Avila et al. 2010).

Employing whole D. willistoni embryos hybridization with Dntm2 riboprobe, we
could observe transcriptional expression along different embryonic stages. The oocytes
showed the most prominent hybridization signals, suggesting a higher activity of the
enzyme on this stage of oogenesis (Figure 3). The early stages of embryogenesis (Figure
4) showed hybridization staining with distinct patterns, in which the expression pattern
seems to decrease from syncytial blastoderm to late development. Interestingly, the
expression patterns ranged from a granular composition throughout the whole embryo on
syncytial blastoderm to a peripheral occurrence on cellular blastoderm. During
gastrulation, we observed that the Dnmt2 expression seems to suffer

compartmentalization from the anterior portion in the ventral region, reaching the
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posterior portion. Moreover, it showed only a fading basal signal in the head region and
in the position of the developing central nervous system (CNS). All the presented results
with embryos of D. willistoni are in agreement with those previously found concerning
the genomic DNA methylation that predominates during early embryonic development
and decreases at later stages (Lyko 2001), presumably as a result of reduced
methyltransferase expression.

The importance of DNA methylation in Drosophila still is an elusive case, and
there are some attempts to understand the biological function in Drosophila genomes.
However, when we are talking about a genus with more than 2.800 species, peculiarities
may arise, like the sex-specific methylation described in D. willistoni (Garcia et al. 2007;
D’Avila et al. 2010), so generalization must be avoided. It was observed that
overexpression of D. melanogaster Dnmt2 results in an extended fly life span and in
overexpression of several genes (Lin et al. 2005). Also, it is discussed whether Dnmt2
acts as DNA or tRNA methyltransferase. If Dnmt2 was described associated to a nuclear
matrix, and if Drosophila is a “Dnmt2-only” organism, and if D. willistoni has sex-
specific methylation in its genome, we cannot deny that the evidence suggests a duality
in the activity of that enzyme in these organisms. The peculiarities of Dnmt2 enzyme rise
in different organisms; in humans, for example, it is located in cytoplasmic regions (Goll
et al. 2006a), whereas in Dyctiostelium discoideum and Entamoeba histolytica, Dnmt2 is
located only in the nuclear matrix (Kuhlmann et al. 2005; Schaefer et al. 2008), and
guaranteeing the structural integrity of chromatin and silencing retrotransposons in
Drosophila (Phalke et al. 2009). Generating Dnmt2 null mutations allowed to correlate
loss of DNA methylation, identified in early D. melanogaster embryos by bisulfite
sequencing and restriction enzyme analysis. Besides that, these results suggest the
Dnmt2-dependent DNA methylation during early embryonic development of D.
melanogaster has a key function in control of retrotransposon silencing in somatic cells,
specifically as an initial step of the process (Phalke et al. 2009). This feature contrasts

with the high local specificity of the Dnmt1 and Dnmt3 to the cell nucleus region.

On the other hand, the HIV virus is able to increase its survival in the host cell
using the RNA methylation activity of Dnmt2, increasing the stability of its own genome.
Through infection, Dnmt2 relocates from the nucleus to the cytoplasmic stress granules
and methylates the RNA virus, promoting the post-transcriptional stability of viral RNA
(Dev et al. 2017). Interference RNAs (RNAI) have a strong association with different
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epigenetic mechanisms, such as histone methylation/acetylation and genomic DNA
methylation (Volpe et al. 2002). Double-stranded RNAs (dsRNA) trigger the process of
post-transcriptional homology-dependent gene interference (RNAI) closely related to the
co-suppression of viral exogenous transcripts. The dsRNAs are processed by a Dicer
family of enzymes into small dsSRNA sequences having 21-25 nucleotides, termed small
interfering RNAs (or siRNAs). Interestingly, it is known that Dnmt2 also interacts with
Dicer-2 in response to heat shock treatments (Durdevic et al. 2013b; Durdevic and
Schaefer 2013), controlling the expression and regulation of various Heat Shock proteins
(Fisher et al. 2006; Schaefer et al. 2010; Thiagarajan et al. 2011). Finally, the activity of
Dnmt2 in conjunction with NSun2 is important to promote the stability of tRNAs and
protein synthesis (Tuorto et al. 2012). That is, we can assume that the Dnmt2 has a
multilevel biological role, inserted in an extensive network of interactions in the genetic

machinery of the gene expression control.

In the present study, we also performed the in situ localization in the chromosomes
of the D. willistoni Dnmt2 (Figure 5). The gene is located in the arm IIL (Muller B
element), like in D. melanogaster and D. pseudoobscura, where it was possible to
ascertain the position of the gene, it is present in B element. This is a very important
aspect because we present here the determination of another gene marker in D. willistoni,
following previous work (Garcia et al. 2015), which will help in the organization of the

D. willistoni scaffolds regarding the physical position of the genes in the chromosomes.

Surprisingly, D. willistoni Dnmt2 is found in the subtelomeric region of the
chromosome IIL (Muller B element), whereas D. melanogaster and D. pseudoobscura
Dnmt2 are found, approximately, in the central region of the chromosome IIL (Muller B
element) (Figure 6). Most likely, the differences found for the Muller element and the
location of the Dnmt2 in the chromosome are related to translocation events followed by

breakage and inversion of the region where the gene is found.

It is known that heterochromatin regions (centromeric and telomeric) have
different patterns of evolution than those found in the euchromatin regions (gene-rich).
Comparative analyses between telomeric regions of humans and chimpanzees have
shown that both are very distinct, in that the human chromosomes present a large scale of
rearrangements and differences in the repetitive elements present (Trask et al. 1998).

Interestingly, the chromosome ends in Drosophila melanogaster have the peculiarity of
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presenting transposable elements (HeT-A and TART) (Rubin 1978; Young et al. 1983;
Renkawitz-Pohl and Bialojan 1984; Traverse and Pardue 1988), contrasting with the
human chromosome ends that are structured from the activity of the enzyme telomerase.
Another interesting aspect is that most-distal regions of Drosophila subtelomeres seem to
evolve rapidly between Drosophila melanogaster and its close relatives, D. simulans and
D. yakuba (Anderson et al. 2009). In this region, the mutation rate of the most-distal
portion is so high that the structure is likely to be different among cells of the same
individual (Roberts 1979). However, what is observed in terms of recombination in the
telomeric regions of Drosophila melanogaster is that there is a great suppression of
crossing over events, within and in regions proximal to the telomeres (Lindsley et al.
1977). These aspects are in agreement with previous findings of our research group, in
which D. willistoni Dnmt2 shows the highest rate of nucleotide substitution per codon in
relation to the other drosophilids and different selective pressures at specific sites
involved in an interaction-driven co-evolution with other genes (Vieira et al. 2018).

Conclusion

Epigenetic mechanisms are fundamental in the coordination of the ontogeny of
organisms and in the intermediation of information from the environment to the nucleus
and from the nucleus to the environment. The understanding of such mechanisms is of
paramount importance in order to understand the ecological, physiological and
evolutionary aspects of the different species. Among the epigenetic phenomena, cytosine
methylation is the most widely studied and known. However, its role is still elusive in

organisms known as "Dnmt2-only", among them Drosophila.

In the present work, we verified that the expression of Dnmt2 in D. willistoni is
closely related to its ontogenetic stages. In addition, it has been found that expression
levels in adults of D. willistoni Dnmt2 are apparently slightly higher than in D.
melanogaster. It is suggested, therefore, that this difference may be closely related to the
phenomenon of sex-specific methylation, a peculiar and restricted phenomenon to the
species of the subgroup willistoni. We also conduct the in situ localization of the Dnmt2
gene, revealing its presence in the arm IIL (Muller B element). The Dnmt2 is located in
the subtelomeric region, and this brings up a series of issues that involve the peculiar

characteristics of D. willistoni Dnmt2 enzyme, like evolutionary pattern in nucleotide
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substitutions rates (Vieira et al. 2018), the high prevalence of basic amino acids residues
in its target recognition domain surface (Vieira et al. 2017) and the epigenetic phenomena
of sex-specific methylation (Garcia et al. 2007; D’Avila et al. 2010).

With that, fortunately, further questions are being raised about such peculiarities
in this unique group of Neotropical species which are D. willistoni. Future studies are
needed for a more in-depth understanding of the importance of sex-specific methylation
in development and survival, as well as the impact related to the subtelomeric position

occupied by the Dnmt2.
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Abstract

The amino acid sequence of DNMT2 is very similar to the catalytic domains of bacterial and
eukaryotic proteins. However, there is great variability in the region of recognition of the tar-
get sequence. While bacterial DNMT2 acts as a DNA methyltransferase, previous studies
have indicated low DNA methylation activity in eukaryotic DNMT2, with preference by tRNA
methylation. Drosophilids are known as DNMT2-only species and the DNA methylation phe-
nomenon is a not elucidated case yet, as well as the ontogenetic and physiologic importance
of DNMT2 for this species group. In addition, more recently study showed that methylation
in the genome in Drosophila melanogaster is independent in relation to DNMT2. Despite
these findings, Drosophilidae family has more than 4,200 species with great ecological
diversity and historical evolution, thus we, therefore, aimed to examine the drosophilids
DNMTZ2 in order to verify its conservation at the physicochemical and structural levels in a
functional context. We examined the twenty-six DNMT2 models generated by molecular
modelling and five crystallographic structures deposited in the Protein Data Bank (PDB)
using different approaches. Our results showed that despite sequence and structural simi-
larity between species close related, we found outstanding differences when they are ana-
lyzed in the context of surface distribution of electrostatic properties. The differences found
in the electrostatic potentials may be linked with different affinities and processivity of
DNMT?2 for its different substrates (DNA, RNA or tRNA) and even for interactions with other
proteins involved in the epigenetic mechanisms.

Introduction

Cytosine methylation plays a critical role in the regulation of gene expression in higher eukary-
otes. Cytosine methylation is performed by DNA methyltransferases (DNMTs), which are
classified into three subfamilies: DNMTI, DNMT2 and DNMT3a and 3b. DNMT?2 is the
smallest eukaryotic methyltransferase (approximately 400 amino acids) and the most widely
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distributed in animals, fungi, protists, and plants [1]. In agreement with structural conserva-
tion, different methods in various systems have shown that DNMT2 has DNA methyltransfer-
ase activity [2-5]. DNMT2 was first identified in mice and humans and is likely conserved
among eukaryotes [6,7]. This enzyme is the only DNMT found in dipterans, including Dro-
sophila [8].

Nevertheless, according to analyses of human and Entamoeba enzymes, its catalytic activity
on DNA is very weak, suggesting that in some species have an alternative role [2,4]. For exam-
ple, studies have associated DNMT2 with RNA interference in Dictyostelium and covalent his-
tone modification in Drosophila [9,10]. Additionally, several studies have shown the occurrence
of DNA methylation in Drosophila species [11-13]. Recent results reported showed methylation
in the genome in Drosophila melanogaster, even in deficient- DNMT?2 strains, indicating a prob-
able independence of this epigenetic phenomenon in relation to DNMT?2 [14]. However, the
family Drosophilidae is among the most diverse of the Diptera, including more than 4,200 spe-
cies [15], each with its diversified ecological, historical and evolutionary context. Species of this
family, especially of the genus Drosophila, are widely used in many areas of contemporary bio-
logical research, and few of them have been investigated with respect to the occurrence of DNA
methylation.

The distribution of DNMT2 enzymes in the Diptera reveals that DNMT2 protein sequences
are highly conserved in Drosophila virilis, D. hydei, D. simulans, D. melanogaster and D. pseu-
doobscura [13]. This conservation occurs primarily within the catalytic DNA methyltransferase
motifs [13]. Focusing on the Drosophila genus, the comparison between the DNMT?2 protein
sequences of D. willistoni and D. melanogaster revealed higher conservation at the domains
putatively responsible for methyl transfer catalysis and great variability in the region contain-
ing the specific DNA target recognition domain (TRD) [16].

Another interesting aspect is the presence of differential cleavage patterns between males
and females in the Drosophila willistoni, presenting a DNA methylation phenomenon that
does not occur in D. melanogaster [16]. Further investigations with more species of the same
Sophophora subgenus of Drosophila with respect to putative differences between sexes demon-
strated that this phenomenon only occurs in sibling species of the willistoni subgroup [17].
The studies also established phylogenetic correlations in the sex-specific methylation patterns
in the subgroup willistoni species, where D. willistoni, D. tropicalis and D. insularis (closer spe-

cies) share methylation patterns in ribosomal genes, and the D. equinoxialis and D. paulistorum
patterns are not restricted to rDNA [16,17]. Accordingly, these results suggest that selection
for different targets of methylation may even occur between closely related species.

The diversity of action of DNMT2 can be verified by the findings where Geobacter sulfurre-
ducens DNMT2 (GsDNMT2) shows low methylation activity in tRNA-Asp and it has prefera-
bly methylates of the cytosine 28 of tRNA-Glu [18]. The trade in the specificity of GGDNMT2
from tRNA-Asp to tRNA-Glu is related to changes within the GsDNMT2 protein and the Gs-
tRNAs. However, these modifications are only efficient when combined, because GSDNMT2
still methylates tRNA-Asp from other species.

In addition to evolutionary studies based on molecular markers, another powerful tool that
can substantially contribute to evolutionary studies is comparative-homology modelling,
which is an approach that has great success for the prediction of protein 3D structures [19,20].
This process derives from some assumptions that protein structures have a higher degree of
conservation than their amino acid sequences [21]. Significant progress in the prediction algo-
rithms of the tertiary protein structure has been made in recent decades [22]. With the
increased accuracy of these methods, a2 new dimension in the evolutionary analysis of proteins
is envisioned.
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Furthermore, the analysis of primary and tertiary protein sequences provides interesting
suggestions regarding the evolution of protein function [23]. Clearly, the protein spatial orga-
nization tends to be more conserved than nucleotide and the amino acid sequence during evo-
lution. However, the increasing information about three-dimensional protein structures has
shown that homologous proteins might be structurally different, despite the high conservation
of their primary sequence and functional similarities [24]. Tertiary structure protein analyses
contribute to a better understanding of the evolution of protein functionality. From the orga-
nization’s knowledge of the different domains that compose a protein, it is possible to compute
molecular surfaces with an electrostatic potential. The electrostatic interactions are the funda-
mental driving force underlying biological processes, playing an important role in protein-
ligand interaction and protein-protein molecular recognition [25].

Our objectives in present work were to analyse the structural and physicochemical charac-
teristics evolution of the DNMT2 in Drosophilidae comparing to Spodoptera frugiperda [26],
human [27], Entamoeba histolytica 28], Haemophilus haemolyticus [29], [30], Haemophilus
influenzae [31] DNMT2 and Geobacter sulfurreducens DNMT2 [18]. For this, we perform
molecular homology modelling and determination of the electrostatic potential molecular sur-
face of the DNMT2 enzymes. The analysis from 3D structures would launch a new layer for an
understanding of the variations in the function and the recognition mechanisms presented in
the DNMT2 enzyme and for predicting the impact of mutations through its evolution.

Materials and methods
Sequences and crystallographic structures retrieving

In silico searches were performed to identify DNMT2 homologous sequences among the 24
sequenced Drosophila genomes (S2 Table) available in the FlyBase database (http://flybase bio.
indiana.edu/blast/). In most cases, the sequence annotated as "DNMT2" was directly recov-
ered. In the other genomes, the D. melanogaster sequence (Flybase Annotation symbol: Dmel/
CG10692) was used as query on BLASTn. The D. willistoni sequence used in this study was the
isoform B, described by Garcia et al. (2007), which has 341 amino acids. The D. buzzattii and
D. suzukii DNMT2 were obtained from the Drosophila buzzatii Genome Project server (http://
dbuz.uab.cat/welcome.php) and SpottedWingFlyBase (http://spottedwingflybase.oregonstate.
edu/), a dedicated online resource for Drosophila suzukii genomics. All nucleotide and amino
acid sequences were then aligned using the Muscle tool [32]. The Mus musculus DNMT2
sequence (NP_034197) was obtained on BLASTp using as query the human DNMT2 sequence
and the Geobacter sulfurreducens DNMT2 directly from accession number (GSU0227) from
Uniprot (http://www.uniprot.org/).

Using as query sequence of D. melanogaster and human DNMT2, we performed a search
through the program BLAST (Basic Local Alignment Search Tool) by homologous structures
in the Protein Data Bank (PDB).

Molecular modelling of dnmt2

The DNMT2 models were generated using a homology modelling approach. The Modeller
9.14 [33] program was applied using the Spodoptera frugiperda (PDB 4HON) [26] and human
DNMT?2 structures as templates (PDB 1G55) [27], according to the best alignment between
the template and the target sequence. We used the complete DNMT2 sequences obtained by
searching in silico. The alignment was further verified manually and adjusted, considering the
location of insertion/deletion in loops. The homology modelling was performed with a semi-
automated approach, using Python scripts previously developed by our group. The modelling
protocol followed the default optimization and refinement protocol, as described in the
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Modeller online manual (available at http://salilab.org/modeller/9.13/manual/node19.html).
One hundred models were generated, and the best model was selected using the DOPE score
and Procheck [34].

The generated models were evaluated by Ramachandran plot analysis, which is a well-
known evaluation tool to assess the stereochemical quality of a model through the analysis of
phi and psi angles for all protein residues and an overall model quality evaluation was per-
formed using Qmeané [35] and Verify3D [36]. The DNMT2 models were used for subsequent
analysis.

Structural conservation analyses

Sequence and structure analyses are often split into two separate approaches in evolutionary
research. In this study, we conducted analyses on the structures of the DNMT2 models gener-
ated and their sequences using the Multiseq [37] program incorporated in the VMD 1.9.2 [38]
as a plugin tool. The structural homology measure is based on the structural similarity mea-
sure, QH, which was designed to include the effects of the gaps on the aligned portion [39].

Electrostatic potential molecular surface analyses

For the calculation of the Poisson-Boltzmann equation, the Adaptive Poisson-Boltzmann Solver
software (APBS) [40] was used, which is able to describe the electrostatic interactions between
the molecule and solvent. The APBS was run as a plugin in 1.9 programs Chimera [41] and
VMD 1.9.1.

Comparative analysis of the electrostatic properties of proteins was performed using the
PIPSA algorithm (Protein Similarity Property Interaction Analysis) [42]. The program permits
the classification of proteins according to the properties of molecular interactions fields, and
the electrostatic potential molecular surface is the most informative molecular interaction field
in these cases.

Results
Molecular modelling DNMT2

The search in the PDB database returned seventeen crystallographic structures of DNMT?2 (51
Table). In the present study, we used S. frugiperda [26], human [27], E. histolytica [28], H. hae-
molyticus [29] and H. influenzae [31] crystallographic models.

To analyze the structural conservation and emerging physicochemical properties of the ter-
tiary structure of DNMT2 we generated twenty-six DNMT2 models of species whose genomes
are deposited in databases from their amino acid residue sequences. The models of the DNMT2
protein structure were approved by Verify 3D analysis and presented a high percentage (>86%)
of residues with an average 3D-1D score > 0.2. In the Ramachandran plot, all models presented
around 90% of residues the most favoured region. A small percentage of residues of the models
were in the disallowed regions (in the region of 1%, in every models), and most of these belonged
to loop structures of the molecules (52 Table).

The overall model evaluations were performed by Qmean6. The QMEANG score is com-
posite by a linear combination of 6 terms (estimated model reliability between 0-1), with
respect to scores obtained for high-resolution experimental structures of similar size solved by
X-ray crystallography. The models were concluded to be of good quality, according to the z-
scores obtained by Qmean6 (52 Table). The crystallographic structure of S. frugiperda DNMT2
(PDB: 4HON) [26] was used as a quality parameter of the models.
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Differences in amino acid composition of DNMT2

Despite to be considered an enzyme with high conservation along the various taxa, even the
identity between related species is not high. Between H. haemolyticus (Hhal) and H. influenzae
(Haelll) there is a divergence of 0.7370 (53 Table). The highest divergence is found between
M. musculus and Haelll with 0.8121. The lowest divergence values are found between D.
sechellia—D. simulans (0.0116) and D. persimilis-D. pseudoobscura (0.0086). In drosophilids
the highest divergence found is between D. willistoni-D. biarmipes (0.3021).

Interestingly, D. willistoni are in a position more ancestral in the phylogenetic relationship
based on identity, grouping externally to Drosophila subgenus (Fig 1A). D. bipectinata and D.
ananassae are placed out of melanogaster group when was expected a basal positioning. The
other evolutionary relationships between species are established as expected.

Comparatively analyzing the distribution of basic residues on the surface of eukaryotes
DNMT?2 we can observe a higher prevalence of basic residues in drosophilids DNMT2 in rela-
tion to vertebrate (Fig 1B). In contrast, GEDNMT2 differs both as structural conformations as in
the presence of basic amino acids in a different pattern from other eukaryotes DNMT2 (Fig 18).

We assess the conservation of key residues involved in the substrate interaction according
to the experimental data [43]. The residues that interfere strongly in the catalytic action of
human DNMT2 are present in DNMT?2 of drosophilids with synonymous mutations of physi-
cochemical properties in two sites: R275>>K and K367>R (Fig 2). However, in GSDNMT2 are
not present the key residues K122, R289, K295 and R371. In Ehmeth there is no match in three
keys residues: R84, K122 e R371 (Fig 2).

The DNMT2 present structural conservation of catalytic domain, but
differs in TRD

The structural homology measure of the DNMT2 models was conducted by Multiseq and Chi-
mera programs (Fig 3). The molecules were coloured according to the sequence identity, and
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Fig 1. (A) Phylogenatic relationships based on the identity of DNMT2 sequences. Tha numbers above the
branches are the percentage identity distance. (B) Representation of eukaryotes DNMT2 frontal structures
with surface colored gray. All drosophilids are superimposed. The positively charged residues
(histidine, lysine, and arginine) are colored blue.

https://dol.org/1 0.1371/journal.pone.01 7864 3.9001
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Fig 2. Superposition of drosophilids and human DNMT2 surface rep i howing the
conservation of residues that have a st infl in the binding site, according to Jurkowskl
etal. 2012 where residues that slrongly inlarhm with catalysis nctlvity (> 4-fold) are colored red, 2-
4-fold ge and lytic r purple. The residues K367 and R275 from human DNMT2
correspond to arginine (R) and lysine (K) in drosophilids, respectively. The G. sulfurreducens and E.
histolytica DNMT2 surfaces are presentad separately.

https=/fdol.org/10.1371/journal pone.0178643.9002

we can measure the charge variation per site from the structures. The conserved residues are
located mostly in the catalytic region, whereas the low identity residues are located in the con-
nection of the catalytic domains and TRD. Additionally, TRD has a lower amino acid identity,
despite the preservation of signature peptides in the area (motifs CFT and E/DGTS) (Fig 3B).
There is also a structural difference in the substrate recognition domain: an insertion
(approximately 9 residues) in various drosophilids between the characteristic u-helix/loop/u-
helix motif of this region, except in D. ananassae, D. bipectinata, D. grimshawi, D. tropicalis
and D. willistoni. As expected, structural variation can be observed between closed species, as
the genus Haemophilus (Fig 2A), since these proteins have different target-sites methylation.
Throughout the evolution, the C-terminal region of TRD gradually assumed a more structured
architecture with the appearance of the characteristic structural motif u-helix/loop/u-helix.

Analyzing the differences in surface electrostatic potentials of the
mutated MT2

Cohen et al. (2004) altered the sequence specificity of Haelll by directed evolution in vitro.
The mutant variations showed three new target sites efficiently: AGCC, CGCC and the original
GGCC, which the methylation in CGCC site is slightly more efficiently than AGCC [44]. Thus
we promoted the respective mutations in Haelll, according to Cohen et al. experiment

(Table 1) for the comparative analysis of the electrostatic properties (Fig 4A and 4B).
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Fig 3. Multiple structural alignments of all DNMT2 by STAMP in VMD-multiseq. The structures are
colored by sequence identity, similarity, RMSD and Qres values (where 1 indicates that the structures are
identical and 0 more dissimilar). (A) Overriding DNMT2 of Hhal (PDB 1MHT) and Haelll (PDB 1DCT)
structures. (B) Superposition of remaining DNANRNA MTase2 structures, including GsDNMT2.

https/dol.org/10.1371/journal.pone.0178643.0003

Haelll-wt appears distantly from all other Haelll mutated (Fig 4A). Interestingly the change
of sequence specificity in Haelll occurs by only the changing of four residues (Haelll-T29),
which impacts the electrostatic potentials surface, causing a decrease in the positive electrostatic
potential in the mutated region (Fig 48).

We also elaborate eight human DNMT?2 structures with the six respective mutations that
strongly interfere with catalysis activity (Table 2). In this case, the analyses of differences in
surface electrostatic potentials for each mutant type appear to be more drastic in response to
mutated residues (Fig 4C and 4D).

Extensive comparative analysis of the electrostatic properties of DNMT2
surface

As the interaction between the substrate (DN A, RNA or tRNA) occurs distributed around a
region, with multiples residues interacting with ligand we posed the analysis probe in a central
position in DNMT2 TRD. This position for TRD is the classical CFT motif present in eukary-
otes MT2 (not present in prokaryotes, corresponding spatially to TLS and VQA motifs from
Hhal and Haelll, respectively). The region is assigned with a radius of 35A around the corre-
spondent TRD.

The comparison of the electrostatic interaction properties of proteins analysis resulted in
four main clusters: I, II, IIl and IV (Fig 5A). The cluster I is mostly for species of the melanoga-
ster group, sharing high similarity in the electrostatic surface profile (Fig 5A and 58). A sub-
cluster I-1 can be found, which D. sechellia, D. simulans and D. melanogaster show the lowest
electrostatic distance values: 0.3715 (D. simulans-D. melanogaster), 0.4243 (D. simulans-D.
sechellia) and 0.4604 (D. sechellia-D. melanogaster) (Fig 5A). The subcluster 1-2 also shares
high similarity between the species and the distribution of charges on its surface (Fig 55).
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Table 1. Sequence of Haelll mutants from Cohen et al. 2004.

Type Resid AGCC activity [ GGCC activity
225 260 261 262 ‘
Wild-type R N L. N <0.05 50.0
R225A A N L N 0.96 1.2
T29 A L M j w 33.0 | 5.1
7 A L F w 39 | 042
T28 A L S w 3.0 | 0.41
T26 A L T w 2.9 | 0.32
T4s A L w w 2.3 | 0.32 )
T A L R w 2.0 | 0.10
T40 A L c w 1.8 | 0.071

hipsy/doi.org/10.1371/ournal.pone.0178643.1001

The cluster I1 is very heterogeneous through the similarities and distribution of charges on
its surface, being composed of species from obscura subgroup, Drosophila subgenus and D.
ananassae (Sophophora subgenus) (Fig 5A). Here we can recognize two distribution of surface
electrostatic charges patterns: one represented by D. ananassae electrostatic potential surface
(cluster II-1) and other represented by D. pseudoobscura pattern (cluster II-2) (Fig 5B). Clus-
ters I and IV also behave proteins with heterogeneous surface properties. In cluster III we
find the Entamoeba histolytica, D. albomicans, D. virilis and D. willistoni structures, however
only D. virilis and D. willistoni share similarity in its electrostatic potential surfaces, with a dis-
tance value of 0.6387. The cluster IV-1 groups Human, M. musculus and S. frugiperda, but the
similarity between S. frugiperda-M. musculus and S. frugiperda-Human MT2 are low, distance
values 0.9044 and 0.9154 respectively (Fig 5A and 5B). At least, in the cluster IV-2 we find de
DNA methyltransferase from Hhal and Haelll. The G. sulfurreducens is also grouping together
with Hhal and Haelll but does not share similarities with prokaryotes DNMT2.

Interestingly, the human and M. musculus DNMT?2 stand out in comparison with other
MT2 molecules analyzed the smaller area of positive electrostatic potential fields in their TRD.
On the other hand, the electrostatic surface of prokaryote Haelll e Hhal is characterized by a
prominent prevalence of positive charges in the TRD (Fig 5B). The lower prevalence of posi-
tive potential in the interaction interface with the substrate appears to be a feature of tRNA
(cytosine-5)-methyltransferase.

The drosophilids electrostatic potential surface profile is somehow heterogeneous between
them. It is clear that the distribution pattern of surface charges in drosophilids DNMT2 differs
from Ehmeth and GsDNMT2, the same occurring with human and M. musculus DNMT2 (Fig
5B).

Predicting kinetic constants K., /K, from DNMT2

The reaction mechanisms of DNMT2 have not been studied extensively, except for the pro-
karyotes Hhal and Haelll, which have consistency measure for its kinetic constants (Table 3).
Molecular electrostatic potential differences seem to correlate with kinetic rates and this corre-
lation can be used to predict enzyme kinetic parameters [45]. The parameters K_,/K,, are
linked with the region responsible for the interaction between the substrate and the enzyme,
so the electrostatic potential closer to the active site presents significant for the kinetic parame-
ter values.

An excellent linear correlation between calculated differences in electrostatic potentials and
kinetic values could be achieved (R = 0.9512) and this can be used to predict In K_,,/K,, values
for the other MT2 (Fig 6A). Thus, we used the kinetic constants K_,,/K,, rate from Hhal and
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whereas violet indicates low similarity. The surfaces are coloured according to the electrostatic potential: Blue for positive potential {5 kT), red for
negative (-5 kT) and white for neutral, where kT = kilotesla. The black arrow in the top left structure indicates the target region of mutated
residues. (A) Epogram showing the clusters of the comparison of Haelll electrostatic potentials, at up left are shown the ribbon representation of
the region for compari of the ic potential. (B) Electrostatic potential surface of Haelll structures (substrate interface). (C) Human
MT2 epogram from comparison of electrostatic potentials, at up left are shown the ribbon representation of the region for comparison of the
electrostatic potential. (D) Electrostatic potential surface of human MT2 structures (substrate interface) and respective mutations.

https//doi.org/10.1371 journal pone.0178643.9004

Haelll to infer the measure the kinetic values for the others DNMT2 analyzed in present work.
For the K,,,/K,, parameter, we find that an increase of K ,./K,, of I In unit is related to a
decrease of 0.1046 kcal/mol/e in electrostatic potential of surface residues, approximately (Fig
6A). In the extreme points, we have the differences between the pairs Haelll-D. yakuba
(-1.08E+01; 1.20E+00) and D. rhopaloa- Haelll (1.37E+01; -1.53E+00).

Haelll has the lowest In K_,./K,, value of all (1.02E+01), while Hhal has In K_,,/K,,, value
L.63E+01. Interestingly, D. willistoni (1.59E+01), D. virilis (1.59E+01) and S. frugiperda (1.30E
+01) show a predicted In K_,,/K,, values between Haelll and Hhal. Instead, D. rhopaloa show
the highest In K.,,/K,,, (2.39E+01) (Fig 6B). When we clustered the values from differences in In
K.../K,, and electrostatic potentials, setting the drosophilids vs all other DNMT?2, we can
observe that the most drosophilids DNMT2 shares similarity with vertebrates DNMT2, Ehmeth
and GsDNMT?2, while depart from DNA-MT2 (Haelll and Hhal) and from SfONMT2 (Fig
6C). Analyzing separately D. willistoni, D. melanogaster and D. rhopaloa, we can see more clearly
the differences and similarities pair to pair with theses MT2. D. melanogaster seems to be more
similar to the other drosophilids regarding to the differences in the electrostatic potentials sur-
face with average differences 0.181 Kcal/mol/e (Fig 6D), while D. willistoni and D. rhopaloa
seems to be more dissimilar with the other drosophilids MT2, averages 0.366 and 0.322 Kcal/
mol/e, respectively (Fig 6E and 6F). However, D. willistoni MT2 shows greater similarity with
Hhal (0.045 Kcal/mol/e) and Haelll (0.637 Kcal/mol/e), whereas D. rhopaloa has the largest dif-
ference, 0.870 Kcal/mol/e and 1.529 Kcal/mol/e, respectively, a more similar profile to D. mela-
nogaster in relation to these prokaryotic MT2

Discussion

In general, the DNMT2 is considered a tRNA-ASP methyltransferase than precisely a DNA
methyltransferase [2,3,47]. However, the discovery of sex-specific methylation phenomenon
reestablishes the importance of maintaining a critical view of the importance and the multi-
functionality of DNMT2, precisely due to the peculiarities within groups of species evolution-
arily close and described as DNMT2-only.

By the end of the 90s the genome of Drosophila melanogaster was considered methylation-
free, as described in several studies that analyzed the stages of pupa and adult Drosophila
[48,49]. However, studies have been presented evidences that there would be lower levels of

Table 2. Seq ofh DNMT2 from Jurkowski et al. 2012.

Type Residue WTactivity | Deviation(%)
wt 100.00 :

Mutant-1 K295A 20.24 £171 =
Mutant 1| Kiz2a 1854 £6.71
Mutant-1il R289A 19.27 £9.02

Mutant-IV X R37TIA 1415 g 12.44

Mutant-V K367A | 10.37 £2.07

Mutant-Vi R275A 6.46 £1.71

https://dol.org/10.1371/journal.pone.0178643.1002
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Fig 5. (A) Epogram of MT2 structures. The molecules are grouped ding to the similarity of the el tatic potentials from the di
matrix ted by the prog PIPSA. The colour key, above left, indicates the relationship of similarity: red indicates maximum similarity.
h violet indi low similarity. (B) Electrostatic potential surface of DNMT2 structures (substrate interface). The surfaces are coloured
ing to the el icp ial: blue for positive potential (5 kT), red for negative (-5 kT) and white for neutral, where kT = kilotesla. The

structures are grouped according to the similarity of the distribution profile of electrostatic potentials.

hitps//dol.org/10.1371/journal.pone.0178643.9005

methylation in Drosophila embryos and adults. The analysis employed confirmed the existence
of methylation in these organisms, but with the peculiarity of being sites for CpA, CpT, and
CpC in embryos of D. melanogaster, and not CpG as is commonly found in mammalian [11].
QOur research group which has focused on the study of Neotropical species (as willistoni sub-
group) showed for the first time the phenomenon sex-specific methylation in D. willistoni
genome [16]. Using the Methylation-Sensitive Restriction Endonuclease (MSRE) technique
and Southern blot with specific probes, the results suggested that selection for different targets
of methylation may occur between different, but closely related species [16]. In this case, spe-
cies from willistoni subgroup seems to have a different methylation sites pattern to D. melano-
gaster, since the restriction sites of enzymes used are 5-GGCC-3" and 5-AGCT-3’, respectively
[16,17]. Given this scenario, in the present work, we approach the evolution of DNMT2 from

Table 3. Kinetic for DNA y 1 from Haelll and Hhal.

Organi Keat/Km Keat'Km (In) Reference
H. influenzae (Haelll) 2.60E+04 1.02E+01 [44]

H. haemolyticus (Hhal) 1.20E+07 1.63E+01 [46]

hitps//dol.erg/10.1371journal.pone.0176643.1003
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melanogaster DNMT2 and electrostatic potential differences for each DNMT2 protein pair. (E) Correlation between In (Kea'®m) for D. willistoniDNMT2 and
electrostatic potential differences for each DNMT2 protein pair. (F) Correlation between In (K /K., for D. rhopaloa DNMT2 and electrostatic potential
differences for each DNMT2 protein pair.

https://dol.org/10.1371/journal.pone.0178643.0006

structural and physical chemistry perspective in search of features that shed light on the func-
tional plurality of the enzyme, with special attention to drosophilids.

Although there maintenance of certain catalytic motifs, generally DNMT2 cannot be
described as being high conserved among different organisms (Fig 1A and S1 Table), average
divergence among the studied species are 40% (51 Table). Even between drosophilids, it finds
great sequences divergence. It is interesting to note that the signatures of evolutionary pro-
cesses expand beyond the analysis of synonymous substitutions and not synonymous, they are
also found in the conformational "clues” of new structures that may represent functional
changes of proteins. Thus, 3D similarities in protein structures may exist in the absence of
sequence identity [19,50]. Haelll and Hhal share only 30% identity, but have high structural
conservation demonstrated by the RMSD values and the structural differences between Haelll
and Hhal are found in TRD (Figs 1A and 4A), which is consistent with the fact that both hav-
ing the same function, however, with different target-sequence recognition [29,31].

Clearly, it is observed that the DNMT2 spatial organization tends to be more conserved
than their sequence during evolution (Fig 3A and 3B), majority into the catalytic domain,
as expected, since the maintenance of catalytic function in different DNMT2. However,
structural differences of TRD are more pronounced when comparing the DNA-DNMT2 to
tRNA-(DNA)DNMT2. The Ehmeth TRD assumes an intermediate architecture between
the two DNMT?2 types but has a more juxtaposed overlap with tRNA-(DNA)DNMT2. The
differences both in composition and architecture of DNMT2 here studied are linked to
differences in biological functions and characteristics of action of TRD on the substrate
observed in the DNMT?2 of different species, which even in close species (like H. haemolyti-
cus and H. influenzae) present a high difference in composition, structure and recognition
mechanisms. GsDNMT?2 shows a structural composition more closed to Ehmeth than
others eukaryote DNMT2, remembering that it has a preference for tRNA-Glu than the
tRNA-asp substrate. The changes in the target substrate recognition are closely linked with
enzyme and substrate architecture at the same time in this case [18].

Electrostatic interactions of a protein are characterized as long-range attractive forces, capa-
ble of interfering with the association rate between two molecules, as a cofactor-protein and
protein-substrate and it is another interesting level to analyzing when we study the evolutionary
modifications. For being a strong and long-range force, the knowledge of how the electrostatic
potential is distributed on the surface of a protein ends up being critical to understanding the
behavior and function of a molecule.

The alteration of sequence specificity or the processivity of an enzyme can be obtained by
the changing of only one or a couple of residues, sometimes. Cohen et al. (2004) altered the tar-
get-sequence of MT2 Haelll from GGCC to AGCC by the mutation of residues R225, N260,
L261 and N262. These mutations also modified the electrostatic potentials surface, decreasing
substantially the positive charge in the mutated region (Fig 4A and 4B). In another experiment,
Jurkowski et al. (2012) systematically mutated lysine and arginine residues to alanine to study
the methylation activity and binding of the variants and found eight residues that caused a
strong decrease in catalytic activity. Despite many variants shown strong reduce of catalytic
activity, only a weak loss of tRNA binding or even bound better to tRNA wild-type DNMT2.
In this case, probably the DNMT2 can induce conformational changes in tRN A before the
transfer reaction of a methyl group to target cytosine. As expected, the analysis of differences
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in surface electrostatic potentials for each mutant correlates with the experimentally observed
loss of activity (Fig 4C and 4D).

Interestingly, the extensive analysis of electrostatic potential surfaces shown that the evolu-
tionarily related groups have striking differences in how the charges are distributed on the sur-
face of their molecules when the expectation was for drosophilids been clustering with low
difference distance (Fig 5A and 5B). However, drosophilids were grouped into two main clus-
ters, with the high distance between the species from these two clusters. The cluster-II is very
heterogeneous with regard to the distribution profile of electrostatic potentials (Fig 5B). It
draws attention to the electrostatic potential surface of D. willistoni in relation to other droso-
philids. Visual analysis of the distribution of the D. willistoni DNMT?2 surface charges reveals a
larger area with a positive electrostatic profile in TRD of this Neotropical species (Fig 5B), in
addition to group separately from the other species of the subgenus Sophophora.

For the prediction of kinetic constants from DNMT2 was taken into account that the
kinetic parameters are linked with the region responsible for the interaction between the sub-
strate and the enzyme [45]. From linear correlation calculated differences in electrostatic
potentials the predicted kinetic values could be achieved (Fig 6A). The average values In K,/
K., for prokaryote DNMT2 are 1.32E+01 kcal/mol/e, when for drosophilids the average show
higher predicted values, 2.04E+01 kcal/mol/e. However, D. willistoni, D. virilis and S. frugi-
perda have predicted kinetic values very close to the Haelll and Hhal, which can suggest a dif-
ferential reactivity for the same substrate of prokaryotes DNMT2, in the case, DNA (Fig 68). It
is clear the heterogeneity of drosophilids MT2 (Fig 6C-6F).

The kinetic parameter K_, /K, measures the affinity to the transition state. Often a very
reactive substrate will have a high K,,, value since it will react faster than it is released from the
enzyme unreacted. Together with the pattern of distribution of positive and negative net char-
ges of the molecular surface, these data are in agreement with the fact that surface residues can
influence kinetic values not only via the potential in the active site region but also influence the
substrate affinity as it approaches the active site [45].

The differences found here may be related to the various peculiarities present in the evolu-
tionary history of each of the studied strains. Even among drosophilids, which we would
expect similarity of potentials between species, their evolutionary histories differ greatly in sev-
eral aspects. For example, the ways the transpositions of TEs are regulated are mainly associ-
ated with epigenetic mechanisms [51,52]. The distribution of TEs and repetitive sequences in
many Drosophila genomes vary greatly in relation to the percentage found: D. simulans 2.7%,
D. willistoni 16% and D. ananassae 25% [53]. The events of TEs mobilization may be related to
the occurrence of breaks and rearrangements of chromosomal arms, modifications to regula-
tory gene sequences, or even the complete inactivation of a gene, fulfilling an important role in
molecular evolution of organisms, being able to promote the emergence of new genes, as well
as new pathways in cellular signaling network and D. willistoni is known as a specie with high
chromosomal polymorphism [54].

On the other hand, the differences between the D. willistoni and other species DNMT2 may
be related to the processivity of the enzyme with the RNA substrate. Besides the genomic cyto-
sine methylation as a process to silencing TEs, the silencing of retrotransposons and the con-
trol of RNA viruses in Drosophila can be mediate by DNMT2, playing an important role as a
control mechanism to stress that involves RNA, like retrotransposons [55,56]. DNMT2 is an
essential part of the RNA processing machinery during cellular stress [57]. In Drosophila,
when in heat stress conditions, DICER-2 enzyme degrades tRNA and tRNA fragments, so
DNMT?2 then goes into action to limits the extent of tRNA fragmentation during the stress
event, because too long double-stranded RNAs inhibit DICER-2 activity [56,58]. More
recently, it was surprisingly found that DNMT2 methylates more efficiently DNA fragments
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when presented as covalent DNA-RNA hybrids in the structural context of a tRNA [59]. Such
context containing both RNA and DNA covalently linked would be found in replication forks,
transcription sites, DNA repair events, or retroviral replication. Moreover, it seems that the
DNMT2 substrate recognition process is linked to the recognition of at least two levels: struc-
tural and primary sequence [59].

Whereas willistoni subgroup have sex-specific methylation of cytosine in its genome (pres-
ent only in drosophilids belonging to this subgroup) [16], a high degree of chromosomal poly-
morphism [54,60], a wide distribution area—where many people are exposed to different
environmental scenarios -, may favor a selection toward some degree of differential modula-
tion of the DNMT2 function. D. willistoni also has a high percentage of enzyme polymor-
phism, around 60% [61]. Among the species of Drosophila, D. willistoni also shows a reduction
in the diversion of use of codons—which is related to the improvement of protein synthesis—
in relation to other drosophilids [62,63]. Thus, it is expected in the subgroup willistoni mecha-
nisms ensuring adequate genomic stability but at the same time have sufficient plasticity to
allow rapid adaptive capacity in various environments.

Conclusions

Studies about the functional diversities of macromolecules can lead to a better understanding
of the biological diversity that exists in nature. The macro-aspects (molecule as a whole and
interactions with other molecules) and micro (physicochemical characteristics, distribution of
electrostatic potentials, behavior in physiological environment and conservation of residues)
are fundamental for the understanding of which and how different evolutionary mechanisms
can be crucial in preserving or acquiring new functions of a molecule. In the present work, it
was verified that DNMT2 of evolutionarily close species have different characteristics in the
distribution of surface potentials, mainly in the region responsible for the recognition of the
target sequence. This feature may be involved with different affinities between the enzymes
for its different substrates (DNA, RNA or tRNA) and even for the epigenetic mechanisms
involved throughout the evolutionary history of the species.

In the case of the Neotropical species of the willistoni subgroup, we suggest that there may
be an intermingled system of intrinsic factors (presence of TEs and chromosomal polymor-
phism, for example) and extrinsic (geographic distribution and variable niches) that would be
acting as evolutionary forces in the emergence and maintenance of differences observed in
DNMT2. These aspects raise new questions about the importance of DNMT?2 in the ontologi-
cal, ecological and evolutionary aspects of this peculiar group of drosophilids.

Supporting information

§1 Table. DNMT?2 crystallographic models deposited in the database Protein Data Bank
used to analyze and select the template structure for homology modeling process and evo-
lutionary studies.

(DOCX)

$2 Table. Percentage (%) of protein residues in each region of the Ramachandran Plot and
additional evaluation tools for model viability assessment.
(DOCX)

$3 Table. Estimates of evolutionary divergence between sequences. The number of amino
acid differences per site from between sequences are shown. Standard error estimate(s) are
shown above the diagonal. The analysis involved 31 amino acid sequences. All ambiguous
positions were removed for each sequence pair. There were a total of 385 positions in the final
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S1 Table. DNMT2 crystallographic models deposited in the database Protein Data Bank
used to analyze and select the template structure for homology modeling process and

evolutionary studies.

D. melanogaster vs. G. sulfurreducens vs.
M. musculus vs. crystal PDB
DNMT2 crystal sequence crystal sequence .
] ] sequence ldentity (%0) ID
Identity (%) Identity (%)

STDNMT2 (S.

. 43.0 26.9 44.1 4HON
frugiperda)*
Human DNMT2* 41.0 35.1 82.8 1G55
Ehmeth (E. histolytica)* 30.0 24.9 346 3QVv2
Hhal (H. haemolyticus)* 24.0 19.7 21.7 1IMHT
Haelll (H. influenzae)* 250 220 204 1DCT
M.Mpel (M. penetrans) 220 21.3 16.0 4DKJ

* Structures used in the analyzes

S2 Table. Percentage (%) of protein residues in each region of the Ramachandran Plot

and additional evaluation tools for model viability assessment.

Species PROCHECK Qmean6 Verify 3D

Residues

Most  Additional Generously Averaged
Disallowed Z-score Results

favored  allowed allowed 3D-1D >

0.2a

D. albomicans 91.8 7.5 0.3 0.3 -1.80 87.25 Aproved
D. ananassae 91.1 7.8 0.7 04 -1.89 92,51 Aproved
D. biarmipes 90.9 7.7 0.7 0.7 -1.34 89.15 Aproved
D. bipectinata 86.9 11.3 0.7 1.1 -1.93 97.02 Aproved
D. buzzatii 90.9 7.3 1.0 0.7 -2.07 86.98 Aproved
D. elegans 90.3 8.3 1.0 0.3 -2.10 88.01 Aproved
D. erecta 91.8 7.2 0.3 0.7 -1.48 89.31 Aproved
D. eugracilis 91.0 7.6 1.0 0.3 -1.33 89.47 Aproved
D. ficusphila 90.6 8.4 0.7 0.3 -1.83 89.11 Aproved
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D. grimshawi
D. kikkawai

D.

melanogaster
D. miranda
D. mojavensis
D. persimilis

D.

pseudoobscura
D. rhopaloa
D. sechellia

D. simulans

D. suzukii

D. takahashii
D. virilis

D. willistoni
D. yakuba

M. musculus

G.

sulfurreducens

S. frugiperda
(4HON)

90.3

89.5

90.6

89.1

91.7

90.2

90.5

89.5

90.7

91.0

90.2

90.7

90.0

88.6

91.8

92.0

90.2

91.5

8.3

9.1

8.7

9.2

7.6

8.1

7.8

9.2

7.6

7.6

7.8

7.6

9.0

10.7

7.2

6.6

8.6

8.5

0.0

1.0

0.0

1.0

0.3

1.0

1.0

1.0

1.0

0.7

1.0

1.0

0.7

0.7

0.3

1.0

0.8

0.0

1.4

0.3

0.7

0.7

0.3

0.7

0.7

0.3

0.7

0.7

1.0

0.7

0.3

0.0

0.7

0.3

0.4

0.0

-1.79

-2.07

-1.39

-1.84

-2.01

-1.71

-1.67

-2.00

-2.01

-1.26

-1.71

-1.93

-2.09

-1.89

-1.20

-0.37

-1.20

-1.06

91.76

93.33

91.01

90.43

89.57

90.20

93.08

9451

90.70

89.28

93.73

92.44

92.20

90.32

89.28

92.54

92.79

98.19

Aproved

Aproved

Aproved

Aproved
Aproved

Aproved

Aproved

Aproved
Aproved
Aproved
Aproved
Aproved
Aproved
Aproved
Aproved

Aproved

Aproved

Aproved

& Values given in %;
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Abstract

DNMT?2 enzyme is the most conserved and widely presents methyltransferase among the
various branches of life, but its biological function is still unknown. In prokaryotes,
DNMT?2 has a clear biological role acting as a DNA methyltransferase. However, in
eukaryotes several studies described the involvement of DNMT?2 in different biological
functions, acting on DNA and/or RNA. The DNMT2 catalytic process is well studied and
described, however, its substrate recognition mechanisms still poorly understood, and
only some studies have mapped the crucial residues involved in the ligand binding. Thus,
the aim of the present study was to understand the peculiarities and mechanisms involved
in target sequence recognition and the affinity of the different DNMT2, when complexed
with DNA. Here we analyze the DNMT2 of six different species by molecular dynamics
simulation. As results we establish an interaction-model, confirming the crucial residues
involved in the recognition and substrate interaction by DNMT2, and we also identified

new key-residues in protein-substrate interaction.

Keywords

Dnmt2; epigenetics; DNA/tRNA methyltransferase; molecular dynamics; ligand-protein

interactions
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Introduction

DNA methylation is one of the most well-studied DNA modifications involved in
gene regulation. This epigenetic mechanism is essential for development, genome
defense, genome imprinting, chromatin stability and elements transposable silencing. The
enzyme responsible for cytosine methylation is the DNA-(cytosine-C5)-
methyltransferase (DCMtase), classified into three subfamilies: DNMT1, DNMT2 and
DNMT3a, and 3b. The DNMTL is the major enzyme in maintenance of the pattern of
DNA methylation after DNA replication, whereas DNMT3 (-A, -B and 3L) proteins are
primarily responsible for the establishment of de novo genomic DNA methylation
patterns and, as such, play an important role in human developmental, reproductive, and
mental health (Chédin 2011). The DNMT?2 does not participate in genome methylation in

mammals but seems to be an RNA methyltransferase.

DNMT enzyme family is divided into an N-terminal (regulatory region) and C-
terminal, which it shares ten conserved residues motifs, where the catalytic domain,
target-recognizing domain (TRD), and the coenzyme (S-adenosyl-l-methionine — SAM)
binding site are found. DNMT2 does not have an N-terminal regulatory region, which is
present in the other DNMTs (YYoder and Bestor 1998; Hermann et al. 2004). It is the
smallest methyltransferase (approximately 400 amino acids) and the most conserved
among animals, fungi, protists, and plants (Jeltsch 2002; Ponger and Li 2005) and its
biological function has not been clarified yet. Furthermore, some organisms like
Drosophila, Entamoeba and Dyctiostelium seem to lose the DNMT1 and DNMT3a/b
during its evolution, and the only DCMtase found is the DNMT?2, so-called “Dnmt2-only”
organisms. With respect to their biological function, studies associated DNMT2 with
RNA interference in Dictyostelium and covalent histones modification, longevity in
Drosophila and DNA activity (Kunert et al. 2003; Kuhlmann et al. 2005; Lin et al. 2005;
Katoh et al. 2006), also acting in C5-methylation of C38 in the tRNA anticodon-loop to
protect tRNAs from cleavage(Schaefer 2018).

Basically, the reaction mechanism of the DNMTSs is the same among the different
families. The catalytic process is mediated by a nucleophilic attack on the target cytosine
carbon-6. This attack is promoted by the catalytic cysteine present in the conserved motif
PCQ in the DCMtase active site (Santi et al. 1983; Wu and Santi 1987). From the
protonation of the target cytosine in the N3 site mediated by the glutamic acid of the ENV
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motif, covalent bonding occurs that exposes the C5 position of cytosine to the
nucleophilic attack, where the methyl group of the co-enzyme SAM will be transferred
to the carbon-5. The intermediate state of covalent binding between DCMtase in complex
with DNA is widely described (Klimasauskas et al. 1994a; Reinisch et al. 1995),
highlighting the fundamental role of the PCQ motif, more specifically the cysteine
catalysis (Everett 1990; Chen et al. 1991; Hanck et al. 1993). In prokaryotic DCMtase,
this same motif has been demonstrated crucial to DNMT2 activity (Wyszynski et al. 1991;
Wyszynski et al. 1993; Hurd et al. 1999). However, this event is only possible after the
so-called base flipping process, in which the target cytosine is withdrawn from the
double-helix context and positioned close to the coenzyme binding site. For this, there
are several crucial residues for the stabilization of the transient structure, such as PCQ
and ENV motifs (Klimasauskas et al. 1994a; Reinisch et al. 1995) (Figure 1).

If on the one hand the mechanisms and catalytic processes of DNMT2 are widely
described and known, on the other hand, the reasons why eukaryotic DNMT2 have low
DNA activity are still unknown, despite the structural conservation of prokaryotic and
eukaryotic catalytic domains. Some “hints” as to the reason for this affinity difference
can be obtained by analyzing the tertiary structures of the TRD of different DNMT2. For
example, Hhal and Haelll (prokaryotic DNMT2 with DNA-MTase activity) are known
to exhibit structural conservation in their catalytic domains but differ in TRD structure
and amino-acid composition, and still acting on DNA as substrate. Nevertheless, they
eventually have different methylation target sequences from each other, where Hhal
recognizes 5-GCGC-3', while Haelll 5-GGCC-3' sites (Klimasauskas et al. 1994b;
O’Gara et al. 1996b). When comparing DNMT?2 tertiary structures and the distribution of
molecular electrostatic surface in different DNMT2, marked differences emerge within
latter aspect, mainly in TRD region (Vieira et al. 2017), even in evolutionarily close
species, as D. melanogaster that has preference for DNA methylation in CT, CA and CC
context (Kunert et al. 2003) and D. willistoni, that seems to methylate CG sites (Garcia et

al. 2007) - the same context preference found in human DNMT2 (Hermann et al. 2003).
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Figure 1. DNMT?2 structures. (A) Hhal (PDB: 1MHT), and a structural model of (B)
human DNMT?2. The enzyme elements are colored as follow: N-terminal catalytic domain
(orange) and C-terminal catalytic domain (yellow); PC-loop in green, Proline and
catalytic Cysteine in blue; TRD in cyan; S-adenosylhomocysteine (SAH) in magenta;
target-cytosine in red, and DNA in gray. Key-residues from catalytic domain showed as
sticks and labeled. Structural conservation of the catalytic domain between prokaryotes

and eukaryotes can be noted, whereas TRD varies substantially.

It is interesting to note that according to previous studies, Ehmeth (Entamoeba
histolytica DNMT2) and human MT2 (also Known as TRDMT1) presented weak activity
on DNA substrate and shown preference to RNA substrate, suggesting that in some
species rose an alternative role to DNMT2: the tRNA methylation (Hermann et al. 2003;
Fisher et al. 2004). More recently, it was found that DNMT2 can methylates more
efficiently DNA fragments in a covalent DNA-RNA hybrids context (Kaiser et al. 2016).
Systematic mutations in surface-exposed lysines and arginines to alanine were able to
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elucidate some key-residues for the catalytic activity of the DNMT2 in the tRNA
methylation (Jurkowski et al. 2012).

The function performed by an enzyme underlies its structure, electrostatic
potential surface, and dynamics. As described previously, the structure of the catalytic
domain of DNMT?2 is very well known and described, but with respect to TRD, its aspects
are still neglected. Since diverse crystallographic structures of different DNMT2 have
been resolved, like Hhal (PDB: 1MHT), Haelll (PDB: 1DCT), Spodoptera frugiperda
(PDB: 4HON) and human MT2 (PDB: 1G55), the elaboration of predicted structural
models of other species has become possible with great accuracy through homology
modeling. However, studies focusing on molecular structures fail to take into account the
subtle aspects of the dynamics between the different enzymes, especially in the enzyme-

substrate context.

Molecular dynamics (MD) simulations can provide a series of detailed
information about a protein's behavior, its motions, conformation modifications and
interactions with substrates. This information from the MD is supported by the laws of
thermodynamics, which offers reliability in the results obtained when adequate force field
and simulation time are provided and can be compared to experimental data. Thus, the
present study aims to look more closely at the interactions that emerge within the
DNMT2-DNA complex of several DNMT?2, through analyses of protein-ligand all-atoms
from MD simulations, seeking to shed light on the mechanisms involved in target

substrate recognition and how the enzyme still has remnants of DNA methylation activity.

Material and Methods
Molecular modeling of DNMT2

The Modeller 9.14 (Marti-Renom et al. 2000) program was applied to model the
DNMT2 from D. melanogaster and D. willistoni obtained by searching in silico, using
the Spodoptera frugiperda (PDB 4HON) (Sisi Li, Jiamu Du, Hui Yang, Juan Yin, Jianping
Ding 2012) Ehmeth (PDB 3QV2) (Schulz et al. 2012) and human DNMT?2 structures as
templates (PDB 1G55) (Dong et al. 2001), according to the best alignment between the
template and the target sequence. The alignment was further verified manually and
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adjusted, considering the location of insertion/deletion in loops. The homology modeling
was performed using Python scripts. The modeling protocol followed the default
optimization and refinement protocol, as described in the Modeller online manual
(available at http://salilab.org/modeller/9.13/manual/nodel9.html). We generated one
hundred models, which the best model was selected using the DOPE score and Procheck
(Laskowski et al. 1996). The generated models were evaluated by Ramachandran plot
analysis, an overall model quality evaluation was performed using Qmean6 (Benkert et
al. 2011) and Verify3D (Bowie JU, Lu "thy R 1991).

The DNA oligomer used in MD simulations is the same from the crystallographic
structure of Hhal DNMT2 (PDB: 1MHT). It was decided to use the Hhal DNA structure
due to the fact of the site methylation target be the sequence (5'-GCGC-3") is very similar
to the settings found in D. willistoni (Garcia et al. 2007) and human MT?2 target sites
methylation and have a close contest to that found in the target regions of tRNA-Asp
methylation, where the C38 (cytosine target) is inserted in a context 5'-PuCGC-'3. The
MT2-DNA complex composition was made fitting the structures template (Hhal) and the
target-model in UCSF Chimera program (Pettersen et al. 2004). Soon afterward, the
structures of the target model and DNA were assembled and brief energy minimization

was performed to adjust the side chains of the residues.

Molecular dynamics simulations

The crystals structures from H. haemolyticus (1MHT), E. histolytica (3QV2),
Spodoptera frugiperda (4HON), human (1G55), and the DNMT2 models from D.
melanogaster (melDNMT?2) and D. willistoni (wilDNMT?2) were subjected to replicates
50ns of a MD simulation using the GROMACS v4.5.1 package (Pronk et al. 2013) on a
Linux platform using the AMBER99SB force field. An appropriate number of sodium
(Na+) and chloride (Cl—) counter-ions was added to neutralize the system. The cubic box
was defined with at least 15 °A of solvation layer around the protein, using an SPC water
model and periodic boundary conditions. The v-rescale (tau t = 0.1 ps) and Parrinello-
Rahman (tau p = 2 ps) algorithms were used for temperature and pressure coupling,
respectively. Cutoff values of 1.2 nm were used both for van der Waals and Coulomb

interactions, with Fast Particle-Mesh Ewald electrostatics (PME).
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The MD simulations were divided into four main stages: energy minimization
(EM), solvation, thermalization, and production (Figueiredo et al. 2014). After, MD plots
were generated with the programs from GROMACS v4.5.1 package (Van Der Spoel et
al. 2005) and visualized with xmgrace (http://plasma-gate. weizmann.ac.il/Grace/).
Visual inspection of the MD trajectories was performed with VMD 1.9.1 (Humphrey et
al. 1996), PyMOL 1.0 (Delanno, 2002) and UCSF Chimera (Pettersen et al. 2004).

Generalized order parameters (S?) and Gibbs free energy analysis

Protein dynamics make important but poorly understood contributions to
molecular recognition phenomena. To understand the implications of thermodynamics
that emerge from dynamic conformational changes, we access generalized order
parameters (Lipari and Szabo 1982) and entropy values of apo and holo structures from
the MD simulation. For this, we use the relations between Lipari-Szabo generalized order
parameter (S?) and the conformational entropies derived from Yang and Kay (Yang and
Kay 1996; MacRaild et al. 2007). This relationship is essentially independent of motional
model for Siz* < 0.95, so only residues consistent with this criterion were included in
considerations of entropy change. Generalized order parameters are calculated from the
MD trajectory of individual N-H bond vectors. RMS deviations, atomic fluctuations, and
structure averaging were calculated directly, using programs from GROMACS v4.5.1
package (Van Der Spoel et al. 2005).

Free energy landscape (FEL) was done using the GROMACS utility g_sham. The
FEL shows all possible conformations a molecule assumed during an MD simulation,
together with their corresponding energy typically reported as the Gibbs Free Energy.

Results
DNMT2 Residues fluctuation from Molecular Dynamic Simulation

The differences in atomic fluctuations of the holo and apoenzyme found to
indicate a loss of dynamics when it is linked to DNA, least in Ehmeth, which it presents
subtle dynamics gain. However, the observed differences were not uniform along with

the same enzyme (Figure 2).
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Interesting, Ehmeth shown a gain of dynamics when linked to DNA. The biggest
differences [Holo-Apo] were found in Hhal (-9.6376) and wilDNMT2 (-9.822),
indicating the accentuated loss of dynamics in the structure when DNA is present (Table
S1). Even if the structures and phylogenetic relationships are close, there are differences
in atomic fluctuation between related MT2, like meIDNMT2 and wilDNMT?2.
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Figure 2. Differences in per-residue plots of atomic fluctuations (RMSF) between
holo-protein and apo-protein (ARMSF=holo-apo). The main domains are represented
above the RMSF values. In orange is represented the catalytic domain (CD), PC-loop in
the green and target-recognizing domain (TRD) in cyan. In general, the values of ARMSF
between the catalytic domain of prokaryotes and eukaryotes are similar, while in the TRD

there are more differences between the fluctuations. It is observed that between
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eukaryotes, meIDNMT?2 present different behavior to the pattern found in the other
DNMT?2.

There are two main regions in DNMT2 which show substantial variations when
compared holo- and apoenzyme structures: the first is between residues 71-99, which
correspond to PC-loop (with the catalytic cysteine); and the second above residues 260-
290, that belong to TRD C-terminal region. The hinge loop connection of meIDNMT2
(between residues 165-205, approximately) seems to present a lower fluctuation when in
the presence of DNA, while wilDNMT?2 presented gain of dynamics in the presence of
substrate (Figure 2). Regarding the PC-loop region, between the eukaryotic DNMT?2,

WilDNMT?2 presented the lowest dynamics in the holoenzyme.

Thermodynamic contribution measured by per-residue entropy

Through Lipari-Szabo generalized order parameters (S?) we can measure the
behavior of amide bond vectors by the MD simulations. Despite the structure
conservation, the DNMT2s display different dynamic behavior. Except for the PC-loop,
that shares the same behavior between all the different DNMT2, each DNMT?2 present
several peculiar residues which become more, or less, dynamics in the presence of DNA
(Figure 3).

120



15 - 15 -
Hhal Ehmeth

1 51 101 151 201 251 301 1 51 101 151 201 251 301
Residue Number Residue Number

1.5 1 . 15 -
wilDNMT2 melDNMT2

q 51 101 151 201 251 301 1 51 101 151 201 251 301
Residue Number Residue Number
1.5 - 15
SfFDNMT2 Human MT2
1 4
S
0.5
0 1 L 1 1 1 L
i 1
0.8 0.8
5 0.6 0.6
a 04 0.4
:—t‘ 0.2 0.2
@ .0 0
g -0.2 -0.2
S 04 0.4
%, 06 -0.6
-0.8 -0.8
= | -]
1 51 101 151 201 251 301 1 51 101 151 201 251 301
Residue Number Residue Number
N-terminalCD Hinge-loop TRD C-terminal CD
| GRS 170 (D 200290 291C)340

121



Figure 3. Generalized order parameters (S?) and differences in S? parameters
between apo-protein (blue) and holoprotein (red). Scheme presenting the main
domains of DNMT?2 and the residues that approximately delimit them presented below.
If the bond is absolutely rigid, showing no fluctuation, then that value is 1 or close to 1.
If the amide bond shows high fluctuation along the MD, then the ultimate value is 0 — or

close too.

At TRD region, Hhal presents several residues with lost in dynamics when in the
presence of its substrate (Figure 3). The meIDNMT?2 has the most anomalous behavior
between the DNMT2 studied, showing a dynamic gain in regions that are normally more
stable in other DNMT2, both in the catalytic domain and in the TRD (e.g. residues site 1-
51 and 101-151, that below to PC-loop region) (Figure 3 and 4A). Ehmeth also presented
a different dynamic pattern than the other DNMT2 here analyzed. The Ehmeth catalytic
domain presented a remarkable gain of dynamics in the holoenzyme (in the region
comprising the residues 50-70, the PC-loop), while in the other DNMT2 this region leans
towards to have a loss of dynamics. In the Ehmeth TRD region, the dynamic behavior
from apo and holoenzyme are very similar to each other (Figure 3).
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A)

PC-loop
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melDNMT2
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PC-loop 180°

Figure 4. DNMT2 surface representation with residues annotation from differences
in S2 parameters between holo and apoenzyme, which [S2(Holo) - S?(Apo)] > 0.113
(blue) or < -0.113 (red). (A) On the left side, a front view of the enzyme is displayed,
showing the cleft where DNA bound. On the right side, a back view is displayed, obtained
by a 180° rotation about the vertical axis. (B) Representation of the trend of entropy flow
on the surface of DNMT?2, in which the arrows indicate the direction (blue color, smaller
entropy and red, greater entropy). Positive values indicate a lower fluctuation when DNA
was present, whereas negative values indicate that the residues had a greater fluctuation.
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On the other hand, wilDNMT2, SEDNMT2, and human DNMT?2 showed
somehow similarities in the dynamics. Clearly, we can distinguish three main regions
which show accentuated entropy, approximately from residues (i) 75-100, (ii)160-200
and (iii) 251-270 (Figure 3). The first region is located in the catalytic domain of DNMT?2,
mainly comprising the PC-loop. In this region, wilDNMT2 presents a loss of dynamics,
while SFDNMT2 and human DNMT2 also present a more rigid behavior in the presence
of DNA, but not so pronounced (Figure 3 and 4A). The second region refers to the hinge-
loop that links the catalytic domain and TRD. SfDNMT2 presented the smallest
difference between apo and holoenzyme. We do not take into account human DNMT2 in
this region because it has a large insertion with no resolution crystallographic, so this

region was excluded in the molecular modeling.

In order, the third region refers to the TRD core, comprising the conserved
residues: CFTxxYxxY/l (where "x" may be any other residue), E/DGTGS and DIV/I/C
(residues 230 to 260). The five DNMT2 (melDNMT2, wilDNMT2, STDNMT2, and
human MT2) showed a heterogeneous behavior upon DNA binding. STDNMT2 and
human presented the greatest difference between apo and holoprotein states (Figure 3).
In general, there seems to be a system of compensation and distribution of entropy
through the protein structure, in which residues facing the protein-substrate interface
(front) lose entropy when in the presence of the ligand, whereas in the "back" of the
enzyme there is an increased entropy (Figure 4B).

Through Free Energy Landscape (FEL) analysis we can determine the
conformational pattern which it is more favorable of each DNMT2 from apo and
holoenzyme states, based on the Gibbs free energy. Basically, conformers with lower
Gibbs free energy favor a folded state, and an increase in the Gibbs free energy favor
unfolded stat in the FEL analysis. We also calculated the variance of the AG values
obtained through the FEL, since the variance measures the deviations from the mean, that
is, the difference between each data and the mean and evaluates the degree of dispersion

of a dataset.

Hhal showed more states by the simulation with lower Gibbs free energy in the
presence of DNA, while in the apo-protein populated a larger area in the FEL landscape
(Figure 5 and S1). All eukaryotic DNMT2, when associated with the DNA, presented a

124



wide occupation of the landscape with the exception of wilDNMT2, and human MT2.

The differences are observed more easily when we plot the AG values (Figure 6). We can

note that Hhal and wilDNMT2 shown a similar pattern of dispersion of Gibbs free energy
values.
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Figure 5. 3D free energy landscape of complex DNMT2-DNA as a function of the
radius of gyration (RG) and the root-mean-square deviation (RMSD). All enzymes
also were analyzed in apo state (Figure S1). The free energy values are shown next to the

graphs. Hhal seems to populate a state able to accommodate DNA with great affinity, and
the same can be observed in wilDNMT2 and Human MT?2.
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Figure 6. Gibbs free energy plot from apo- and holoenzymes along molecular
dynamic simulations. Dots show the 1% minimum occupancy values. Filled squares, the
maximum values. Empty squares represent averages values. The boxes denote the 25-75%

occupancy values.

The H-bonds interactions in the DNMT2-DNA complex

We asked whether the distributions of different molecular potential energy surface
of DNMT?2 of this study are linked to interactions with the substrate. Thus, we decided to
evaluate the behavior of molecules in an aqueous medium by molecular dynamics
simulation. Hhal DNMT2 showed an average of H-bonds 33.51. The human MT2 have
fewer H-bonds with the substrate over the dynamic simulations (H-bonds average 13.45),

while Ehmeth appears then with an H-bond average of 16.98 (Figure 7). Interestingly,
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wilDNMT?2 has a greater number and stable pattern of H-bonds throughout the dynamic
simulations (Figure 7 and 8).
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Figure 7. Average H-bonds between protein-DNA complex from DNMT?2 over the
molecular dynamics simulations. Hhal acts preferentially on DNA and present averages
of H-bonds detachably larger than the other DNMT?2, as expected. Among eukaryotic
DNMT2, the human enzyme has the lowest average H-bonds, while wilDNMT2 has the

highest mean values.

From the snapshots obtained from different moments of the molecular dynamics
simulations, it was possible to analyze the structural behavior of MT2 and DNA, as well
as to observe the residues that act primarily in the protein-substrate interaction (Figure
9A and 9B). The residues described as having protein-DNA interaction in Hhal in
previous studies are present among those that formed H-bonds with the substrate during
the molecular dynamics simulations. However, during the MDS other residues, besides

those already annotated, also showed interactions with the DNA (Table S2).
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Figure 8. Number of H-bonds between protein and DNA of each simulated structure,

throughout a 50 ns molecular dynamics simulation. It can be seen that the number of

H-bonds of Hhal remains stable throughout the MD. Among the other DNMTZ2, only

Ehmeth and wilDNMT2 maintain a more stable H-bond number, however, Enmeth makes

fewer connections than wilDNMT?2.

The DNA molecule showed a more stable behavior linked to Hhal enzyme
(Figure 9A and S2). In most eukaryotic MT2 there are a series of accentuated
deformations and torsions in the DNA molecule during molecular dynamics (Figure 9A).
Interestingly, wilDNMT2 appears to exhibit a behavior similar to that observed in Hhal,
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with low DNA fluctuation, low dynamics, and maintenance of interactions mediated by
more stable H-bonds along MD (Figure 8 and 9).
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Figure 9. DNMT2-DNA complex representation and sequences. (A) Each DNMT?2 is
represented by several structures obtained at different molecular dynamics simulation
times, from the time 5 to 50 ns. Residues with hydrogen bonds during MD simulation are
colored red; a molecule of DNA in cyan. Residues were taken with hydrogen bonds that
were within the parameters of 3.5 A with an angle of 30°. (B) Eukaryotic DNMT2
alignment. The residues that showed H-bond interaction with DNA are highlighted in red.

In blue, roman letters indicate the motifs that show conservation of interactions with the
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substrate. Residues described as pivotal for human DNMT2 catalytic activity are marked

with a green triangle.

Among eukaryotic enzymes, we detected thirteen motifs that showed common
protein-DNA interactions (Figure 9B). Motifs I-V and XI-XIII belong to the catalytic
domain of DNMT?2, while motifs VI-X to TRD. Some motifs are characterized by high
conservation of the residues and small charge variation (1, 111, IV, VIII, IX and XIII),
while other motifs end up with greater residues and charge variation (1, VI, VII, X, and
XI). The first motifs group, for the most part, belong to the catalytic domain, while the

second group belongs mostly to the TRD.

As for the behavior of apo and holoproteins, the enzymes Hhal, meIDNMT2,
wilDNMT2, and Human MT?2 presented higher stability and lower RMSD values when
complexed with DNA (Figure 10). When the RMSD values of the two major domains
(catalytic and TRD) are analyzed separately, it is seen that MT2 work in a distinct

modular manner between the domains.

Hhal Ehmeth wilDNMT2

0,54 0,54 0,54

0,34

AWl WAy
0,34 | Wi d !tmw NW
0,24 0,24 W

0,14/ 0,14} 0,14/

0,3

RMSD (nm)
RMSD (nm)
RMSD (nm)

0,2

. . ; ; 0,0 , ; . . 0,0 - - . . ,
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns) Time (ns)

melDNMT2 s SDNMT2 e Human MT2

0,0

05-
% W 034 0,3
0,24 ? 024

f

/

011/ 011

RMSD (nm)
RMSD (nm)
RMSD (nm)

0,2

f 0,14
§ 1

0,0 0,0 0,0

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns) Time (ns)

Figure 10. RMSD of the apo- (black) and holo-protein (red) over the 50 ns molecular
dynamics simulations at 300 K. All structures stabilize from the 10 ns of simulation.
The fluctuations found during the simulations of apoproteins refer mainly to the mobility

of loops that make contact with the substrate when it is present.
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Discussion

The key mechanisms of recognition of target sequences and the catalytic process
of the DNMT2 family are well described from studies with Hhal and Haelll enzymes.
However, the prokaryotic DNMT2 differ substantially from eukaryotic DNMT2
regarding substrate preference, while Hhal and Haelll are DNA methyltransferases
(Klimasauskas et al. 1994c; Reinisch et al. 1995), the eukaryotic DNMT2 seem to have
lost affinity for this substrate, turning to the action on RNA molecules (Kuhlmann et al.
2005; Durdevic et al. 2013a; Mdller et al. 2013; Kaiser et al. 2016). Still, enshrined the
differences of targeted substrates, these two groups of DNMT2 have deep conservation
in their catalytic domains (Figure 1), suggesting similarities in mechanisms involved in
the methylation at cytosine-target, an event known as base-flipping (Chen et al. 1991,
Klimasauskas et al. 1994a; Reinisch et al. 1995). In order to better understand how the
process of this change of substrate affinity was promoted, here we present an extensive
analysis by means of MD simulation of five eukaryotic DNMT2, comparing to DNMT?2
Hhal.

Since conformational changes are likely to play a fundamental role in
regulating the biological activity of DNMTSs, the substrate specificity cannot be restricted
from the conformational changes through MD simulations (Evans and Bronowska 2010).
So, other factors may be involved in the mechanisms inherent in the recognition of the
sequence and/or target substrate of DNMT2s. We cannot deny the importance of
structure-related factors such as amino acid substitution at key positions that may interfere
with substrate binding affinity; so, the dynamics of the enzyme may be closely related to

the specificity with a given substrate.

Although the DNMT2 possess strong structural conservation in their catalytic
domains, prokaryotic and eukaryotic enzymes present great variability in the TRD
residues composition and architecture (Jeltsch 2002; Ponger and Li 2005; Jeltsch et al.
2016; Vieira et al. 2017). This aspect is reflected in the global dynamics of each of the
proteins studied here. It is clear that there is a pattern in certain motifs, especially those
related to catalytic motifs. This same pattern can be observed in prokaryotic and
eukaryotic enzymes. However, eukaryotic DNMT?2 exhibit distinct behavior compared to
Hhal. Even among evolutionarily closely related species differences can be noted (i.e.
WIIDNMT2 and melDNMT2). The dynamics differences found in the present study
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between D.willistoni and D.melanogaster are consistent with our findings published in
previous work, where the difference in the distribution of the molecular electrical

potential surfaces between both species differ substantially (Vieira et al. 2017).

Differences in the composition of the residues induced changes in the flexibility
of the proteins, indicating that it may affect the function of the proteins by altering
enzyme-DNA interactions (Elengoe et al. 2014; Nagasundaram et al. 2015). When
compared to the tertiary structures of the different DNMT2 TRDs, we can observe the
fact that the prokaryotic enzymes exhibit a low structural organization, being formed
basically of loops and most of the interactions with the target DNA sequence being
mediated by these several loops, whereas, the eukaryotic enzymes have a structural
organization more elaborated. This modification in the tertiary structure directly impacts

the enzyme interactions with the substrate, as we can observe (Figure 7, 8 and 9).

Concerning the thermodynamics involving the studied DNMT?2, it is evident that
a loss of entropy is expected in the formation of a stable complex between protein and
substrate, associated with the free diffusion of one component with respect to the other
(Figure 3 and 4). Conformational entropy is considering an important component of the
free energy of binding, generally, the conformational entropy is linearly correlated with
total binding entropy (Marlow et al. 2010). As expected, Hhal showed a large entropy
loss when the DNA was present, while the entropies losses were not so pronounced in the
DNMT?2 eukaryotic. These results indicate an enthalpy-entropy compensation network
intrinsic to each DNMT2 and that directly impacts the free energy of the system and its
variation between the apo and holoenzyme states (Figure 4, 5 and 6).

Differences in the structure, surface electrostatic potentials, and thermodynamic
properties can influence the waters surrounding the protein and bound ligands, being an
important contributor to the observed enthalpy-entropy compensation, and this is closely
related to the hydrophilic and hydrophobic interactions of the physicochemical profile of
residues that compose the protein and ligand (Swaminathan et al. 2002; Fisicaro et al.
2004; Breiten et al. 2013). Assuming that the electrostatic interactions have an influence
on binding free energy, and since H-bonds are essentially electrostatic interaction, we

investigated the H-bonds between enzyme and substrate.
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Most DNA contacts are realized into the major groove in the protein-substrate
interface. Hhal have a greater number of interacting residues, which are arranged in their
TRD, which is composed mainly for loops (Figure 1, 9A and 9B). In addition to the
residues described in previous works, new residues are presented here as important in the
stabilization of the protein-DNA complex (Table S2). Another interesting fact is the
contribution of several residues from the loop containing the catalytic cysteine (~ residues
75-90) not only with the target cytosine but also interacting with the DNA minor groove,
within phosphate backbone, orphan guanine and the adjacent guanine and thymine
(Figure 9A). The involvement of this loop in the recognition of cognate DNA has been
described in previous work, with MTase HgiDII (Castelan-Vega. et al. 2010). Still, in the
catalytic domain, prokaryotic and eukaryotic DNMT2 share conserved residues-key as
interacting with the substrate (Figure 9B). This fact is in agreement with previous studies
that demonstrated, although the target substrate of the two MTase groups is different, the
mechanisms involved in the methylation catalysis are the same (Dong et al. 2001; Cheng
and Blumenthal 2008; Evans and Bronowska 2010; Swinehart and Jackman 2015). Thus,
the differences emerge primarily in the H-bonds made by TRD.

The TRD composition differs in physicochemical nature, making them establish
different contact points, restricting contacts between protein and DNA (Figure 9A and
9B). Despite the differences in the number and frequencies of interacting residues
between eukaryotic enzymes, we can establish the consensus residues that seems to be
fundamental in contact and substrate recognition by DNMT2 (Figure 9B), such as
Cys238 and Thr240 from conserved CFT motif (motif 1X) (reference: Human MT2),
Lys241, Gly237 and the E/DGT motif (motif X). It is important to note that residues
Cys238 and Phe239 of the conserved CFT motif of eukaryotes are in the same spatial
position of the TL motif of Hhal, which interacts with thymine adjacent to the target
cytosine. In addition, in Hhal, the Arg240 is crucial for the recognition of the target
sequence, loop closure and catalysis (Estabrook et al. 2009), but this residue has no
positional homolog in the eukaryotic DNMT?2, there is only some arginines and lysines
that still appear in the TRD making H-bonds, in regions where there is no sequence
conservation and with a large variation in the electrostatic charges. It is interesting to
highlight the fact that the eight residues previously described as strongly linked to the
affinity and catalytic activity of DNMT2 (Jurkowski et al. 2012) presented constant H-
bonds throughout the MD simulations (Figure 9B).

133



The Hhal accommodate the DNA molecule more adequately, this is reflected in
the little distortion of the oligomer represented in the different MD simulation snapshots
(Figure 9A). This same accommodation aspect is observed in the snapshots of
wilDNMT2 and Human MT2, however, DNA of the former has less structural distortions
than the DNA of the latter. All other enzymes seem to wriggle, stretch, twist the DNA in

their interaction framework, as in an attempt to find a more favorable position.

From REBASE (Roberts et al. 2015) we made a sequence searching, using the
sequences of human MT2, wilDNMT2, and Ehmeth. As results, only three putative
enzymes shown assigned recognition: the Rsal, an m4C-MTase, which it has recognition
sequence 5’-GTAC-3’; and two 6mA-MTase, M.Gmel and M.Gmell, recognition motif
GGATC and TCCAGG, respectively. Surprisingly, M.Gmel and M.Gmell share
conservation with residues from eukaryotic TRD, which make H-bond with DNA. These
results may indicate the eukaryotic DNMT2 promiscuity in relation not only to the type
of molecule (DNA or RNA) but also to the target sequence. More recently, to get insight
into the structural basis to DNMT2- tRNA complex, the crystal structure of
Saccharomyces pombe DNMT2 was determined. The interaction with tRNA was
analyzed by means of mass-spectrometry using UV cross-linked Dnmt2-tRNA complex,
and the results showed the residues cross-linked to tRNAAsp are Lys91, Trp221, His223
and Cys303 (Johannsson et al. 2018). These residues are very close to the residues found

in the present study forming H-bonds with the DNA.

The results obtained clearly show a global trend during dynamics in the DNMT?2.
Several studies have identified changes in dynamics that favor the ligand binding and they
are similarly dispersed throughout the entire protein (Okazaki and Takada 2008;
Stockmann et al. 2008; Daniels et al. 2015; Kaplan et al. 2016). It is evident, however,
that the change in dynamics associated with the DNA binding is linked to an enthalpy-
entropy compensation, which contributes to the binding free energy. Here, the cofactor
binding (SAM or SAH) was not take in the count, but it is known that SAM seems to play
a dual role, acting not merely as a donor of the methyl group for the target cytosine
methylation but also facilitating the molecular association between DNMT and substrate
(Evans and Bronowska 2010).

Even considering a global trend, there are differences found here that are

congruent with the various results from previous studies that denote plasticity or duality
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with respect to recognition sites and action substrates. For example, human MT2 appears
to be adapted almost exclusively to acting on tRNA (Hermann et al. 2003; Goll et al.
2006a; Muller et al. 2013; Shanmugam et al. 2015), which gives it characteristics
described herein of lowest affinity and interactions with DNA throughout the dynamics.
On the other hand, drosophilids having only DNMT2 as a DCM methyltransferase (Lyko
et al. 2000; Marhold et al. 2004), it seems to act on the two substrates (DNA and/or
RNA)(Jeltsch et al. 2006), which justifies the highest affinity and interaction with DNA
during the MD. Nevertheless, it is possible to note substantial differences when
comparing D. melanogaster, which has methylation sites CpA, CpC and CpT (Lyko et al.
1985; Kunert et al. 2003; Panikar et al. 2015), and D. willistoni, which presents
methylation mainly in context CpG, besides the sex-specific methylation - a unique
phenomenon, not recurring in any other group of species of drosophilids (Garcia et al.
2007; D’Avila et al. 2010). Thus, our results suggest that protein dynamics, associated
with structural conformation, surface electrostatic potentials, and TRD composition
seems to contribute to the differences in substrate recognition and binding specificity
found in DNMT2 family.

Summarily, we can infer that the peculiarities existing in DNMT2 are closely
related to the evolutionary history, the ecological and epigenetic context of the different
species, since we have eukaryotic organisms that carry the three families of DNMTSs
(DNMT1, DNMT2, and DNMT3), others that lost DNMT2 in their evolutionary journey
and those that only carry the enzyme DNMT2. The fact that the enzyme is strongly
conserved among the most different eukaryotic lineages is evidence to its evolutionary
importance; on the other hand, the fact that its target recognition domain encompasses
great diversity (in various molecular levels: primary structure, sub-structure, secondary
structure, molecular electrical potential surfaces) suggests that DNMT2 has great

adaptive potential.
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Figure S3. RMSD of the catalytic domain (apo-, black, and holo-, red) over the 50 ns

molecular dynamics simulations at 300 K.

Figure S4. RMSD of the TRD (apo-, black, and holo-, red) over the 50 ns molecular

dynamics simulations at 300 K.
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Supplementary Material

Table S1. Sum of the differences between RMSFs [Holo - Apo].

Hhal Haelll Ehmeth melIDNMT2 wilDNMT2 SfDNMT2 Human DNMT2
-9.6376 -7.9525 0.106 -1.6562 -9.8229 -0.8807 -5.528
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Table S2. Residues involved in Protein-DNA interactions.

Hhal
Residues N° Reference MD N°
TYR 44
GLY 78
PHE 79 [3]]6] PHE 79
CYS 81 [3][6] CYS 81
GLN 82
SER 85 [3][6] SER 85
ILE 86 [3][6] ILE 86
SER 87
GLY 88
LYS 89 [3][6] LYS 89
GLN 90
ARG 97 [3][6] ARG 97
GLU 119 [1][3]]5]1]6] GLU 119
ASN 120
LYS 122
ASN 123
SER 126 [3][6] SER 126
LYS 162 [3][6] LYS 162
ARG 163
ARG 165 [1][3][4]1]6] ARG 165
ARG 209 [3][6] ARG 209
THR 226 [3][6] THR 226
ARG 228 [3]]6] ARG 228
LYS 234 [3][6] LYS 234
GLN 237 [2][3][6] GLN 237
GLU 239 [2] GLU 239
ARG 240 [2][3][6] ARG 240
TYR 242 [2][3][6] TYR 242
THR 250 [1]3][6] THR 250
LEU 251 [1]
SER 252 [3][6]
ALA 253 [3][6] ALA 253
TYR 254 [2][3][6] TYR 254
GLY 255
GLY 256
GLY 257 [3]]6] GLY 257
ILE 258
LYS 261
SER 294 [3]]6] SER 294
SER 296
GLN 297 [3]]6] GLN 297

146



Table S3. Interaction energy protein-DNA from structures although 50ns molecular

dynamic simulation.

DNMT2
Hhal Ehmeth wilDNMT2 melDNMT2 SfDNMT2 Human
Eint (kJ/mol) -10762.19 -6324.38 -8260.36 -5577.38 -6427.03  -6001.59
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Figure S1. 3D free energy landscape of DNMT2 apoenzyme as a function of the radius
of gyration (RG) and the root-mean-square deviation (RMSD).
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Figure S2. DNA RMSD over the 50 ns molecular dynamics simulations at 300 K.
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Discussao Geral

Desde que foi publicada a primeira versdo do genoma humano, isso em 26 de
junho de 2000, o termo “epigenética” aos poucos foi tomando espaco — 0 que em um
primeiro momento parece ser um contrassenso. A ideia inicial de que com o acesso a
todos o0s genes e sequéncias que compdem o0 genoma dos organismos seria a chave para
desvendar os mistérios por de trds da Biologia dos organismos, foi aos poucos se
apagando frente ao fato que o genoma (a molécula de DNA propriamente) por si s6 ndo
produz estruturas. A partir dessa realidade que se levantava frente aos olhos dos
pesquisadores, a epigenética surge com a esperanga de mostrar que 0s organismos sao
muito mais do que a soma de seus genes. A “redescoberta” da epigenética abriu as portas
para o entendimento de como ambiente (interno e externo dos organismos) e genoma se

comunicam.

E tudo isso tem inicio nos trabalhos seminais conduzidos por Conrad Hal
Waddington, em 1942, com Drosophila, demonstrando como o ambiente pode induzir
alteracdes na programacdo ontogenética dos organismos. Porém, seus achados, assim
como as pesquisas conduzidas por Richard Benedict Goldschmidt (1878-1958), se
mostravam pouco ortodoxos para o ethos de seu tempo, onde a Teoria Sintética Evolutiva
tomava forma, erguida sobre as bases da Selecdo Natural, Genética de Populacdes e
Paleontologia. Ao longo de mais de sete décadas a ideia do genecentrismo entremeou 0s
principais estudos nas mais diversas areas da Biologia, enquanto a Ecologia e o
Desenvolvimento eram relegados a campos secundarios e tomando apenas papéis
passivos dentro do contexto da Biologia Evolutiva. Contudo, esse cenario passa a se
modificar a partir da década de 80, e mais fortemente com a chegada dos anos 90 com o
advento de novas técnicas e tecnologias que possibilitaram a abertura da “caixa-preta”,
que até entdo parecia indecifravel, de como fenétipo e gendtipo se comunicam. O
interessante, e ndo menos irdnico, é que o surgimento, ostracismo e ressurgimento do
campo de estudos epigenéticos estdo amparados em ensaios feitos com Drosophila. Tal
fato s6 demonstra a grande importancia desses organismos e a incrivel contribuicdo que

vém dando a ciéncia.

A presente tese tem como foco a compreensdo da funcdo bioldgica e histérico
evolutivo envolvendo a enzima m5C-MTase Dnmt2 de Drosophila. Isso se faz
interessante visto que, até final da década de 90, Drosophila era considerada como

organismo livre de metilacdo de citosinas gendémicas ou com niveis indetectaveis (Lyko
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et al. 2000). Entretanto com o advento de novas analises que capacitaram o0
aprofundamento dos fendmenos epigenéticos de metilacdo, verificou-se que Drosophila
possui citosinas metiladas (mesmo que em niveis menores que vertebrados). O
interessante € que ao se buscar a enzima mediadora desse fenémeno, constatou-se que
Drosophila ndo possui as MTase candnicas (Dnmtl e Dnmt3), estando presente apenas a
MTase Dnmt2 (Kunert et al. 2003). Dessa maneira, 0 género Drosophila passa a ser
classificado como organismos “Dnmt2-only”. Logo, tanto o fenémeno de metilacédo
genémica em drosofilideos, como a funcao bioldgica de sua Unica MTase (Dnmt2), séo

objetos de estudos que atraem substancial curiosidade cientifica.

As investigacdes realizadas tém como ponto de partida os resultados obtidos em
estudos préevios realizados por nosso grupo de pesquisa, onde a abordagem sobre
elementos transponiveis em espécies neotropicais de Drosophila willistoni demonstrou
que a regulacdo desses elementos € substancialmente diferente entre D. melanogaster
(Sassi et al. 2005). Em 1997, Garcia, em sua dissertacdo de Mestrado, utilizando enzimas
sensiveis as citosinas metiladas, verificou que os padrées de bandeamento nos
cromossomos politénicos de D. melanogaster e D. willistoni se distinguiam. Para procurar
compreender tais padrbes encontrados, nosso grupo de pesquisa deu continuidade nas
analises, o que possibilitou evidenciar o fendbmeno de metilacdo no genoma de D.
willistoni, mas ndo s0 isso, os padrdes de metilacdo entre machos e fémeas dessa espécie
apresentavam diferengas em genes de DNA ribossomal (rDNA), ou seja, havia se
descoberto o fendmeno de metilacdo sexo-especifica em D. willistoni (Garcia et al. 2007).
Procurando ampliar o entendimento desse fendmeno, e averiguar se 0 mesmo seria
recorrente nas demais espécies de drosofilideos, estabeleceu-se uma extensa analise sobre
os padres de metilacdo (D’Avila et al. 2010). Analisando diversas linhagens do
subgénero Sophophora de Drosophila, D’Avila et al. (2010) verificaram que o fendmeno

de metilacdo sexo-especifica se restringe as espécies do subgrupo willistoni.

Garcia et al. (2007) lancou olhar para a Dnmt2 e analisou a conservacdo da
enzima, comparando as sequéncias de D. willistoni e D. melanogaster. O que se verificou
é que, apesar de substancial conservagdo dos dominios cataliticos das enzimas das duas
espécies analisadas, essas diferenciam-se especialmente na regido responsavel por fazer
0 reconhecimento da sequéncia alvo a ser metilada (TRD). De fato, a Dnmt2 ¢
considerada uma MTase peculiar e enigmatica por conta da sua capacidade de atuar sobre

diferentes substratos — DNA ou RNA — e a0 mesmo tempo ser a mais amplamente
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conservada das metiltransferases (Lyko et al. 2000; Lin et al. 2005; Goll et al. 2006b; Rai
et al. 2007; Schaefer et al. 2008; Krauss and Reuter 2011; Kaiser et al. 2016; Genenncher
et al. 2018).

Por conta disso, no Capitulo 11 da presente tese procuramos fazer uma anélise
ampla da Dnmt2, quanto a sua conservacao e provaveis forcas evolutivas envolvidas.
Verificamos que a maioria das 68 espécies analisadas apresentaram sinais positivos de
hibridizacdo e amplicons com sondas e primers de Dnmt2. Apenas espécies do subgénero
Dorsilopha ndo apresentaram sinais ou amplicons, o que também ndo € suficiente para
excluirmos o fato delas possuirem o gene da Dnmt2, mas que provavelmente exista
destacada variabilidade que ndo tenha permitido a hibridizacdo ou amplificacdo em PCR
com as sondas e primers utilizados no presente estudo. Observamos que 0 gene Dnmt2
possui consideravel conservacgdo entre 44 sequéncias analisadas. As analises filogenéticas
com Dnmt2 resgatam as relagdes evolutivas entre os clados dos subgéneros Drosophila e
Sophophora A enzima Dnmt2 possui dez motivos cataliticos (Lyko et al. 2000), e entre
os motivos VIII e XIX encontra-se a TRD. Os motivos cataliticos apresentam grande
conservacao, porém com algumas regides apresentando alta taxa evolutiva, enquanto a
TRD apresenta uma taxa evolutiva maior entre as espécies. Tal fato esta de acordo com

0 esperando tomando como base os achados descritos no trabalho de Garcia et al. (2007).

Logo, se os resultados obtidos apresentam, de modo geral, uma ampla
conservacdo da Dnmt2 entre drosofilideos, questionamos qual seriam os mecanismos
evolutivos envolvidos nas diferencas encontradas dentro dos motivos cataliticos e TRD.
Demonstramos que a selecédo purificadora é preponderante na manutencao e conservacao
da Dnmt2 entre drosofilideos, entretanto seis sitios apresentam sinais de selecdo positiva
e doze sitios evoluiram sob selecdo positiva desestabilizadora, favorecendo mudancas
estruturais e funcionais entre as Dnmt2 de drosofilideos. A maioria desses sitios estéo

localizados em regides de potencial interacdo com outras moléculas.

O que sabemos € que se determinadas enzimas estdo interligadas e pertencem a
uma mesma rede metabodlica, logo esperamos que suas taxas evolutivas acabem sendo
parecidas. Partindo desse principio, efetuamos uma extensiva analise de genes possuindo
covariagdo das taxas evolutivas com a Dnmt2 de Drosophila, nos revelando quinze
proteinas que estdo intimamente relacionadas a controles de expressdo génica cis, trans,

remodelacdo de cromatina, modificagOes de RNAs e DNA. Tais achados destacam ainda
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mais as peculiaridades inerentes da Dnmt2, ainda mais em organismos “Dnmt2-only”,
como é o caso de Drosophila. Por fim, outro aspecto muito interessante que encontramos
no estudo conduzido no Capitulo I, foi a alta taxa de variacdo nucleotidica por codon

do gene Dnmt2 em D. willistoni. Esse resultado discutiremos um pouco mais adiante.

A metilacdo de citosinas genémicas durante a ontogenia dos organismos €
importante para o estabelecimento da identidade das células, promovendo assim a
citodiferenciacdo e morfogénese ao longo do desenvolvimento (Serman et al. 2006; Reik
2007). Estudos anteriores procuraram caracterizar os padrdes de expressdo génica da
Dnmt2 em Drosophila. O que se observou é que existe uma maior taxa de transcricao de
Dnmt2 nos estagios iniciais de desenvolvimento de Drosophila (Lyko 2001; Kunert et al.
2003). Em Drosophila mutante para Dnmt2 verificou-se a perda de citosinas genémicas
metiladas em embrides, perda da integridade da cromatina e aumento da atividade de
retrotransposons (Phalke et al. 2009). Diante desse cenario e somando-se o fato do
peculiar fendbmeno de metilacdo sexo-especifica em espécies do subgrupo willistoni,
passamos a investigar os padrbes de expressao génica de Dnmt2, no ambito espaco-
temporal e sua localizagdo in situ em cromossomos politénicos de D. willistoni (Capitulo
1.

Nossas analises guantitativas dos niveis de transcritos de Dnmt2 (Capitulo I11),
em um primeiro momento, nao parecem diferir dos padrdes encontrados por Lyko et al.
(2001), no qual se observa elevados niveis de expressdo em estagios iniciais de vida
(embrido), diminuindo substancialmente ao longo das demais fases do desenvolvimento
(larva, pupa e adultos). Entretanto, em uma observacdo mais atenta, verificamos que os
niveis de transcritos de Dnmt2 em adultos de D. willistoni sdo levemente maiores
daqueles encontrados em estudos prévios (Lyko 2001; Kunert et al. 2003). Esse resultado
é bem sugestivo, ainda mais quando estamos tratando de uma espécie que possui padrdes
de metilacdo sexo-especifica. A hibridizacdo in situ com ribosondas de Dnmt2 em odcitos

e embrides dao suporte aos resultados obtidos por gPCR.

Quanto a localizacdo fisica em cromossomos politénicos (Capitulo I11), a
hibridacéo in situ revelou que o gene da Dnmt2 de D. willistoni encontra-se no braco IIL,
correspondente ao elemento B de Muller. Sua localizacdo corrobora a proposta de
preservacdo de sintenia dos elementos cromossémicos como sendo adaptativos

(Schaeffer et al. 2008). Entretanto, a surpresa da localizacdo da Dnmt2 reside em sua
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posicdo especifica no brago IIL: o gene se encontra em regido subtelomérica. Esse
resultado acaba ligando os dados obtidos no Capitulo 11 com os dados do Capitulo I11.
A alta taxa de variacdo nucleotidica por codon do gene Dnmt2 em D. willistoni pode ser
explicada por conta da sua posi¢édo subtelomérica. Sabe-se que regides heterocromaticas
(centroméricas e teloméricas) e regifes eucromdticas possuem padrGes evolutivos
diferentes. Os padrbes evolutivos dos telébmeros (e de regibes subteloméricas)
distinguem-se até mesmo entre espécies evolutivamente proximas (Trask et al. 1998). Em
D. melanogaster a regido telomérica é formada por elementos transponiveis Het-A e
TART, porém através de analises por bandamento de cromossomos politénicos, utilizando
diferentes marcadores, demonstrou-se que a regido telomérica de D. willistoni é rica em
dinucleotideos CpG, o que contrasta com os teldomeros de D. melanogaster (Garcia 1997,
dados ndo publicados). Além disso, regides teloméricas possuem baixas taxas de
recombinacdo (Lindsley et al. 1977), mas em contrapartida possuem altas taxas de
mutacdes (Roberts 1979).

Sabemos a partir dos resultados obtidos no Capitulo Il que a Dnmt2 de
drosofilideos é, de modo geral, conservada em seus motivos cataliticos, mas varia na
TRD. Entretanto, analisar a estrutura priméaria de enzimas/proteinas acaba ndo permitindo
que entendamos as interacdes e caracteristicas fisico-quimicas que emergem a partir do
dobramento proteico. Para aprofundarmos o entendimento a respeito das diferencas
existentes entre as Dnmt2 de drosofilideos modelamos computacionalmente 26 estruturas
terciarias (Capitulo 1V). Além disso, encaminhamos uma anélise evolutiva estrutural das
Dnmt2, comparando os conforméros de 26 drosofilideos com as Dnmt2 de Haemophilus
influenzae, Haemophilus haemolyticus, Geobacter sulfurreducens (procariotos),
Entamoeba histolytica (protozoa), Spodoptera frugiperda (Lepdoptera) e de Mus
musculus e Homo sapiens (vertebrados). De fato, constatamos conservacdo no dominio
catalitico das Dnmt2, porém destacadas diferencas na regido TRD entre procariotos e
eucariotos. Essa diferenca implica na preferéncia de substratos, na qual procariotos tem
alta processividade em DNA (O’Gara et al. 1996a), enquanto a Dnmt2 de eucariotos tem
maior afinidade por RNA (Durdevic et al. 2013b).

Outra caracteristica interessante que nossas analises apresentaram Sao as
diferencas nos perfis de distribuicdo de potencial eletrostatico de superficie entre as
Dnmt2 com afinidade por DNA e aquelas com acdo sobre RNA (Capitulo 1V).

Claramente as enzimas com afinidade por DNA possuem uma distribuigdo acentuada de
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cargas positivas na superficie da regido TRD, o0 que ndo ocorre nas Dnmt2 de eucariotos.
Curiosamente, a extensa analise dos potenciais eletrostaticos de superficie mostrou que
grupos relacionados evolutivamente possuem diferencas marcantes na forma como as
cargas estdo distribuidas na superficie de suas moléculas, quando o esperado era que 0s
drosofilideos estivessem agrupados com pequenas diferencas. E aqui destacamos o perfil
de distribuicéo de cargas na TRD de D. willistoni, onde essa possui prevaléncia de cargas
positivas. Tanto que a correlacdo entre as constantes cinéticas preditas Kca/Km de D.
willistoni se aproximam aos valores da Dnmt2 de Haemophilus influenzae, uma DNA
MTase. Esse dado € interessante, pois se D. willistoni possui metilacdo sexo-especifica,
esse fenémeno é de algum modo bem regulado para promover o padréo, logo a Dnmt2
deve trazer consigo algum grau diferenciado de afinidade ao substrato (DNA) que nédo

seja compartilhado com as demais espécies de drosofilideos.

A questdo que fica é: sera que as diferencas de distribui¢do de cargas eletrostaticas
de superficie na TRD das diferentes Dnmt2, associada as diferencas estruturais, de fato

influenciam a afinidade entre o complexo Dnmt2-DNA?

Para responder a essa questdo, elaboramos uma série de simulacdes de dindmica
molecular para avaliar o comportamento de diferentes Dnmt2 (Capitulo V). As anélises
oriundas das dinamicas de Hhal (H. influenzae), Ehmeth (E. histolytica), SfDmnt2 (S.
frugiperda), wilDnmt2 (D. willistoni), melDnmt2 (D. melanogaster) e a MT2 humana
revelaram que realmente aquelas Dnmt2 que apresentam um perfil de cargas eletrostaticas
de superficie positiva mais elevadas na TRD apresentam maior grau de interacdo com o
substrato, no caso, 0 DNA. A wilDnmt2 possui um comportamento de alguma forma
semelhante ao observado em Hhal, com baixa flutuagdo estrutural da molécula DNA,
baixa dindmica e manutencéo de interacdes ligacdes de Hidrogénio mais estaveis ao longo
de simulacdo de dindmica molecular. Em termos gerais, os resultados obtidos no
Capitulo V também trazem informacdes interessantes de como se processam as relacdes
energéticas entre os estados apo (sem substrato ligado a enzima) e holo (substrato e
enzima complexados). O que percebemos € que ha uma rede de compensacéao entalpia-
entropia intrinseca a cada Dnmt2 e que impacta diretamente a energia livre do sistema e

sua variacgao entre os estados apo e holo.

Em sintese, os dados apresentados na presente tese (i) estdo de acordo com o que

diversos autores tém descrito em sistemas epigenéticos de drosofilideos quanto aos niveis
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de expresséo; (ii) entretanto, o subgrupo willistoni de Drosophila aparece como um grupo
de espécies que merece especial atengdo diante das peculiaridades emergentes em niveis
moleculares, epigenéticos e citogenéticos. Assim, ndo é ousado concluir que, apesar de
Drosophila melanogaster ser um objeto de estudo valioso e ser amplamente empregado
na Biologia, em seus mais diversificados campos, que a generalizagdo de eventos
genéticos, moleculares, fisiologicos e ecoldgicos para todos os demais drosofilideos
parece ser forcosa, justamente pelo fato de estarmos lidando com um género (Drosophila)
constituido por uma imensa diversidade de espécies que carregam consigo marcas

caracteristicas de suas peculiares histdrias evolutivas.

Perspectivas

Os trabalhos realizados anteriormente por nosso grupo de pesquisa do Laboratério
de Drosophila da UFRGS abriram vasto campo de investigacdo a ser explorado. Desde a
caracterizacdo do fenbmeno de metilacdo sexo-especifica em D. willistoni (Garcia et al.
2007); passando pelo aprofundamento das buscas por entender a recorréncia de tal
fendmeno em drosofilideos (D’Avila et al. 2010) e, com a presente tese, revelando a
conservacdo, historia evolutiva e forcas que moldaram as Dnmt2 em drosofilideos
(Capitulo I1); analisando o perfil de expressdo de Dnmt2 no ambito espago-temporal e
sua localizagdo cromossémica (Capitulo I11); avaliando as caracteristicas fisico-
quimicas que emergem da estrutura terciaria das Dnmt2 de drosofilideos, revelando suas
peculiaridades (Capitulo 1V); e como essas caracteristicas moleculares atuam nas
interacdes da Dnmt2 com o substrato de DNA (Capitulo V). Entretanto had muito a ser
esclarecido sobre os mecanismos epigenéticos envolvendo a Dnmt2 e a metilacdo de

DNA e RNA, além do peculiar fenbmeno de metilacdo sexo-especifica.

Dessa maneira, listo aqui algumas questdes pertinentes para a ampliagdo do

fendmeno epigenético até aqui abordado e possiveis abordagens:

e Quais sdo 0s genes proximos a Dnmt2 de D. willistoni? Por estar em regido
subtelomérica qual o impacto desses no contexto evolutivo e fisiolégico?
Que forcas evolutivas resguardam tal regido cromossémica de D. willistoni
e que diferencas existem (se existem) em relacdo aos demais

drosofilideos? O trabalho realizado no (Capitulo 1I) em conjunto com 0s
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dados obtidos por Garcia et al. (2015) servem como ponto de partida para
uma andlise citologica por meio de experimentos de genome-walking.
Como estdo distribuidas as citosinas metiladas fisicamente no genoma de
D. willistoni? Para isso, podemos empregar a técnica de FISH em
cromossomos metafésicos, utilizando anticorpos anti-5metilcitosina
(Pendina et al. 2016).

Qual o status do metiloma de D. willistoni? Ele se diferencia em relacéo a
D. melanogaster? Para tais questfes, analises podem ser feitas por
eletroforese capilar (Stach et al. 2003), ou através de espectrometria de
massas (Reichetzeder et al. 2014).

Quais sdo o0s genes ou sequéncias metiladas em D. willistoni? Através de
cromatografia por afinidade poderemos acessar as sequéncias metiladas,
utilizando para isso colunas de ligacdo ao DNA com anticorpos anti-
S5metilcitosinas (Salzberg et al. 2004).

No trabalho realizado por Garcia et al. (2007) diversos fragmentos de
DNA de D. willistoni oriundos da digestdo pela técnica MSRE foram
isolados e sequenciados. O que sdo essas sequéncias? Quais as
caracteristicas dessas sequéncias quanto ao seu contetdo CpG? Existem
genes proximos a esses fragmentos? Para essas questdes uma busca in
silico pode ser conduzida para localizar essas sequéncias junto ao genoma
de D. willistoni e avaliar o que se encontra em regies proximas.

Qual a importancia fisioldgica e ontogenética da Dnmt2 para D. willistoni?
Como o0s mecanismos epigenéticos fazem a ponte entre gendtipo e
fenotipo, entre ambiente e genoma, parece interessante avaliar 0s impactos
ocasionados pelo composto organico sintético Bisfenol A (BPA), que ja se
mostrou um potente disruptor estrogénico, interferindo na rota metabélica
de reciclagem de S-adenosilmetionina (grupo doador de metil
intermediado pela Dnmt2). Para isso, pode se estabelecer protocolo com
diferentes concentragcdes de BPA em meio de cultura onde as linhagens
vivem e avaliar diversos pardmetros em nivel macro: como taxa de
mortalidade, fecundidade, desenvolvimento de fenétipos aberrantes e
modificacdo de comportamento. E também avaliar em nivel molecular os

impactos oriundos da exposi¢do de D. willistoni ao BPA, como: niveis
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expressdo de Dnmt2, niveis de citosinas metiladas e modificagdo nos
padrdes de metilagdo sexo-especifico.
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7

ADMIRAVEL MUNDO NOVO: A EPIGENETICA

Gilberto Cavalheiro Vieira
Introducio

Quando observamos um organismo, como o ser humano,
notamos que ha uma grande diversidade de tecidos, que sao
compostos por outra grande diversidade de tipos celulares. Em um
individuo, as hemacias, os neurénios, as células do figado ou da
pele apresentam formas e funcoes diferenciadas, apesar de
carregarem em seu interior a mesma informacao genética. Entao,
como a partir de uma tnica célula primordial (o zigoto), temos o
desenvolvimento de um organismo portando seus mais de 130
tipos celulares, em que cada tipo possui sua forma e funcio
especifica (Figura 1)?

Figura 1. A partir da
célula primordial, zigoto,
temos o processo  de
desenvolvimento do
organismo, desencadeado
por eventos de
citodiferenciagio e
consequente

morfogénese. Todas as
informacoes estan
contidas no  genoma,
porém a forma como
essas  informacdes sio
utilizadas (quando, como
e quanto) sao controladas
de maneira diferenaal ao
longo da ontogenia do
Organismo.

Salvo raras excecoes onde ocorre edicio do material
geneético, as especialidades dessa variedade de tipos celulares que
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compdoem o corpo humano tém como origem as diferencas
epigenéticas, e nao genética. O termo “epigenética” foi cunhado
por Conrad H. Waddington, em 1942, a partir da palavra grega
epigenesis. Em parceria com Ernst Hadorn, Waddington tinha seus
estudos focados em uma area que combinava a genética e o
desenvolvimento biologico, procurando descrever e entender os
processos genéticos envolvidos no desenvolvimento dos
organismos (Figura 2).

LU0 v U sl V) o AU L

Figura 2. Paisagem de Waddington ou Cenario Epigenético. Essa ilustragio representa os

caminhos (picos e fendas) percorridos ao longo do processo de diferendacao celular
(esfera no topo) até seu destino final de citodiferendacao (esfera abaixo). Modificado de
K. Mitchell.

O interessante é que através de suas observacoes,
Waddington notou que fatores ambientais estressores poderiam
causar a emergencia de fenotipos nao esperados em Drosophila
(Quadro 1), como um processo de assimilacio genética
(Waddington, 1942), e esses novos fenotipos eram transmitidos
para as geracoes seguintes, se fixando, mesmo quando cessavam os
fatores ambientais estressores - fenomeno esse conhecido como
heranca transgeracional, o qual discutiremos mais adiante.
Contudo, apenas no inicio da década de 1990 foi possivel a
elucidacaio dos mecanismos moleculares envolvidos nas
observacoes descritas por Waddington (Figura 3).
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Influencia Ambiental

Paisagem de
Desenvolvimento

Rede Funcional

(RN > Genes

igura 3. Redes de interagbes entre ambiente-genes e genes-genes, formando a paisagem
de desenvolvimento. Modificado de Waddington, 1942.

khkkkkkkkkkhkh

Quadro 1. Moscas-da-fruta (Drosophila), essas pequenas
notaveis das Ciéncias Biologicas

i

Drosophila melanogaster. Créditos: Shutterstock

Na ciéncia, a experimentacdo é um passo importante (para
nao dizer fundamental) quando procuramos estabelecer relacoes e
implicacoes de determinados fenomenos observados. Entretanto,
muitos experimentos na area das Ciéncias Biologicas sao inviaveis
ou muito complicados de serem observados quando tratamos da
questdao de tempo de desenvolvimento do organismo, da taxa de
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reproducao, do tamanho, da necessidade de controlar variaveis
ambientais em que esse organismo estara exposto, etc. Em
pesquisas médicas, ficam mais claros os obstaculos éticos e praticos
em se testar novos farmacos ou terapias usando seres humanos.
Dessa maneira, diversos estudos focam-se no uso de organismos
modelos.

Um dos organismos classicos em estudos nas areas da
genética,  hereditariedade, = desenvolvimento = embrionario,
aprendizado, comportamento e envelhecimento sao as moscas-da-
fruta, Drosophila. Apesar de humanos e drosofilas nao parecerem
tao similares, sabe-se que o0s mecanismos biologicos mais
fundamentais e redes de controle de desenvolvimento e
sobrevivéncia sao conservados ao longo da evolucdo entre essas
duas espécies.

O primeiro registro do uso desses organismos em
laboratorio foi feito por William Castle, em 1901, porém o “pai” das
pesquisas com Drosophila é inquestionavelmente Thomas Hunt
Morgan. Morgan é responsavel por ‘“refinar” a teoria da
hereditariedade proposta pela primeira vez por Gregor Mendel.
Com o uso desses organismos ele foi capaz de definir que os genes
estavam de alguma maneira estabelecidos nos cromossomos - e
isso muito tempo antes de se demonstrar que o material genético é
o DNA.

Nessas cinco décadas, as drosofilas passaram a ser
organismo modelo predominante em pesquisas que visavam o
entendimento de como os genes dirigem os processos de
desenvolvimento embrionario, a partir de uma unica célula até
chegar ao estdgio de um individuo maduro multicelular. Em 1995,
Christiane Niisslein-Volhard, Eric Wieschaus e Ed Lewis
descobriram os genes-mestres responsaveis pelo controle do
desenvolvimento embriondrio. O mais interessante ¢ que esses
genes-mestres, que desempenham importante papel no
desenvolvimento de drosofilas, também sao criticos para o
desenvolvimento de todos os animais, incluindo a espécie humana.

193



Leonardo Augusto Luvison Ardujo (Org.) | 181

O que se descobriu é que, apesar da arquitetura corporal de
humanos e drosofilas diferenciarem-se enormemente, diversos
blocos de construcio e processos de engenharia celular que
controlam o desenvolvimento embrionario siao conservados ao
longo da evolucao e sdo incrivelmente similares em suas
sequéncias de DNA entre espécies evolutivamente distantes.
Contudo, isso sera assunto para um proximo capitulo.

Mas que caracteristicas conferem a esses pequenos insetos
tamanha presenca nos estudos cientificos?

As drosofilas sdo excelentes organismos modelos, pois
possuem um ciclo de vida complexo, mas de curta duracao,
possibilitando a andlise de diversas geracoes em pouco tempo,
visto que em um periodo de 8-14 dias temos novas geragoes
surgindo. Cada fémea pode colocar em média de 40 a 60 ovos por
dia durante sua vida. A manutencao delas é relativamente simples
e barata, se alimentando de frutas fermentadas ou meio de cultura
elaborado com farinha de milho e fermento biologico colocados em
pequenos vidros, podendo ser estocadas em camaras com
temperatura controlada. Além disso, apesar de serem pequenas, a
visualizagao de fendtipos e mutacoes é muito simples, bastando
uma lupa.

Em questao molecular, a similaridade entre os genes de
drosofilas e humanos é alta, pois diversos genes envolvidos em
doencas em humanos estdo presentes no genoma de drosofilas -
aproximadamente 75% desses genes. Outro aspecto de grande
interesse é a simplicidade com que se pode criar animais
transgénicos que expressam certas proteinas, como a proteina
fluorescente verde da agua-viva, por exemplo.

*hkkkkkkkkhkk

Fundamentalmente, o processo epigenético caracteriza-se
por contribuir com diferentes fenotipos celulares alternativos
emergindo em um organismo a partir de seu gendtipo. Esses
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fendtipos alternativos podem ser induzidos por determinados
cenarios ambientais (interno ou externo ao organismo) que, por
sua vez, influenciam diferentes estados epigenéticos, de um ou
mais locus do genoma do organismo. Sabe-se ainda que a heranca
epigenética viabiliza a transmissao de informacoes que nio sio
codificadas pelos genes de uma célula-mae para a célula-filha, ou
de geracio para geracdo. Esse fendmeno ocorre, principalmente,
quando observamos uma célula do figado se dividir e dar origem a
duas outras células idénticas. Isso ocorre porque as marcagoes
epigenéticas sao herdadas de uma geracao de linhagem celular
para a proxima geracao de células.

Os mecanismos envolvidos nos fenomenos epigenéticos
atuam na alteracao da expressao génica, mudando a acessibilidade
a cromatina para a regulacdo transcricional por meio das
modificagoes do DNA, mas sem haver alteracoes na sequéncia das
bases do genoma. Esses processos sdo criticos no desenvolvimento
normal e na especializacio de funcoes das diferentes células, dos
diferentes tecidos de um organismo. Entretanto, as modificacoes
epigenéticas desreguladas podem resultar em efeitos danosos ao
organismo, com a emergéncia de diversas doencas como
transtornos mentais, dependéncia de drogas (Tsankova et al.,
2007; Sweatt et al., 2009; Kumar et al., 2008) e cincer (Feinberg
et al., 1983; Hardy et al., 2011; Park et al., 2011).

De maneira resumida, as regulacoes epigenéticas podem
ser descritas como as interacoes mutuas entre trés eventos: a) a
metilacio de DNA; b) as modificacoes de histonas com a
remodelacdo do nucleossomo (Lo et al., 2008); e c) a acao de RNA
nao codificantes (Dozmorov et al., 2013; Spitale et al., 2011; @rom
and Shiekhattar, 2011) (Figura 4). Nas proximas segoes iremos
abordar cada um desses mecanismos epigenéticos.
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Figura 4. Mecanismos epigenéticos envolvidos no controle de expressio génica.
Modificado de Yan, zo10.

O fenomeno de metilacao

A metilacio do DNA gendémico é um dos principais
mecanismos de regulacao epigenética nos organismos. O
fenomeno de metilacio do DNA consiste no processo de
substituicao de um atomo de hidrogénio (H) por um grupo metil
(CH3), sendo a reacao catalisada por diversos tipos de
metiltransferases (MTases). O controle de expressao génica, de
imprinting genomico, de estabilidade genomica e do silenciamento
de transposons e de retrovirus endogenos, por exemplo, sio
mediados por metilacdo (Bird, 2o002; Yoder et al., 1997) (Figura 5).
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Figura 5. Modificactes de citosinas: A) metilagao de dtosina genomica, modificando o
carbono-5 do anel aromdtico da base nitrogenada pela agio de enzimas DNA-
metiltransferases, transformando citosina em s-metilcitosina (smC); B) controle de
expressao génica por acao de metilagio de citosinas em regioes promotoras de genes,
impedindo que fatores de transcricao e a RNA-polimerase possa ancorar de maneira
adequada ao DNA e, assim, iniciar a transcrigao génica.

Porém, os mecanismos de controle de expressio génica
envolvendo a metilacao ndo atuam somente de maneira direta na
atividade transcricional do gene, podendo atuar por vias indiretas,
impedindo fatores de transcricao de acessarem genes metilados ou
interagindo com fatores trans do processo transcricional, como as
histonas deacetilases e proteinas de ligacao ao DNA metilado
(MDBs) — essas ultimas parecem competir por sitios alvos de
fatores de transcricao (Nan et al., 1998; Fuks et al., 2000).
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Outro aspecto interessante no fenémeno de metilacio é
que o mesmo nao é homogéneo em posicao e funcao ao longo do
genoma. Em mamiferos sao amplamente descritas metilagoes nas
ilhas CpG nos sitios de inicio de transcricaio como sendo um
mecanismo de silenciamento ou diminuicao de expressio génica
(Okano et al., 1999); contudo, em genes que ndo possuem sitios de
inicio de transcricao ricos em CpG pode ocorrer metilacao em
sequéncias nao CpG (Farthing et al., 2008; Han et al., 2011). As
ilhas CpG sdo regides do genoma compostas por citosinas e
guaninas em sequéncia como, por exemplo, na sequéncia: 5'-
ATTCGCGCGCGCGCGCGCGCATC-3'.

Além disso, a localizacdo das citosinas metiladas ao longo
das diversas regioes que compoem um gene pode resultar em
diferentes fenoémenos, nao estando somente envolvidas no
processo de silenciamento génico. Regides a jusante do sitio
promotor geralmente possuem deplecao em dinucleotideos CpG e
possuem metilacao em elementos repetitivos e no corpo do gene
(Weber et al., 2005). O que se observa é que o processo de
alongamento transcricional nao ¢é impedido pelas citosinas
metiladas ao longo do gene, ao contrdario do que ocorre no
processo de inicio de transcricio, além delas poderem estar
envolvidas no controle de splicing (Sharma et al., 2011; Laurent et
al., 2010). Dessa forma, os estudos de epigenomica (mais
especificamente o metiloma), favorecidos pelo crescente acumulo
de informagoes advindas dos mais diversos organismos que
possuem seus genomas sequenciados, demonstram que os padroes
de metilacdao se estendem para além das regides promotoras dos
genes, sendo mais heterogéneas em sua distribuicio do que se
supunha anteriormente.

Desvendando a linguagem das histonas

A cromatina é o estado em que o DNA esta empacotado
dentro da célula, onde o nucleossomo é a unidade fundamental,
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sendo composto por um octamero de quatro histonas centrais (H3,
H4, H2A e H2B) envolvidas por aproximadamente 147 pares de
bases do DNA (Figura 6). Estruturalmente, as histonas possuem
forma globular com caudas nas porcoes N-terminais. Sao nessas
caudas que residem a chave do entendimento da linguagem das
histonas. Existem ao menos oito diferentes modificagoes na cauda
das histonas até entao descritas (Tabela 1). A lista de modificagoes
que as histonas podem receber continua em crescimento.

Tabela 1. Diferentes classes de modificacoes identificados nas histonas

Maodificagbes da Residuos

cromatina madificados Fungdo regulatoria
Transcricao, reparo, replicacao,

Acetilagiao K-ac condensacgao

K-me:1 K-mez K-
Metilagio (lisinas) me3 Transcrigao, reparo

R-mer R-mez R-
Metilagao (argininas) me3 Transcricao
Fosforilacao S-ph T-ph Transcrigao, reparo, condensagao
Ubiquitilagao K-ub Transcrigao, reparo
Sumoilagio K-su Transcricao
ADP ribosilacao E-ar Transcricao
Deiminacao R > Cit Transcricao
Isomerizacao de prolina  P-cis > P-trans Transcricao

As histonas podem ser modificadas em diversos sitios ao
longo de suas caudas. Existem mais de 60 diferentes residuos nas
histonas onde ocorrem essas modificagoes (Figura 6). Entretanto,
tudo indica que esses dados estao subestimados. Para termos uma
ideia da complexidade dessas modificacoes, a metilacdo de lisinas
ou argininas pode ser feita de trés diferentes formas: (mono-), (di-
) ou trimetiladas para lisinas e (mono-) ou (di-) para argininas.
Esse arranjo vasto de combinagdes permite um enorme potencial
para respostas funcionais, além disso, cabe lembrar que nem todas
essas modificacoes irdo ocorrer na mesma histona ao mesmo
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tempo. O momento que essas marcacoes ocorrem dependera dos
sinais e condicoes dentro da célula.

.....................

Cauda da Histona

cemmcanen--

Secccsccccccn -

Modificacbes

Nucleossomo pos-traducionais
nas histonas

Figura 6. Octamero de Histonas. Modificado de Carey e Workman, 2007.

As duas modificagdes mais bem descritas sdo a acetilacdo e
a metilacio de histonas. A acetilacao de histonas é catalisada pela
enzima histona acetiltransferase (HAT, em inglés) e essa marcacao
pode ser removida pela histona deacetilases (HDAC). A acetilacdo
de histonas esta associada com o aumento da atividade génica,
aumentando a acessibilidade dos fatores transcricionais ao DNA. A
acetilacao neutraliza a caracteristica basica da lisina, diminuindo a
interacdo entre histona-DNA. Quando da modificacio promovida
pelas histonas deacetilases, a cromatina adquire uma nova
estrutura  conformacional que desfavorece a iniciacao
transcricional. Ja a metilacio de lisinas ¢é catalisada pela
metiltransferase de lisinas de histonas (HKMT) e a remocao dessa
marcacao é realizada pelas histonas demetilases. A trimetilacao da
lisina 4 da histona 3 (H3me3K4) esta associada com a regido
promotora de genes ativos e a monometilacio com regioes
potenciadoras (enhancers) dos genes. A metilacio de histonas pode
estar envolvida com a supressdo de sinais de expressio génica
como, por exemplo, H3me2Kg e H3meK27. Nesse contexto, os
grupos metila interagem com as histonas formando nucleossomos
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que dificultam o acesso dos fatores transcricionais a determinadas
regioes do DNA. A fosforilacdo é outra modificacdo que acarreta
importantes modificacoes na compactacio da cromatina via
modificagoes de cargas. Entretanto, a funcio dessa modificacdo
ainda nao esta bem descrita (Figura 7).

Mecanisimas ligados 3 ativacdo transaridonal
Acettlagdo (HATs)
Metilagdo de lisinas (43K4, HIKS, H3K79)
Demetilac3o de lsinas (HIK, H3K2T, HAK20)
Ubiquinagdo

Deacetlases (HDACs)
Metitag3o de ksinas (H3K9, #3427, HAK20}
Oemetiagio de lisinas (H3K4, H3K6, HIKT9)
Deubiguinacio
Mecanismos ligados 3 repressido transcricional
Figura 7. Principais modificacbes de histonas envolvidos na ativagio ou repressio
transcricional. Modificado de Carey e Workman, 2007.

As modificacoes podem afetar a organizacio global da
cromatina, afetando o contato entre diferentes histonas adjacentes
no nucleossomo ou a interacao das histonas com o DNA. De
maneira simples, podemos dizer que as funcoes das modificacoes
nas histonas podem ser divididas em duas categorias: a)
estabelecimento do ambiente global da cromatina; e b)
orquestracao das demandas biologicas baseadas nas informacoes
contidas no DNA. Para estabelecer o ambiente global da cromatina,
as modificagbes atuam no particionamento do genoma em
dominios distintos, como a eucromatina e heterocromatina. Na
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eucromatina, o DNA se mantém acessivel aos fatores de
transcricdo, enquanto na heterocromatina o DNA se torna
inacessivel aos mecanismos de transcrigao. Para facilitar as funcoes
baseadas nas informacoes contidas no DNA, as modificacoes de
histonas orquestram a cromatina de tal maneira a ajudar a
executar uma determinada funcdo. Pode ser uma funcao bem
localizada, como a transcricao de um gene ou o reparo de DNA, ou
algo mais amplo em questao gendomica, como a replicacdo do DNA
ou a condensacio do cromossomo. Todas essas atividades
biologicas requerem recrutamento ordenado do maquinario para
deixar o DNA acessivel, manipular e entao novamente empacotar
de maneira correta a cromatina em seu estado anterior.

No que diz respeito ao entendimento de todos esses
mecanismos envolvidos nas modificacoes de histonas e suas
funcionalidades, pode se afirmar que ainda ha muito que ser
desvendado e analisado. Cada uma das etapas das modificagoes é
precedida de uma série de eventos de sinalizaciao. Essa intensa
troca de informacoes dentro e fora do nicleo e da célula tem que
ser traduzida de alguma forma para que o maquinario nuclear
possibilite a ativacdo ou desativacdo de determinados genes de
maneira finamente coordenada.

Mecanismos baseados em RNA — Modulacio da expressao
génica mediada por RNA nao codificante (ncRNA)

Silenciamento génico pos-transcricional mediado por RNA
(ou TGS, em inglés) foi descrito pela primeira vez em 1989, em
estudos com a planta do tabaco (Matzke et al, 1989).
Posteriormente, estudos demonstraram que pequenas moléculas
de RNA néo codificante (small nuclear RNA — snRNA) podem ser
direcionadas as regioes de sitios promotores de genes-alvos
promovendo a modulacio do estado de silenciamento génico e
inducdo de modificacdo da cromatina (Kim et al., 2006) (Figura 8).
Além de estar envolvido no processo de silenciamento génico,
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existem evidéncias sugerindo o envolvimento das snRNA em
aspectos ligados a regulacdo transcricional. Essas moléculas
poderiam, assim, ativar determinados genes quando ligadas aos
sitios promotores com baixo contetdo GC (Janowski et al., 2007).

)

UZ snRNA

U1 snRNA ‘ >
a3
( : : ) gACUA UCUAAGCA-cap 3°
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Figura 8. Interages entre pré-RNA mensageiro (pré-RNAm) e os RNA nao codificantes
Uz e Uz envolvidos no processo de splicing do RNAm. De acordo com as interagbes entre
o complexo de splicing e o pré-RNAm alvo, podera haver a geracao de transcritos
truncados, que nao serao traduzidos, promovendo, assim, o controle de expressao génica
pos-transcricional.

Outro tipo de snRNA descrito e que carrega importante
funcdo nos mecanismos de controle de expressio génica pos-
transcricional sao os microRNAs. Os microRNAs atuam
influenciando a estabilidade, compartimentalizacao e traducao dos
RNAs mensageiros (mRNAs). Dessa maneira, a expressio de
diversos genes é regulada de acordo com o estabelecimento de
diversos processos biologicos-chave, como a proliferacao,
morfogénese, apoptose e diferenciacao (Carthew et al., 2006).

Os RNA transportadores (tRNAs) sio melhor conhecidos
por sua funcao de adaptadores durante o processo de traducao do
codigo genético, porém em procariotos e eucariotos também estdo
envolvidos na regulacao de expressao génica (Figura g). Essas
moléculas de tRNA também possuem implicacio como substrato
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na formacao de ligacio peptidica nao ribossomal, marcacio pos-
traducional de proteinas, modificacio de fosfolipidios em
membranas celulares e na sintese de antibidticos. Mais
recentemente, os fragmentos de tRNA, ou tRFs, também foram
reconhecidos por possuirem funcoes regulatorias. Inicialmente,
esses produtos de clivagem foram considerados como resultado de
degradacdo aleatoria, no entanto, varios estudos revelaram a sua
producdao como resultado de clivagens especificas e possivelmente
regulada em resposta a eventos estressores, como fome ou invasio

viral (Raina & Ibba, 2014).
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Figura 9. Processos envolvidos na formacio dos fragmentos de tRNA (tRFs). Os
precursores sao processados pelas enzimas RNaseZ e RNaseP, por uma endonuclease de
splicing e pela adigao da terminagao CCA, formando, assim, o tRNA maduro no nicleo.
Tanto o processamento do pre-tRNA como o tRNA maduro podem dar origem aos
pequenos fragmentos de RNA. As provaveis rotas sao apresentadas na figura. As linhas
pontilhadas e os pontos de interrogagao indicam que os mecanismos de formacio ou
transporte desses tRFs sao desconhecidos ainda. Modificado de Raina & Ibba, zo14.

Em estudos recentes, foi demonstrado que os fragmentos
de tRNA sensibilizam as células para a ativacao induzida por
estresse oxidativo da via supressora de tumor p53 (Hanada et al.,
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2013). Isso sugere que a clivagem de tRNAs ativa a apoptose via
ativacio do gene ps53 e, portanto, atua como mecanismo de
protecao contra cancer, enquanto a nao clivagem do tRNA o induz
a se ligar ao citocromo-c, evitando a apoptose e auxiliando, assim,
o desenvolvimento do cancer. Claramente, ainda ha muito a ser
descoberto sobre os vérios papéis reguladores do tRNA (Figura 10).

Regulagio de Adigio de
Expressio Génica Aminodcidos
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Figura 10. As varias fungoes desempenhadas pelos tRNAS (carregados ou nao com
aminoacidos). Modificado de Raina & Ibba, zo14.

O pecado de nossos pais: a heranca transgeracional

Quando Lamarck, sendo o bom cientista que era, postulou
sua hipotese sobre a transformacdo das espécies, ele tomou o
cuidado de levantar o0 maximo possivel de dados que dessem
suporte a sua hipotese. Um dos exemplos mais famosos foi o
recordado por Lamarck a respeito dos filhos de ferreiros (um labor
que exigia demais do fisico) que tendiam a ter bracos mais
musculosos do que os filhos de teceloes (um trabalho que exigia
bem menos do fisico). Lamarck interpretou essa observaciao como
se os filhos de ferreiros herdassem as caracteristicas adquiridas
pelos pais - no caso, o de ter bracos musculosos.
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E claro que nossa interpretacao contemporanea a respeito
desses fatos é diferente. Reconhecemos que um homem que possui
genes que lhe confiram a habilidade de desenvolver mais massa
muscular poderia ter algum tipo de vantagem em uma profissao
como a de ferreiro. Assim, essa profissio atrairia e destacaria
aqueles que estivessem geneticamente melhor amparados para o
exercicio do labor. Dessa maneira, nossa interpretacao assumiria
que os filhos desses ferreiros herdariam a sua tendéncia genética a
ter uma maior massa muscular.

Seria um erro olharmos para tras e pintarmos Lamarck
como um bobo, ou alguém digno de chacotas. Infelizmente, o que
observamos na maioria das vezes em sala de aula é a
caracterizacao do trabalho de Lamarck como digno de piadas
frente ao trabalho desenvolvido por Darwin. E claro, também, que
as hipoteses lamarckianas ndo sio mais aceitas cientificamente,
mas hd de se ressaltar que Lamarck foi o primeiro a querer
responder de maneira genuina os mecanismos envolvidos na
transformacao das espécies. O modelo explicativo para a evoluciao
das espécies proposto por Darwin, via selecio natural, é um dos
conceitos mais poderosos ja descritos no campo das ciéncias
biologicas. O poder de seu modelo tedrico se torna maior quando,
em torno de 1930, ocorre o casamento entre a sua teoria de
evolucao por selecaio natural e os trabalhos de Mendel
(redescobertos em 1900), conferindo um poder explicativo impar
sobre hereditariedade e o nosso entendimento molecular sobre o
DNA como matéria-prima da hereditariedade.

Se pudéssemos resumir o ultimo século e meio a respeito
da teoria evolutiva em um paragrafo, dirlamos que: A variacdo ao
acaso em genes cria a variacao fenotipica nos individuos. Alguns
individuos sobrevivem diferencialmente em relacao aos demais,
em um dado ambiente, e esses individuos deixardo para seus
herdeiros suas aptidoes genéticas. Essa linhagem, assim, tera um
maior sucesso reprodutivo. Eventualmente, com o passar de
diversas geracoes, espécies distintas irao evoluir.
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A matéria-prima para a variagao ao acaso € a mutacao nas
sequéncias do DNA dos individuos de uma populacio. E nesse
ponto que o modelo lamarckiano de caracteristicas adquiridas
realmente sucumbe frente ao modelo darwiniano de evolucao.
Uma mudanca adquirida no fenétipo deveria de alguma forma ser
refletida sobre as sequéncias do DNA, mudando-o dramaticamente.
Dessa maneira, a caracteristica adquirida poderia ser transmitida
para a proxima geracao, dos pais para os filhos. Entretanto, ha
pouquissimas evidéncias de que esse fenémeno possa realmente
vir a ocorrer, exceto em casos de respostas a elementos quimicos
ou irradiacio que possam danificar o DNA (mutagénicos),
causando uma mudanca na sequéncia original dos nucleotideos.

August Weismann, em 1893, formulou sua hipotese sobre
hereditariedade, denominada “germoplasma”. A partir dessa
hipotese, o autor ficou conhecido como responsavel por derrubar
de vez o modelo lamarckiano, afirmando que somente os gametas
sio as células responsaveis pela transmissio de informacoes
genéticas para a geracao seguinte, em que as células somaticas nao
assumem qualquer funcio hereditiaria. Assim, a Barreira de
Weismann estabelece a premissa de que informacoes hereditéarias
nao podem passar do soma para a linhagem germinativa. O que
temos € um amplo corpo de dados e evidéncias que se colocam
contra a heranca lamarckiana e, dessa forma, ha poucas razoes
para que os cientistas trabalhem dentro dessa linha de
pensamento.

Realmente ¢ dificil imaginar como diferentes fatores
ambientais seriam capazes de influenciar as células de um
individuo, podendo agir em um gene especifico, fazendo com que
este mude a sua sequéncia de pares de base. Porém, é
extremamente obvio que modificacoes epigenéticas — metilagao de
DNA, modificacoes de histonas, RNAs nao codificantes - possam,
de fato, ocorrer em genes especificos como resposta a influéncias
ambientais em uma célula, ou conjunto de células. Mas aqui
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novamente encontramos uma dificuldade de estabelecer uma
ligacao de modificacoes entre geragoes.

E sabido que as marcacoes epigenéticas adquiridas no
desenvolvimento e também ao longo da vida sdo “resetadas” em
dois momentos — algo analogo ao ato de formatar um disco-rigido
de computador, preparando para receber um novo sistema
operacional -, o que seria o programa de desenvolvimento do novo
organismo. O primeiro momento de “formatacio” ou
reprogramacao ocorre durante a fase de proliferacao e migracao da
linhagem de células germinativas nos orgaos reprodutivos dos
progenitores. Em seguida, ao longo da espermatogénese e da
oogénese o genoma recebe marcacoes epigenéticas especificas
(espermatozoides recebem uma assinatura epigenética diferente
dos odcitos). O segundo momento de reprogramacao ocorrera apos
a fecundacdo. Assim que ocorre a cariogamia (fusio dos pro-
nicleos espermaticos e do oo6cito), as assinaturas epigenéticas
depositadas no genoma do espermatozoide e do odcito sao
novamente apagadas para que sejam estabelecidas novas
marcacoes pertencentes ao programa de desenvolvimento do
zigoto (Figura 11).
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Figura 11. Reprogramacao epigenética. Os estadios mais vulneraveis em que é mais
provavel que uma epimutacdo constitucional primaria seja estabelecida, devido as
perturbagdes ambientais ou celulares, sio mostradas pelas dreas marcadas em laranja. O
estagio em que € maior a chance de ocorrer o apagamento de uma epimutagio parental
existente, reduzindo a probabilidade de heranca epigenética transgeracional, esta
representado pela seta preta curva. Modificado de Hitchins, 2015.

Entretanto, o que vem se observando é que esse
mecanismo de reformatacao das marcacoes epigenéticas nao sao a
prova de erros. Simplificadamente, o que se observa é que ha trés
momentos-chave onde modificacoes nos padroes de metilacio
podem ocorrer: a) durante a gametogénese, onde fatores
ambientais podem alterar os padroes de metilacio dos gametas
(epimutacao); b) na fase de proliferacao celular apés a fecundacao,
quando ha a demetilagio, ou seja, retirada das marcas epigenéticas
oriundas dos pro-niucleos maternos e paternos, nesse caso, as
marcacoes epigenéticas podem persistir e, assim, modificar os
padroes posteriores de desenvolvimento; e ¢) no momento de
implantacdao do embrido, que ¢ quando ocorre o processo de
metilacio de novo, necessirio para o desenvolvimento
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embrionario, dando identidade as células, promovendo, dessa
forma, a citodiferenciacao e a morfogénese (Figura 11).

Mas de que maneira fatores ambientais poderiam modificar
as marcagoes epigenéticas? Podemos usar como exemplo a resposta a
uma determinada rota de sinalizacao hormonal. Tipicamente, um
horménio como o estrogénio ira se ligar a um receptor na membrana
plasmatica da célula, como da glandula mamaria. O estrogénio e o seu
receptor sao direcionados ao ntcleo da célula, onde irao se ligar a
regioes especificas no DNA, o sitio promotor de determinados genes.
Esse evento ajuda o processo de ativacio dos genes. Quando o
estrogénio se liga ao sitio promotor, ele atrai varias enzimas do
maquinario epigenético. Essas enzimas, por sua vez, irao implementar
modificacbes nas histonas (como vimos anteriormente), removendo
marcagoes que promoviam a repressio da expressao génica e
colocando marcas que irao manter a expressao ativa do gene. Assim, o
ambiente agindo via hormonal podera induzir marcacoes epigenéticas
diferenciais em genes especificos.

Nota-se que as modificacbes epigenéticas nao alteram a
sequéncia do DNA, mas alteram como os genes sio expressos. Esse
processo, de modo geral, ¢ a base da programacao genética do
desenvolvimento de um organismo, podendo desencadear uma série
de doencas quando desregulado. Sabe-se, ainda, que as modificagoes
epigenéticas sdo transmitidas de células-mae para células-filhas. E por
isso que nao nascem dentes no globo ocular, por exemplo, pois os
padroes epigenéticos sao mantidos, conferindo identidade celular e,
por conseguinte, tecidual a esses Orgdos. Se eventos estressores
modificarem os padroes de assinaturas epigenéticas em células
gameéticas, teremos um mecanismo no qual modificagoes epigenéticas
induzidas pelo ambiente poderao ser transmitidas para as proximas
geragoes. Teremos assim uma espécie de mecanismo similar a
heranca lamarckiana. Ou seja, uma modificacio epigenética (ao
contrario de genética) poderia ser passada dos pais para os filhos.

Antes de continuarmos, é interessante deixarmos claro
algumas terminologias, visto que na literatura cientifica podemos
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encontrar algumas confusoes referentes aos termos empregados.
Artigos cientificos mais antigos referiam-se a transmissao epigenética
de algum traco adquirido, mas sem descrever qualquer evidéncia de
mudancas na metilacio de DNA genomico ou alteracoes nas histonas.
Entretanto, isso nao demonstrava negligéncia por parte dos autores,
mas era reflexo das diferentes formas com que a palavra “epigenética”
era empregada. Por muito tempo, o termo “transmissido epigenética”
referia-se a heranca de alguma caracteristica que nao pudesse ser
explicada pela genética. Nesse caso, a palavra epigenética foi utilizada
para descrever um fenomeno, e nio um mecanismo molecular. Na
tentativa de manter a terminologia mais clara possivel, utilizaremos o
termo “heranca transgeracional” para descrever o fenomeno de
transmissao de uma caracteristica adquirida e somente utilizaremos
“epigenética” para descrever os eventos moleculares envolvidos.

Terminologia esclarecida, passaremos a analisar se existe
alguma evidéncia de heranca transgeracional. Sim, ha fortes
evidéncias que ocorre heranca transgeracional em humanos. Uma das
mais fortes evidéncias vem dos sobreviventes do periodo conhecido
como “Fome do Inverno Holandés”. Gracas a excelente infraestrutura
meédica holandesa, os altos padroes de dados coletados e preservados,
foi possivel aos epidemiologistas seguirem e tracarem os
sobreviventes de um periodo de fome que perdurou por muitos anos
na Holanda no periodo da Il Grande Guerra. Resumidamente, os
epidemiologistas puderam monitorar nio somente aquela geracao
que viveu nesse periodo, mas também os filhos e netos.

Esse monitoramento trouxe a tona um extraordinario efeito.
Quando uma mulher gravida passa por ma-nutricao durante os trés
primeiros meses de gestacdo, seus filhos irdo nascer com peso dentro
da média (peso normal), mas quando adultos terao maiores chances
de desenvolverem obesidade e outras desordens fisiologicas, como
diabetes e problemas cardiacos. Estranhamente, quando uma mulher
dessa linhagem de criancas se tornam maes, seus primogeénitos
tendem a ser mais pesados do que aqueles de grupos controles (mais
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pesados e maiores que a média) (Lumey et al., 2007; Lumey et al.,
2008) (Figura 12).
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Figura 12. Efeitos da ma nutricdo através de duas geragoes de filhas e netas de uma mulher
que engravidou durante a “Fome do Inverno Holandés". O periodo em que ocorre a ma
nutricao é critico para os efeitos subsequentes no peso corporal. Os nomes sao meramente
ilustrativos. Modificado de Carey, 2012

Os efeitos no peso no nascimento do bebé Camilla sdo
realmente surpreendentes. Quando Camilla estava se desenvolvendo,
sua mae Basje presumivelmente era saudavel. O unico periodo pela
qual Basje passou por ma nutricao foi quando ela estava em seus
primeiros estagios de desenvolvimento no ttero materno (Adalind). O
que parece ¢ que houve algum efeito sobre sua filha (Camilla), mesmo
que Camilla nunca tenha sido exposta a algum periodo de ma
nutricao durante os estagios iniciais de desenvolvimento.

Estariamos observando alguma forma de heranca
transgeracional (lamarckiana), mas sendo causada por mecanismos
epigenéticos? Sera que as mudancas nos padroes de metilagio, ou
modificacbes nas histonas, que ocorreram em Basje como resultado
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da ma nutricdo no periodo inicial de suas 12 primeiras semanas de
desenvolvimento no tutero de sua mae (Adalind) passaram via nicleo
de seus odcitos para sua filha (Camilla)? Talvez, mas também nao
podemos excluir outras explicagoes potenciais para essas observagoes.

Poderia, por exemplo, algum efeito nao identificado nos
estagios iniciais de ma nutricao de quando Adalind estava gravida de
Basje ter feito com que Basje passasse mais nutrientes do que o
normal através da placenta para sua filha em desenvolvimento,
Camilla. Isso poderia ter criado um efeito transgeracional, mas nao
seria um efeito causado pela Basje passando alguma modificacao
epigenética para Camilla. Ou seja, seria uma mudanca causada pelas
condicoes da vida intrauterina quando Camilla estava em
desenvolvimento e crescendo. Também devemos lembrar que o odcito
é muito grande, carregando em seu citoplasma uma série de fungoes
para quando o odcito é fertilizado. Talvez algo tenha sido modificado
durante os estagios iniciais de desenvolvimento em Basje, que tenha
resultado em conteido citoplasmatico nao usual em seus odcitos,
fazendo com que Camilla tivesse um padrao de crescimento nao
usual. Cabe ressaltar que a producao dos gametas femininos se inicia
logo cedo no desenvolvimento embrionario.

Assim, percebemos que existem varios mecanismos que
poderiam ser utilizados para explicar os padroes de heranca
observados na linha materna nos sobreviventes da “Fome do Inverno
Holandés”. Facilitaria o entendimento de como a epigenética atuaria
na heranca adquirida se pudéssemos estudar uma situacao humana
menos complicada. O ideal seria a observacao em um cenario onde
nao tivéssemos a preocupacao sobre os efeitos do ambiente
intrauterino ou influéncia do contetdo citoplasmatico do odcito. Ou
seja, seria interessante ouvirmos os pais, pois homens nao
engravidam e os espermatozoides colaboram quase nada em questao
de contetdo citoplasmatico.

Outro estudo historico lanca luz no caso de heranca
transgeracional por via paterna (Kaati et al., 2002). Em uma regiao
isolada do norte da Suécia, chamada Overkalix, entre o final do século
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XIX e inicio do século XX, houve um periodo de forte estiagem
causada por diversos fatores (problemas na colheita, acoes militares,
problemas com o armazenamento adequado dos alimentos),
entremeada com um periodo de grande fartura. Os pesquisadores
estudaram os padroes de mortalidade para os descendentes de
pessoas que viverem durante esses periodos, em particular,
analisaram a quantidade de calorias ingeridas durante o estagio da
infancia conhecido como Periodo de Crescimento Lento (PCL). Em
um cenario onde todos os fatores se mantenham iguais e estaveis, o
crescimento infantil é mais devagar nesse periodo da vida, que
antecede a puberdade. E algo completamente normal, sendo
registrado na maioria da populacio humana.

Ao analisarem os dados, os pesquisadores verificaram que se
a demanda de comida era escassa durante a fase em que os pais
estavam na PCL, seus filhos tinham menos risco de morreram por
causa de doencas cardiovasculares (derrame, pressao alta, doencas
coronarianas). Se, por outro lado, um homem tivesse acesso a comida
em excesso durante a PCL, seus netos tiveram aumentado os riscos de
morte em decorréncia de problemas ocasionados pela diabetes. Assim
como o caso da Camilla na “Fome do Inverno Holandés”, os filho e
netos tiveram seus fenotipos alterados em resposta as mudancas
ambientais, as quais eles nao vivenciaram.

Esses dados, claramente, nao podem ser em decorréncia da
vida intrauterina, nem efeitos citoplasmaticos, pelas razoes
anteriormente e obviamente descritas. Dessa maneira, parece que a
hipotese de heranca transgeracional seja mais plausivel, em
decorréncia da disponibilidade de comida na geracao dos avos, sendo
mediado via epigenética. Esses dados sio mais impressionantes
quando consideramos o fato de que o efeito nutricional original
ocorreu quando os garotos estavam na pré-puberdade e, assim, nao
comecaram a producao de gametas. Mesmo assim, esse fato foi capaz
de ser passado para os seus filhos e netos.

Entretanto, existem diversas ressalvas que devem ser levadas
em consideracio nesse trabalho sobre heranca transgeracional
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atravées da linhagem parental. Em particular, existem riscos
envolvendo os registros de obitos antigos, extrapolando os dados
histéricos. Além disso, alguns efeitos que foram observados ndo eram
demasiadamente amplos, em questdo de frequéncia. Eis um problema
de estudos envolvendo humanos, pois frequentemente lidamos com
problemas de tamanho amostral, variacio genética e impossibilidade
de controlar os fatores ambientais. Assim, sempre havera o risco de se
estabelecer conclusoes equivocadas dos dados obtidos, da mesma
forma como acreditamos que Lamarck fez com seus estudos
envolvendo as familias de ferreiros.

Diante dessa problematica e, principalmente, com o intuito de
averiguar se a heranca transgeracional é realmente um processo
existente, os cientistas voltaram seus olhos para organismos modelos,
como camundongos e até mesmo drosofilas (moscas-da-fruta). Um
dos estudos classicos que teve como objetivo compreender os
mecanismos epigenéticos envolvidos na heranca transgeracional foi o
trabalho elaborado por Dolinoy e colaboradores em 2006. Nesse
estudo, Dolinoy e colaboradores avaliaram a acao de genisteina em
camundongos com pelagem agouti amarela. A genisteina é um
fitoestrogeno presente na soja, que diminui a fertilidade feminina,
atua na quimiopreven¢iao de cancer e na diminuicao da deposicao
adiposa. O que foi observado é que a suplementacio materna de
genisteina durante a gestacao, em niveis comparaveis aos seres
humanos, que possuem dietas com consumo elevado de soja, alterou
a cor da pelagem de animais agouti heterozigotos (A™ / a) para
pseudoagouti. Outros dois estudos também foram realizados com essa
mesma linhagem de camundongos: Morgan (1999) e Blewitt (2006)
com Bisfenol-A (BPA) e acido folico.

O BPA é utilizado na producao do policarbonato de bisfenol A,
policarbonato mais comum presente em materiais plasticos e
reconhecidamente um disruptor estrogénico. O acido félico, ou folato,
é fonte de grupamento metil, matéria-prima no processo de producao
de S-Adenosilmetionina (SAM), cofator presente nas enzimas DNA
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metiltransferases, que ira atuar como doador do grupamento metil a
citosina alvo (Figura 13).
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Figura 13. Diagrama de varias rotas que teoricamente aumentam a disponibilidade de
grupos metil em sistemas biologicos. Alguns destes sio usados como suplementos
alimentares. Por exemplo, betaina é uma fonte de grupos metil e, teoricamente, esta
disponivel para metionina. A creatina pode ajudar a reduzir a deplecao de SAM, uma vez
que a sintese de novo de creatina consome SAM. O acido folico pode ser tomado por via
oral e, claro, a vitamina Biz pode ser tomada por via oral ou por injegao.

O que Morgan e Blewitt observaram foram mudancas
semelhantes as observadas por Dolinoy na pelagem de
camundongos quando esses eram expostos ao BPA, ou
suplementacao de folato em sua alimentacao durante o periodo de
gestacao, sendo que essas mudancas persistiram ao longo de
diversas geracoes, mesmo quando cessado o contato com o BPA ou
acido folico (Figura 14).
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Ninhada Geneticamente idéntica
- Mie alimentada Mae alimentada
com bisfenal-A com folato
y
Mudanca da Mudanga da
F1 coloragdo coloragdo
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r
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F2  coloragio coloragio
persiste persiste

Amarelo  Ligeiramente  Manchade  Muito Psoudo-
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0% 100%

Metilagio do DNA no locus agouti nos descandentes

Figura 14. As alteracies de metilagio do DNA no locus Agouti amarelo (A7) sao
fenotipicamente detectaveis e influenciadas pelo meio ambiente. A cor da pelagem varia
nesses camundongos em um espectro de amarelo para agouti. As diferencas na cor da
pelagem se devem a uma alteracdo na metilacdo do DNA no locus de Agouti. Os
camundongos que possuem loci Agouti com baixo nivel de metilagao (por exemplo, 0%)
sao amarelos, enquanto que aqueles que possuem alto nivel de metilacao do DNA (por
exemplo, 100%) aparecem com pelagem agouti (marrom). O tratamento com BPA ou
acido folico pode mudar a distribuicao da cor da pelagem para amarelo ou pseudoagouti,
respectivamente. Essa mudanca de cor da pelagem persiste nas geragoes subsequentes
indicando que a mudanca epigenética que ocorre no locus agouti é hereditdria,

Molecularmente falando, o que ocorre é que no locus
Agouti esta presente um retrotransposon proximo ao sitio
promotor do gene responsavel pela coloracio agouti amarelo
(retrotransposon é um tipo de elemento movel autonomo de DNA,
capaz de se mobilizar e se inserir em novos locais do genoma do
hospedeiro). Nos camundongos que possuem baixos niveis de
metilacdo do retrotransposon, o gene € continuamente expresso,
fazendo com que tenham pelagem mais clara. Entretanto, quando
ha alteracbes no metabolismo envolvido com os mecanismos
epigenéticos, temos maiores niveis de metilacato no
retrotransposons, que consequentemente diminui os niveis de
expressao do gene agouti, fazendo com que a pelagem fique escura,
no caso da suplementacio com folato (quando normalmente seria
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amarelo claro). Ja quando temos camundongos com pelagem
escura, e estes sao submetidos a uma dieta com a presenca de BPA,
a coloracao se torna amarela, quando deveria ser mais escura, pois
o BPA desregula o metabolismo de SAM, diminuindo a
disponibilidade de doadores de grupamento metil e,
consequentemente, diminuindo os niveis de metilacio na regido
onde esta presente o retrotransposons (Figura 15).

R
v = TR TRE

— _ Gene
. ~ SRS
'

Retrotransposon inserido

)_ A" ndo-metilado

acaba expressando RNA, Pelagem
© gene agouti se mantam ligado permanentements Amarela
— A" metilado
Retrotransposon inserido Pelagem
¢ metilado, ndo expressando RNA Escura

e o gene agouti & ativado intermitentemente

Figura 15. Variagoes nos padroes de metilagio de DNA (representado pelos circulos
pretos) influenciam a expressao de um retrotransposons inserido junto ao sitio promotor
do gene agouti. A variagao na expressao do retrotransposon afeta a expressao do gene
agouti, em contrapartida, fazendo com que a coloragio da pelagem varie entre animais
geneticamente idénticos.

Atualmente, diversos estudos apresentam de forma robusta
os mecanismos envolvidos nos fenomenos de heranca
transgeracional. Além das modificacoes dos padroes de metilacao
de DNA ou modificagoes de histonas, um novo candidato a
intermediar essas relagoes inter e transgeracionais sao os RNA nio
codificantes ~ (apresentados  anteriormente). A  heranca
transgeracional ¢ mais frequentemente transmitida através da
linhagem germinal em consequéncia de eventos primarios que
ocorrem em células somaticas, o que implica a transmissido de
informacées do soma para linhagem germinal. O interessante é
que até pouco tempo nenhum exemplo de transmissiao de
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informacoes mediada por DNA ou RNA da linhagem celular
somatica para as células germinativas foi relatado. Porém, esse
panorama passou a mudar recentemente. Em trabalho realizado
por Cossetti e colaboradores (2014), a equipe gerou um
camundongo modelo xenoenxertado com células de melanoma
humano, que expressavam de forma estavel o gene EGFP (uma
proteina fluorescente). O que eles encontraram foi incrivel.
Cossetti encontrou RNA do gene EGFP liberado das células
humanas xenoenxertadas na corrente sanguinea e nos
espermatozoides dos camundongos. A forma como esse RNA chega
as células germinativas é através de exossomas.

De fato, os snRNA apresentam-se como vetores potenciais
na interface entre genes e meio ambiente. Um exemplo notavel
emerge da recente descoberta de que o estresse traumatico no
inicio da vida é capaz de alterar a expressao do microRNAs
(miRNAs) em camundongos, e as respostas comportamentais e
metabodlicas na progénie. Se injetarmos esses RNAS de espermas
de machos que sofreram algum tipo de evento traumatico em
oocitos de fémeas que nao passaram por esse evento estressante,
os descendentes acabam reproduzindo as alteracgoes
comportamentais e metabolicas, tal qual a geracao paterna. Assim
como eventos ambientais estressores podem modificar os padroes
da programacio epigenética no ambiente intrauterino, 0 mesmo
pode ser observado na linhagem paterna. De modo geral, a janela
para que esses exossomos contendo snRNAs possam ser passados
da linhagem somatica para a germinativa ocorre um pouco antes
da primeira divisio meidtica do espermatocito, quando é
estabelecido o estoque de RNAs, proteinas de ligacio ao RNA e
sistemas de repressio traducional (Figura 16). Uma vez que
ocorreu a compactacdo de DNA paterno, que envolve a substituicdo
da maioria das histonas por protaminas, nao existe um mecanismo
claro pelo qual as marcagoes epigenéticas possam ser alteradas. O
tempo entre a compactacao da cromatina e o transito do esperma
maduro para o epididimo é de pelo menos 10 dias, periodo no qual
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a maquinaria epigenética e transcricional nao esta mais ativa. No
entanto, a secrecao de exossomos e outros fatores que interagem
com os espermatozoides em amadurecimento no epididimo podem
conferir marcas epigenéticas duradouras, como os microRNAs.
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Figura 16. Janelas de vulnerabilidade a reprogramacao ambiental na espermatogénese. A
figura mostra os estagios da espermatogénese e maturagio do esperma, destacando os
periodos em que exposicies ambientais podem reprogramar as marcagoes epigenéticas.
Modificado de Bale, zo14.

Os dados acumulados ao longo das décadas de estudos
epigenéticos acabaram propiciando um campo fértil de teste de
hipéteses e explicacoes a respeito de fenomenos transgeracionais
que possuem padroes de heranca ndo mendeliana. Diversos
estudos comecaram a se preocupar em questionar os efeitos de
disruptores hormonais, efeitos da alimentacio, hormonios
artificiais que sdo lancados no ambiente (desde o efeito de pilulas
contraceptivas até a acdo de pesticidas) na tarefa de avaliar
potenciais causas sutis, mas com potenciais efeitos
transgeracionais na populacdo humana também na vida dos
demais organismos na natureza. Por exemplo, temos pesquisas
que demonstram claramente os efeitos danosos do BPA nas
populacoes de peixes, diminuindo a fertilidade desses animais - o
mesmo ja se observa em populagoes humanas. Como vimos
anteriormente, questoes nutricionais também podem afetar os
padroes de programacio epigenética, levando as geragoes futuras a
desenvolverem uma série de problemas cardiovasculares, de
diabetes, de cincer, problemas renais, entre outros. E provavel que
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uma série de doencas que se alastram dentro de nossa populacdo
seja em decorréncia do pecado de nossos avos e pais, mesmo que
nao tenhamos sido expostos a esses fatores geradores. Da mesma
forma, podemos nos questionar sobre o legado que deixaremos
para nossos filhos, netos e bisnetos.

Assim, percebemos que as informacoes contidas em nosso
genoma nao estao isoladas do ambiente que nos cerca. Ha uma
intensa troca de informagoes, numa via de mao dupla. A
epigenética justamente nos traz as ferramentas moleculares que
fazem o papel de mediador entre o ambiente e a gendtipo.
Modificacoes nos padroes epigenéticos — as epimutagoes - sio
capazes de modificar os padroes de expressao dos genes, alterando
o transcriptoma ao longo do desenvolvimento do organismo. Essas
alteracoes, por sua vez, dao a luz a fenotipos néao esperados, com
respostas fisiologicas diferentes, o que, por conseguinte, alimentara
o pool fenotipico de uma populacio com novas variantes
fenotipicas, aumentando ou diminuindo a aptiddo dos individuos.
Essas variantes poderao ser alvo dos mecanismos evolutivos, como
a selecao natural, modificando o rumo da evolugio da espécie. Um
admiravel mundo novo de possibilidades se abriu frente aos nossos
olhos entre o final do século XX e esse inicio de século XXI. Ainda
temos muito a compreender. A cada dia novas pecas nesse quebra-
cabeca sdo acrescentadas, e isso torna a epigenética um campo por
demais fascinante.
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EVO-DEVO E A EXPANSAO DAS FRONTEIRAS DA BIOLOGIA
EVOLUTIVA

Gilberto Cavalheiro Vieira

Apresentacao

Evo-Devo é uma das designacoes dadas a disciplina
conhecida como Biologia Evolutiva do Desenvolvimento, ou
Evolucao do Desenvolvimento. Relativamente nova no campo da
Biologia Evolutiva, a Evo-Devo tem como objetivo o entendimento
dos mecanismos responsaveis pelas mudancas evolutivas dos
organismos, através de estudos comparativos entre sequéncias de
genes e processos que regulam o desenvolvimento embrionario
dos mais diversos organismos, de modo a compreender como
novas formas, funcdes e comportamentos poderiam emergir. O
termo “Biologia Evolutiva do Desenvolvimento” foi utilizado pela
primeira vez no livro de Peter Calow, em 1983, chamado Principios
Evolutivos, em que descreveu a Evo-Devo como uma area
relativamente nova e de grande complexidade, que unificava os
campos da evolugao e do desenvolvimento (embriologia). Contudo,
as raizes da Evo-Devo sao bem mais profundas, como iremos
perceber a seguir. Ao longo do presente capitulo, iremos passear
um pouco pela origem, desafios, questoes abordadas, mecanismos
e as consequéncias advindas desse novo campo da Biologia
Evolutiva — sem qualquer pretensao de exaurir o tema, que por si
s6 é complexo e encantador.

Os primeiros passos da embriologia na evolucao
Quando Charles Darwin publicou A origem das espécies,

em 1859, destacou a importancia dos estudos de embriologia
(desenvolvimento dos organismos) para o entendimento dos
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mecanismos e processos evolutivos das espécies. A partir de entao,
diversos morfologistas/embriologistas passaram a abordar o
desenvolvimento dos organismos sobre uma nova oética - a luz da
evolucao. A teoria da recapitulacio de Ernst Haeckel (1866)
desempenhou forte influéncia sobre a area: o autor propunha que
a ontogenia (desenvolvimento) recapitula a filogenia (evolucao)
dos organismos. O interessante desse contexto historico é que o
primeiro estudo publicado testando a teoria evolutiva de Darwin,
utilizando embrides e larvas, foi o de Fritz Miiller (1864). Através
da observacao da ontogenia de crustaceos, Miiller demonstrou que
a ontogenia poderia ser utilizada para entender os padroes da
historia evolutiva das espécies (filogenia); ou seja, mecanismos
evolutivos  podem  ser encontrados na  ontogenia
(desenvolvimento).

Figura 1. Johann Friedrich Theodor Miiller
(1821-1897) - formado em Filosofia na
Universidade de Berlim, Alemanha. Em 1852
deixou a Alemanha e firmou residéncia em
Blumenau, Santa Catarina. La desenvolveu um
intenso trabalho com observagoes de diversos
organismos, com destaque aos crustaceos. Fritz
Miller foi o primeiro  a  testar
experimentalmente as ideias de Darwin,
realizando  estudos  comparativos  de
embriologia, ontogenia, ecologia, fisiologia e
morfologia. Era chamado carinhosamente por
Darwin de “Principe dos Observadores”. O
capitulo 12 deste livro é dedicado ao autor.

As estratégias de vida dos crustiaceos observados por
Miiller eram tao variadas que o autor percebeu que poderia usar os
detalhes e as variedades dos estagios da vida desses organismos
para estabelecer as relacoes evolutivas entre as diversas espécies.
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Entretanto, Haeckel tomou o caminho completamente oposto ao de
Miiller em sua abordagem, teorizando que a filogenia (evolucdo)
explicaria a ontogenia (desenvolvimento), como descrita nas bases
de sua Lei Biogenética. Por sinal, para desgosto de Darwin, Haeckel
considerava a evolucao das espécies por selecao natural apenas um
fragmento de sua teoria universal do desenvolvimento das
espécies.

Dessa maneira, a embriologia providenciou uma forma de
estudar e entender a evolucdo das espécies. Ao final de 1860 até a
metade de 1880, a embriologia evolutiva foi 0 campo que mais
atraiu pesquisadores, destacando-se grandes zoologos, como
William Bateson, pesquisador inglés que cunhou o termo
“genética”, mas que comegou sua carreira no campo da
embriologia evolutiva. Seu entusiasmo com a area era tal que
chegou a comentar que a embriologia seria a quintesséncia da
morfologia, sendo que todo zodlogo deveria ser um embriologista,
e o tema central de toda e qualquer conversa profissional deveria
ser a evolucdo (Bateson 1922). Porém, alguma coisa fez com que
esse encanto se desfizesse. A tal ponto que, mesmo nos dias de
hoje, a embriologia seja ensinada nas escolas (e no ensino
superior) como uma area praticamente restrita ao campo
descritivo-morfologico, como que desconectada com as bases
evolutivas da Biologia. Mas em que momento essa fogosa paixao se

apagou?
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Figura 2. Theodosius Dobzhansky (1900-1975
geneticista e evolucionista russo (nasceu na
Ucrania, que fazia parte do Império Russo na
época), sendo um dos responsiveis pela
unificacdo da Biologia Evolutiva na Sintese
Moderna da Evolugao. Acs 27 anos migrou para
os Estados Unidos a convite da Fundagio
Rockfeller, onde trabalhou ao lado de Thomas
Hunt Morgan (pioneiro no uso de drosofilas em
experimentos geneéticos). Em sua obra, Genética
€ a Origem das Espécies, definiu evolugao como
um processo de mudancas nas frequéncias
alélicas dentro do conjunto de uma populacao ao
longo das geragoes.

Até 1880, diversos trabalhos procurando abordar a
reconstrucao das relacoes evolutiva das espécies utilizando as
sequéncias do desenvolvimento embrionario comparado com
diversos organismos se mostraram infrutiferos; além disso,
diferentes problematicas com abordagens vitalistas e obscuras para
a explicacao de como se dava o desenvolvimento dos organismos e,
principalmente, a redescoberta da genética mendeliana, em 1900,
acabaram colocando toda a embriologia evolutiva de lado, posicao
que demorou mais de um século para ser mudada. A genética
mendeliana, apresentando a segregacao dos fatores hereditarios
(genes), suportada por estudos com moscas-da-fruta (Drosophila),
estabeleceram as fundagoes onde a ciéncia genética seria erguida
poderosamente.

A publicacio do livro seminal Genética e a Origem das
Espécies, de Theodosius Dobzhansky (1937), sentenciou ao
ostracismo a embriologia evolutiva, estabelecendo as bases do
entendimento da evoluciao das espécies através da genética de
populagoes, fundamentada em  modelos  matematicos
desenvolvidos na década de 1920. A partir da metade do século XX
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temos um cenario evolutivo baseado na fusao das leis mendelianas
e a genética de populagdes, em conjunto com a paleontologia, que
trazia os registros historiograficos da evolucao das espécies.

O reencontro entre a filogenia (evo) e a ontogenia (devo)

Em 1922, Willlam Bateson - o mesmo bidlogo
entusiasmado com a embriologia apresentado anteriormente -
lanca um ensaio intitulado “Evolutionary Faith and Modern
Doubts”, onde sentenciou a morte a embriologia no campo
evolutivo, exaltando a genética ao afirmar que os geneticistas
seriam os sucessores dos morfologistas/embriologista no século
XX. Nesse principio de século, os experimentos com Drosophila,
organismo-modelo para genética, acabaram eliminando o
desenvolvimento embriologico e o ambiente de papéis
significativos dentro da discussio da teoria evolutiva.

Diversos pesquisadores tentaram ao longo das primeiras
sete décadas do século XX estabelecer a ligaciao entre a embriologia
e a evolucao, como foi o caso do geneticista Richard Benedict
Goldschmidt (1878-1958). Goldschmidt se destacou por seus
trabalhos visando ao entendimento de processos como a
determinacdo do sexo, metamorfose (questionando como um
mesmo genotipo pode dar origem a uma lagarta e a uma
mariposa) e o surgimento de fenocopias (como um mesmo
genotipo pode dar origem a formas alternativas em resposta as
mudancas ambientais), sendo pioneiro no entendimento dos
eventos de heterocronia (mudanca do tempo na ocorréncia de
certos eventos do desenvolvimento embrionario, que podem levar
a mudancas de tamanho e de forma final do organismo)
(Goldschmidt 1918). Assim como Conrad Waddington (1940),
Goldschmidt também se debrugou em pesquisas com o intuito de
compreender fenomenos como a norma de reacdo (descreve o
padrdo de expressao fenotipica a partir de um dado gendtipo em
resposta as variagoes ambientais) e assimilacdo genética (processo
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pelo qual um fenétipo originalmente produzido em resposta a uma
condicdo ambiental, como a exposicao a um teratogeno, torna-se
posteriormente geneticamente codificado por selecdo artificial ou
selecdo natural).

Vale destacar a criacdo do termo “Monstro Esperancoso”,
por Goldschmidt, apresentado em seu livro The Material Basis of
Evolution (1940). Em seu livro, Goldschmidt defende a ideia de que
as mudancas evolutivas nao sdo sempre graduais e continuas, mas
eventualmente grandes mudancas macroevolutivas podem ser
geradas via “reacoes sistémicas” e macromutagoes. Ou seja,
Goldschmidt argumentava que as grandes mudancas evolutivas
eram consequéncias de macromutacoes e tal hipotese foi conhecida
como “Hipotese do Monstro Esperancoso”. O pressuposto da
Sintese Moderna de evolugao por acumulagao lenta e gradual de
pequenas mutacoes era um fator importante, porém, s6 poderia
dar conta de explicar as variacoes dentro das espécies
(microevolucao), ndo sendo robusta o suficiente para explicar a
evolucao de novidades morfologicas de novas espécies. Assim, o
autor defendia a ideia de que as diferencas genéticas profundas
entre as espécies seriam necessarias (macromutagbes) como
recurso para grandes mudancas genéticas (macroevolucao) que,
por conseguinte, em alguma ocasiao poderia originar os “monstros
esperancosos”, sendo que essas mudancas poderiam ocorrer nos
programas genéticos de desenvolvimento dos organismos.

Nao ¢ dificil imaginar que hipoteses como as de
Goldschmidt nao encontrariam eco diante do cenario em que a
Teoria Evolutiva se erguia (genética populacional, modelos
matematicos, selecio natural, modificacbes cumulativas por
mutacoes ocorrendo de maneira lenta e gradual). Suas ideias nao
eram nada ortodoxas diante do paradigma dominante das décadas
de 1940 e 1950.

A reunido entre a embriologia e evolucao s6 se daria no
final da década de 1970 e inicio da década de 1980, mais
precisamente - se € que podemos estabelecer um marco historico -
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com a publicacio do livro Ontogeny and Phylogeny, de Stephen ]J.
Gould (1977). Nessa incrivel obra de mais de 500 paginas, intensa,
densa e rica em detalhes, Gould nos leva de volta ao passado, até
450 a.C., relatando como se deu, ao longo de mais de dois milénios,
a relacio entre embriologia e evolucio. Um trabalho de fato
herclleo, que nos apresenta que desde muitos séculos viemos
buscando estabelecer as relacoes envolvidas entre desenvolvimento
e evolucao. Gould revisa o conceito elaborado por Haeckel, em
1860, e por Gavin de Beer, em 1930, conhecido como
“heterocronia” — mudancgas nos padroes temporais dos processos
de desenvolvimento entre um descendente e seus ancestrais.

Inspirado nos trabalhos de Goldschmidt (1918), em suas
discussoes sobre como genes podem afetar os padroes fisiologicos
em insetos a partir de resposta as mudancas no ambiente, de Beer
sugeriu que tais mudancas poderiam ter implicacoes na evolucao
das espécies. Temos um exemplo claro de como os estudos
investigativos da embriologia comparada podem lancar luz as
questoes evolutivas. A heterocronia, como um mecanismo genuino
do desenvolvimento, opera durante determinado estagio
ontogenético, podendo ser alvo da selecio natural e, assim,
importante para as mudancas evolutivas.

Interessante notar que Julian Huxley, um dos responsaveis
pela Sintese Moderna, destacava a importancia dos estudos no
campo do desenvolvimento, mais precisamente em relacio aos
genes envolvidos na ontogenia dos organismos - “o estudo de
genes durante o desenvolvimento é tao essencial para uma
compreensao da evolucao quanto o estudo da mutacio e selecio”
(Huxley 1942, p. 8) —, porém assim como os demais proponentes
da Sintese, Huxley nao advogou a favor de incorporar a
embriologia ao corpo da teoria evolutiva.

Ja Ernst Mayr utilizou de outra abordagem para retirar a
importancia da embriologia da evolucdo, argumentando que a
biologia das causas “proximas” (no qual o desenvolvimento esta
inserido) e a biologia das causas “Gltimas” (evolugio e interacoes
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ecologicas) seriam dois campos distintos e que nao teria
sobreposicao ou interacao uma com a outra (Mayr 1982, 1997). De
fato, a Evo-Devo ganharia destaque somente quando a
heterocronia foi se mostrando cada vez mais presente em diversos
estudos comparativos de tecidos ao longo do desenvolvimento de
espécies de diferentes classes e até mesmo filos, a partir da década
de 1980 (MacDonald and Hall, 2zoo01; Tills et al., 2011).

A “caixa de ferramentas” e a inesperada falta de diferencas

Foi em 1978, através do trabalho publicado por Lewis, A
gene complex controlling segmentation in Drosophila, que a Evo-
Devo teve seu maior impulso. Nao foi uma forma de ressurgimento
das cinzas do que previamente se sabia sobre os mecanismos
evolutivos de desenvolvimento, mas uma descoberta
desconcertante em um cenario baseado na ideia de diferencas
genéticas sustentando a diversidade biologica ao longo da
evolucao: os genes homeoticos. Genes homeoticos, também
conhecidos como “Hox”, sdo genes responsaveis pela producéo de
fatores de transcri¢do que apresentam uma sequéncia conservada
de 180 pares de bases, conhecida como “homeobox”. Esses genes
estao presentes em todos os animais, plantas e fungos, com alto
grau de conservacao. Nos animais, os genes homeoticos sdo
responsaveis pela determinacio dos eixos antero-posterior, dorso-
ventral e na especificacdo de regides (como niimero de segmentos)
ao longo do corpo do organismo - cabeca em uma extremidade,
cauda na outra, torax antes do abdomen, asas presentes em um
par especifico de segmentos e assim por diante (Lewis 1978;
Gehring 1985, 1998; Averof 1997; Grenier et al. 1997; Carroll
2008).

Ironicamente (ou nao), o mesmo organismo modelo que
lancou os estudos da evolucio do desenvolvimento ao limbo na
teoria evolutiva foi o ser vivo que a resgatou: a Drosophila.
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Figura 3. Os genes Hox sao mais similares entre espécies proximas evolutivamente.
Através da comparacdo das sequéncias dos genes Hox, os cientistas podem determinar a
historia evolutiva das espécies, verificando quando ocorreram os eventos de duplicagio e
em quais ramos ocorreram eventos de perda de um ou outro gene Hox (adaptado de
http://learn.genetics.utah.edu).
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B z,_‘;

Patas no lugar
de anlenas

Figura 3. Alguns fenotipos oriundos de mutagies em genes Hox. Acima, o fendtipo
resultante de mutacao no gene antennapedia, onde a drosofila acaba apresentando patas
no lugar que deveriam ser as antenas. Abaixo, o fenotipo correspondente & mutacao no
gene ultrabitorax, fazendo com que a o individuo se desenvolva com dois torax.
Fotografia: F. R. Turner, Indiana University.

Quanto mais os estudos avancavam na descoberta de mais
genes homeoticos e sua profunda conservacao entre os mais
diversos organismos (mesmo aqueles muito distantes
filogeneticamente), mais surpresos os pesquisadores na area da
Biologia Evolutiva ficavam: quando nés mais esperavamos
encontrar variacao, encontramos conservacao, uma falta de
mudanca (Gerhart e Kirschner, 1997). A descoberta dos “genes-
mestres”, também conhecidos como “genes do desenvolvimento”
ou “genes regulatorios”, abriu campo para novas formas de
observar os mecanismos pelo qual novas formas poderiam emergir
através da modulacdo desses genes. Um dos genes mais bem
estudados de genes-mestres sdo os conhecidos como paired-box,
mais especificamente o Pax-6 (em vertebrados) ou eyeless (em
Drosophila). O gene Pax-6 esta presente em todos os organismos
do reino animal e sua funcio esta ligada na “anteriorizacio” do
corpo do embrido e formacao das estruturas e Orgdos sensoriais
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dos animais. Esse gene é reconhecido, principalmente, pelo
controle do desenvolvimento dos olhos.

O mais interessante é que os genes homeoticos possuem
equivaléncia funcional entre genes ortélogos distantes (genes que
divergiram por especiacao); ou seja, genes provenientes de
organismos cujo ancestral comum viveu ha mais de 500 milhoes
de anos atras podem ter funcoes semelhantes.

Voltemos ao gene homeodticos Pax-6, que € responsavel
pelo desenvolvimento dos olhos nos organismos: de fato, o gene
eyeless (que o correspondente ao Pax-6 em vertebrados) de
moscas-da-fruta pode iniciar olhos em sapos e o Pax-6 de sapos
podem iniciar olhos em Drosophila (Dahl et al, 1997;
Kammermeier et al, 2001; Suga et al., 2010). Isso é uma
conservacao genética surpreendente e que jamais foi cogitada, até
entdo, que pudesse ocorrer em animais cuja morfologia varia tao
enormemente. E claro que nesse caso as moscas nio terdo olhos de
sapos e nem sapos terao olhos de moscas, pois os genes
homedticos apenas enderecam as regides e planos corporais, a
estrutura final sera dada pela acio de diversos outros genes.

Entre as décadas de 1980 e 1990, temos o campo da
Biologia Evolutiva fervilhante com o advento de novas tecnologias
de analise molecular, em conjunto com os estudos de mecanismos
de desenvolvimento como a heterocronia, genes homeoticos,
estudos no campo da ecologia com as interagoes entre ambientais e
o ressurgimento da epigenética, levando a Evo-Devo a tomar
forma como uma nova disciplina robusta dentro do campo de
estudos evolutivos.
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Figura 4. Diferentes fendtipos resultantes de mutagbes ocorridas no gene homedticos
Pax-6. Os fenotipos tipo selvagem (TS) estiao representados acima e as mutagoes {MT)
ocorridas nos ortologos de Pax-6 em humanos, camundongos, peixe-zebra e Drosophila,
abaixo. As descrigoes dos fenotipos mutantes (FT) estdo listadas abaixo das imagens de
cada uma das espécies. Interessante notar a correspondéncia fenotipica entre os mutantes
de espécies tao distantes filogeneticamente. Adaptado de Washington et al., 2000.

Os estudos de Evo-Devo passaram a abordar questoes
como:

A origem e evolucao do desenvolvimento embrionario;

O papel exercido pelas modificacbes nos processos de
desenvolvimento e suas consequéncias na producae de novas
caracteristicas (fendtipos);

e Como a plasticidade adaptativa do desenvolvimento facilita a
origem e manutencdo de ciclos de vida complexos, com
embrioes, larvas e adultos (de certa forma, um resgate dos
trabalhos de Waddington e Goldschmidt);

e De que maneira a interacao dos organismos com o ambiente
pode fomentar mudancas evolutivas;

Integracao entre 0os mecanismos genéticos e epigenéticos;
Manutencio das novidades e variacoes fenotipicas em
resposta as mudancas ambientais e nos programas de
desenvolvimento embriondrio.
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Expandindo as fronteiras da Biologia Evolutiva

Assim como o que ocorreu com a Epigenética, os avancos
tecnologicos na area da Biologia Molecular promoveram o que
podemos denominar como uma revolu¢io da Evo-Devo. Em
questao de duas décadas, diversos trabalhos detalharam os
mecanismos moleculares que operam a nivel celular e tecidual ao
longo do desenvolvimento dos organismos. E como que se a caixa-
preta, antes inacessivel, que ligava o gendtipo e fendtipo fosse
aberta. O mais interessante dentro desse novo cendrio é que, como
ja dito anteriormente, acabou-se revelando que os genes
envolvidos no desenvolvimento dos organismos se apresentam
com alto grau de conservacao, dentre os mais diversos filos e até
mesmo entre reinos. Dessa forma, os olhares passaram a vasculhar
os sistemas de regulaciao desses genes, as mudancas nos sistemas
de regulacao-cis dos genes seriam mais significantes que mudancas
no numero de genes ou funcéo proteica (Carroll 2000).
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Figura 5. A relacao de modularidade de regides cis-regulatorias de genes pleiotropicos
permite que diferentes partes do corpo possam evoluir de maneira independente: a) a
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expressao do gene de pigmentacio yellow em Drosophila esta sob o controle de diversas
regides cis-regulatorias (circulos vermelhos). As diferencas existentes no aparecimento de
pigmentacao nas asas de D. biarmipes (espécie irma de D. melanogaster) resultam do
aparecimento de uma nova regido cis-regulatoria na linhagem de D. biarmipes; b) da
mesma maneira, a expressio do gene Pitx: em vertebrados é controlado a partir de
multiplas regides cis-regulatorias (circulos vermelhos). Na regiao pélvica de peixes
esgana-gato (Gasterosteus aculeatus) ha espinhos pélvicos. Em algumas linhagens de
agua-doce, esses espinhos sao reduzidos em decorréncia de uma perda seletiva de
atividade do elemento regulador do membro posterior. Adaptado de Carroll, 2005.

Ao longo das ultimas trés décadas, a Biologia Evolutiva
vem ampliando seu arcabouco, integrando novos campos, antes
deixados de lado pela Sintese Moderna na década de 1930. Biologia
do desenvolvimento e paleontologia, além de areas que surgiram
depois, como a Biologia Molecular e Genética Molecular, passaram
a integrar e transformar o cenario de estudos evolutivos, revelando
questdes nunca antes imaginadas. As concepgoes de como os
processos evolutivos ocorrem acabaram se transformando, pois as
mudancas evolutivas nao se dio diretamente da transformacéao de
um adulto ancestral para um descendente adulto, mas sim quando
os processos de desenvolvimento produzem novas caracteristicas a
cada geracao ao longo da evolucao de uma dada linhagem. Darwin
(1859) ja havia descrito que o desenvolvimento é responsavel por
introduzir variacoes ao nivel do individuo. Se por um lado, o
desenvolvimento pode ser descrito como um processo
geneticamente programado e ciclico, a evolugao é ndo programada
e contingente. A Evo-Devo, dessa forma, delega uma base tedrica
para explicar a origem de novidades fenotipicas (Pigliucci e Miiller,
2010) como as penas das aves, a origem das flores, o
desenvolvimento de asas em insetos, a origem das carapacas em
tartarugas, entre outros exemplos (Prum e Brush 2002; Xu et al.,
2011; Leiarert et al., 2011; Carrol et al., 1995; Gilbert et al., 2001).

No campo da Biologia Evolutiva, passamos a entender
como pequenas mudancas no genotipo levam ao surgimento de
novos fenotipos durante a evolucao, levando a compreensio de
como a microevolucao pode contribuir com a macroevoluciao, com
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o surgimento de novas classes e ordens de organismos. Os
pesquisadores, entdo, passam a questionar dentro da Evo-Devo
como os processos de desenvolvimento podem impor um viés e
restricoes no direcionamento da evolugao e no surgimento de
novas variantes fenotipicas. Assim, qualquer limitacao imposta
pelos programas de desenvolvimento sobre os fenotipos ird afetar
os tipos morfologicos possiveis de surgirem e suas respostas a
selecio natural. E justamente essa limitacio nos programas de
desenvolvimento dos organismos que, por exemplo, nao faz
possivel o surgimento de asas nas costas de mamiferos ou rodas no
lugar de patas.

O surgimento de novas variantes fenotipicas pode ocorrer
de maneira rapida ou muito lentamente, dependendo de como se
da as modificacoes entre as interacoes em diversos niveis ao longo
do desenvolvimento dos organismos. Os mecanismos de
desenvolvimento evolutivo sao multiniveis, podendo ser genético,
celular, ontogenético, fisiologico, hormonal ou qualquer
combinacio entre esses. Como o desenvolvimento é ciclico e
programado, percebe-se que ha uma hierarquia, com novas
propriedades e mecanismos emergindo ao longo do processo de
desenvolvimento embrionario, sendo cada passo dependente do
processo ou estagio anterior. Por exemplo, quando ocorrem
sucessivas divisoes celulares, temos uma crescente rede de
interacoes célula-célula, formando o que podemos chamar de
“ambiente interno”. Modificacbes das interacoes dentro desse
ambiente interno podem desencadear alteracoes nas redes de
interacoes genéticas, respondendo, assim, com o surgimento de
variantes fenotipicas a cada estagio, fornecendo a ligacdo
regulatoria entre o gendtipo e os modulos celulares (Davidson
2006; Wagner et al. 2007; Wilkins 2007).

As restricoes impostas aos sistemas interativos ao longo do
desenvolvimento estao ligadas as limitacoes mecanicistas definidas
pelo proprio desenvolvimento, em decorréncia da modularidade
dentro da ontogenia. Em insetos, o crescimento das caracteristicas
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do corpo, como os chifres (Stern & Emlen 1999), esta ligado ao
tamanho do corpo, através de uma regulagao comum mediada pelo
hormonio juvenil, sugerindo mecanismos para a variacao
evolutiva. A variacdo na alocacdo de recursos de uma parte do
corpo tem potencial de afetar a forma ou tamanho de outras partes
do corpo, indicando interacoes que controlam o crescimento
corporal do organismo que podem impor limitacbes no
desenvolvimento (Figura 6). A escala de partes do corpo também
pode ser modificada em resposta a selecao artificial, o que fornece
uma ligacao entre a microevolucao e o desenvolvimento.

A B

Figura 6. Polifenismo em besouros machos da espéde Onthophagus taurus.

Uma estruturacao modular acaba por gerar restricoes
evolutivas porque algumas interacoes entre modulos podem ser
dificeis de desacoplar. No entanto, de maneira paradoxal, a
modularidade também pode permitir uma mudanga evolutiva
acentuada, porque muitas interacoes inter-modulares podem ser
dissociadas no tempo (heterocronia) ou em outras formas que
permitem padroes de desenvolvimento viaveis, embora alterados
(Raff, 1996; Wagner, 1996). Novamente, o que podemos observar é
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que os mecanismos genéticos que permitem tais dissociagoes
modulares provavelmente se encontram em uma combinacio de
regioes promotoras dos genes (ao invés dos genes propriamente
ditos), que permitem a modificacdo de expressao génica de varias
maneiras, e podendo ser prontamente cooptado a novas funcoes.
Dessa maneira, podemos ter redes de interacbes modulares com
caminhos de desenvolvimento diferentes que podem convergir
para estruturas similares.

Para resumir, de forma geral, podemos dizer que a Evo-
Devo esta amparada sobre oito principios basicos:

e Pleiotropia: a maior parte das proteinas envolvidas na regulacao do
desenvolvimento participam de multiplos e independentes processos
na formacao e padronizacao de estruturas morfologicas bem distintas;

e Complexidade da Ancestralidade Genética: animais
morfologicamente distintos (principalmente quando adultos) e que
divergiram a partir de um ancestral comum ha muitos milhoes de anos

atras possuem um constituinte genético (toolkit — caixa de
ferramentas) muito similar de genes responsaveis pela padronizacao
do corpo;

e Equivaléncia funcional de ortélogos e paralogos distantes
filogeneticamente: genes provenientes de organismos cujo ancestral
comum viveu hd mais de 500 milhoes de anos atrds podem ter funcoes
semelhantes e estar envolvidos em rotas similares ou distintas no
desenvolvimento;

e Homologia profunda: geralmente homoplasias (diferentes ambientes
ou pressoes seletivas que possibilitam o aparecimento ou o
reaparecimento de caracteristicas semelhantes em organismos que nao
compartilham um ancestral comum mais recente) sio descartadas
imediatamente em cladogramas, pois podem provocar problemas nas
relacoes evolutivas entre grupos distantes filogeneticamente.
Entretanto, tal ortodoxia € desafiada pela Evo-Devo. Por exemplo, para
o desenvolvimento do coracao de um humano, assim como para o
desenvolvimento das bombas do sistema circulatorio de um artropode,
0 mesmo gene-mestre é requisitado: o Tinman (“homem de lata”, em
referéncia ao personagem do Magico de Oz que procura por um
coracao). Poderiamos assumir que o coracio de invertebrados e
vertebrados surgiram por convergéncia, sendo assim uma
caracteristica homoplasica, porém, com as evidéncias que temos agora,
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sabemos que 0 mesmo gene € necessdrio para a formacio desse 6rgao
em grupos tdo distintos e distantes filogeneticamente. A presenca de
coracao nesses organismos passa a ser descrita como uma homologia
profunda;

A queda do principal fator conhecido como “motor evolutivo™:
diferentemente do que se pensava até entdo, as duplicacoes génicas
passam a nao ser mais consideradas o principal mecanismo
fomentador de novidades evolutivas. Ao invés disso, temos que as
modificacbes nas sequéncias cis e trans regulatorias dos genes
envolvidos no desenvolvimento € que passam a ser os motores
evolutivos, fomentando o aparecimento de novos padroes
morfologicos;

Os mecanismos centrais da Biologia do Desenvolvimento:
heterotopia, heterocronia, heterometria e heterotipia: a
heterotopia ¢ a mudanca na localizacao da expressao dos fatores de
transcricio e proteinas de sinalizacao paracrinas, ou seja, uma
modificacao espacial da expressao génica. A heterocronia, ja descrita
anteriormente, € a mudanca no timing dos processos de
desenvolvimento. Na heterocronia, um madulo pode ter seu tempo de
expressao ou de crescimento alterado em relacao a outros modulos do
embrido em desenvolvimento, sendo amplamente observada nos
vertebrados, por exemplo, no desenvolvimento das estruturas Gsseas
do organismo. A heterometria ¢ a modificacao da quantidade de um
determinado produto génico ou de uma estrutura. Por fim, a
heterotipia esta relacionada com a modificacao de regioes codificantes
de um determinado gene, fazendo com que ocorra a mudanca de suas
propriedades funcionais da proteina sintetizada. Cabe notar que
diferentemente da heterotipia, heterocronia e heterometria em que as
mutacoes nas regides regulatorias dos genes é que fomentam as
alteracoes, na heterotipia as mutacoes ocorrem no proprio gene;
Modularidade das regides cis-regulatorias: como descrito
anteriormente, com a emergéncia da Evo-Devo, os olhares dos bidlogos
evolutivos voltam-se muito mais as modificacoes nas regioes
regulatorias dos genes do que propriamente ds mutacoes das regioes
codificantes. A modulacao da expressao de um dado gene é capaz de,
associado com as redes de interacoes do programa de
desenvolvimento, sustentar a emergéncia de variantes fenotipicas;
Fatores de transcricio: mutacoes em genes responsaveis pela
codificacao de fatores de transcricao podem fomentar modificacoes nas
interacoes das sequéncias-alvos que tais fatores atuavam
anteriormente. Por consequéncia, podemos ter a modificacao espaco-
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temporal e na quantidade de determinados genes, alterando o
programa de desenvolvimento.

Em um cendrio de entendimento mais amplo no contexto
evolutivo, vemos que os genes nao fazem estruturas, mas sim, os
processos de desenvolvimento é que sdao responsaveis pela
estruturacdo do organismo - através de forcas fisicas como
estimulos mecanicos, temperatura do ambiente, interacio com
produtos quimicos produzidos por outras espécies, entre outros.
Dois pontos aparecem intimamente relacionados nesse contexto: a
citodiferenciacido (nivel celular) e a morfogénese (organizacio
3D dos diferentes tipos celulares) — nivel supracelular, interacoes
célula-célula e célula-ambiente. Ambos os fenomenos
(citodiferenciacio e morfogénese) sdo passiveis das acoes de
modulacio dos mecanismos de Evo-Devo, promovendo o
surgimento de novos padroes fenotipicos.

A plasticidade fenotipica

A plasticidade fenotipica nada mais é do que a capacidade
de um organismo modificar seu fenotipo em resposta as mudancas
do ambiente, devido a interacio no desenvolvimento biologico
(West-Eberhard, 2003). Vale relembrar que quando nos referimos
as mudancas ambientais, fazemos referéncia aos estimulos interno
e externos ao longo do desenvolvimento. Diferentemente dos
demais mecanismos da Evo-Devo, a plasticidade do
desenvolvimento possui uma abordagem de contexto populacional,
enquanto os demais estdo inseridos em um cenario do organismo
individual.

Por diversas décadas, a plasticidade fenotipica foi estudada,
sendo abordada como consequéncia de modificacoes ao longo do
desenvolvimento e ndo como causa e matriz de emergéncia de
novos fenotipos (Levins 1968; Via e Lande 1985; Schlichting 1986;
Stearns 1989; Pigliucci, 2001). A principal contribuicio dos
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estudos, levando-se em conta a plasticidade fenotipica no campo da
evolucao, esta ligada a forma como a acomodacdao genética e
fenotipica proporcionam a oportunidade de fixacio de novidades
oriundas da mudanca de programas do desenvolvimento.

Por acomodacido fenotipica entende-se como ajustes
funcionais de partes de um organismo ao longo do
desenvolvimento embrionario que ndo envolvem mutagoes
genéticas. As acomodacoes fenotipicas podem promover o que
chamamos de acomodacdo genética se esses novos fenotipos
forem estabilizados e ajustados ao longo das geragoes por selecio
de variacoes genéticas existentes, por variacoes genéticas que se
eram cripticas ou por mutagoes recentes que fixem o novo
programa de desenvolvimento (West-Eberhard 2003; Lande 2000;
Baldwin 1902; Schmalhausen, 1949). A acomodacdo genética, dessa
maneira, pode proporcionar um mecanismo de rapida adaptacio
em resposta as mudancas ambientais, no qual o ambiente induz e
seleciona fenotipos alternativos simultaneamente. Dentro desse
campo, verifica-se que a plasticidade dentro das espécies pode
gerar diferencas fenotipicas paralelas as exibidas por espécies
estreitamente relacionadas e a divergéncia evolutiva entre
linhagens descendentes também tem sido associada a plasticidade
fenotipica ancestral.

Outro conceito central relacionado a plasticidade fenotipica
¢ o da modularidade, um conceito em que o plano corporal
(Bauplan) dos organismos esta organizado em diversas unidades
fenotipicas (modulos). Os modulos fenotipicos estdo dispostos de
maneira que nao sejam completamente dependentes, nem
totalmente independentes, dos demais modulos que compoéem o
corpo de um organismo. Dessa maneira, as partes de um
organismo possuem propriedades de dissociabilidade e integraciao
ao longo do desenvolvimento. Para West-Eberhard, o processo
fundamental que define a organizacio modular é o
desenvolvimento, sendo que uma unidade modular deve possuir
trés critérios:
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Ter uma funcao principal;
Estar integrado em seus diversos caracteres por efeitos
pleiotropicos; e

» Ser semi-independente de outras unidades modulares.

A plasticidade fenotipica se faz presente e observavel
quando temos, por acdo de fatores ambientais ou mutacoes, a
modificacdo da regulacdo de genes pleiotropicos que resultam na
expressao de diferentes subunidades modulares (fenoétipos
alternativos). Quando efeitos ambientais ou mutacoes, de maneira
cumulativa, extrapolam o limiar de determinacdo de um dado
padrdo (via de desenvolvimento) de uma subunidade fenotipica A,
temos a mudanca de “chave” dessa via, que resulta na coexpressiao
de uma subunidade fenotipica B. Um exemplo classico desse
mecanismo pode ser encontrado na modulacao hormonal na
formacédo dos bicos dos diferentes tentilhoes de galapagos (Figura
7).
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Figura 7. A expressao dos genes Bmpy e Calmudolina (CaM) podem lancar luz a respeito
das variagbes encontradas nos Tentilhdes de Darwin. A proteina BMP4 acaba por ser
regulada por heterocronia, assim como por heterometria. Ja a calmodulina é regulada por
heterometria. Ao longo do desenvolvimento, as modulagoes desses dois genes promovem
a manifestacao de diferentes formas de bicos, ao passo que a selecao natural ira permitir
que determinadas morfologias sobrevivam diferencialmente de acordo com as pressoes
seletivas envolvidas. Imagens modificadas de Abzhanov et al., 2006 e 2004.
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Os modulos de desenvolvimento parecem ter emergido
através da integracio de processos genéticos que regularam
eventos separados. Mais tarde, a medida que as ontogenias mais
complexas evoluiram, mddulos mais individualizados podem ter
surgido através de elementos de unidades integradas maiores em
entidades modulares separadas, cada um sendo alvo independente
de selecao. Como a plasticidade fenotipica esta intimamente ligada
as vias de desenvolvimento (e as interacbes modulares), temos que
diferentes genotipos podem convergir em suas vias de
desenvolvimento em fenotipos similares em resposta as mudancas
ambientas - uma norma de reaciio. E interessante analisar tal
fato, pois organismos evolutivamente distantes podem convergir
em estruturas ou planos corporais através da modulacao de suas
vias de desenvolvimento.
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Figura 8. A norma de reagao fica aparente quando diferentes gendtipos, em resposta as
variagbes ambientais, acabam por apresentar fendtipos semelhantes. Esse fenémeno pode
ser observado quando as retas das moscas infrabar e ultrabar se cruzam numa
determinada temperatura, o que significa que dois genotipos distintos podem resultar
num mesmo fendtipo (nimero de facetas) dependendo do ambiente (temperatura).
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Um exemplo classico desse processo, onde gendtipos
diferentes originam fendtipos similares, pode ser observado
através da exposicdo de diferentes mutantes de moscas-da-fruta
(Drosophila melanogaster) a diferentes temperaturas. Os olhos
desses organismos sao compostos, sendo formados por diversas
facetas. Existem dois tipos de mutantes que acabam por ter
diferentes numeros de facetas em relacio ao tipo-selvagem:
ultrabar e infrabar. Drosophila ultrabar possui por volta de 200
facetas compondo os olhos, enquanto a infrabar possui ao redor de
100 facetas (o tipo-selvagem possui mais de 1000 facetas). Em
resposta as mudancas de temperaturas, essas trés linhagens
acabam apresentando fendtipos diferentes. E nesse instante que
surge um fenémeno interessante: nas moscas do tipo-selvagem, o
numero de facetas decresce quando a temperatura aumenta, o
mesmo acontecendo para as moscas de genotipo ultrabar, que é
ainda mais acentuado. Ja as moscas infrabar respondem de
maneira diferente, aumentando o nimero de facetas quando a
temperatura aumenta. Nesse instante, ha um momento, em uma
determinada temperatura, em que o fenétipo das moscas infrabar
e ultrabar acaba sendo o mesmo. Temos dois gendtipos distintos
com um mesmo fenoétipo. Isso significa que uma variacao do
fendtipo ocorre em resposta as mudancas ambientais (plasticidade
fenotipica), promovendo o aparecimento de fenocopias.

Outro exemplo muito interessante que compreende as
questoes de plasticidade fenotipica e acomodacio genética é a
evolucao do digito oposto (halux - corresponde ao dedao das maos
ou pés nos humanos) nas aves, permitindo com que se segurem
firmemente aos galhos ou na captura de presas.
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Figura 9. Principais transformagoes do Mtr na evolucao do hallux oposto nas aves.
Imagens de Botelho et al., zo15.

O halux das aves evoluiu a partir do halux nao opositor dos
primeiros dinossauros teropodes. Através da administracao de
farmacos que causa paralisia parcial nas atividades musculares em
embrioes de galinhas, Botelho e colaboradores (2015) verificaram
que o halux ndo retrovertia, apresentando uma fenocopia da
morfologia das patas dos primeiros dinossauros tetanuranos
(como os alossauros). O que se verifica é que as interacoes de
diferentes modulos, como a musculatura embrionaria, bem como o
inicio de sua atividade, sao necessarias para a torcao do metatarso
1 e a retroversao do halux. Além disso, a diferenca no timing
(heterocronia) na maturacéo e ossificacao é crucial para que ocorra
a torcdo do metatarso 1, logo, o atraso na maturacao dssea acaba
por fornecer uma maior plasticidade, facilitando a torcdo
muscular. Tais experimentos demonstram que as interacoes ao
nivel dos sistemas de orgaos podem influenciar os rumos da
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evolucao dos organismos, através da mecanica do desenvolvimento
e posterior selecao desse novo padrao ontogenético (Figura 9).

A Evo-Devo emerge como uma disciplina sistémica,
redefinindo as prioridades no campo da prépria Biologia Evolutiva
com um enfoque que abarca a complexidade e a integracio entre
os diversos niveis biologicos, desde os niveis fisicos, onde o
desenvolvimento pode ser visto em termos de sequéncias de DNA,
ao nivel celular e histoldgico, passando pelo nivel sistémico, com
teorias que promovem a complementariedade do fenomeno
ontogenético. Essa abordagem lanca uma visaio onde o
desenvolvimento é tratado dentro de um contexto de intenso fluxo
de informacao entre os diversos niveis. De fato, o que observamos
¢ que o fluxo de informacdo é o processo que torna viavel a
unificacdo desses diversos niveis (do molecular ao ambiental),
proporcionando a chance de estabelecer equacoes e modelos para o
fenomeno do desenvolvimento e de uma visaio ampliada de
hereditariedade.

Ao longo da  historia da Biologia Evolutiva, o
desenvolvimento passou de “quintesséncia” ao ostracismo
absoluto; passou de uma abordagem vitalista, proposta por Driesch
(que defendia a ideia de que existiriam fatores ndo fisicos
direcionando a ontogenia), ao reducionismo radical de Roux (que
sustentava a ideia de que o embrido nada mais seria uma maquina
que seguia uma programacao pré-estabelecida). Porém, através de
Oskar Hertwig (1894), emergiu uma proposta capaz de contemplar
essa relacao multinivel do desenvolvimento, a qual se denominou
organicismo absoluto. Mais tarde, Paul Weiss (1926) e Ludwig
von Bertalanffy (1932) formalizariam tal filosofia que embasa a
ideia de que as propriedades do conjunto niao podem ser
previstas apenas a partir das propriedades das partes de seus
componentes. Assim, temos que as propriedades das partes siao
estabelecidas pelo seu relacionamento com o todo (Drack et al.,
2007).
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A Biologia Evolutiva do Desenvolvimento, como nova
disciplina, nao trata de desmontar ou atomizar as partes de um
sistema, mas propicia a integracao em multiplos niveis. Esse novo
cenario que se abre exige que a Biologia (seus pesquisadores e
filosofos) desenvolvam novas maneiras de pensar sobre o
organicismo que temos hoje em dia, em contraponto aos
programas reducionistas que perduraram por tantos anos. Talvez
seja necessario pensarmos em uma mudanca na filosofia das
Ciéncias Biologicas, no sentido pleno do termo.
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The willistoni species subgroup has been the subject of several studies since the latter half of the
past century and Is considered a Neotropical model for evolutionary studies, given the many levels
of reproductive Isolatlon and different evolutionary stages occurring within them. Here we present
for the first time a phy ic rec ction combini hological characters and molecular

data obtained from B’gene fragments (COJ, COII Cyrb Adh Ddc, Hb, kl-3 and per). Some

relationships were Incongmem when ¢ hological and molecular data. Also,
hological data p some I po., ies, which could reflect the very recent

di e of the bg . The total evidence ! ic rec tion p d well-
d hip and rized the resuns of aII analyses. The diversification of the

wllllstonl subgroup began about 7.3 Ma with the split of D. insularis while D.pauli complex has
a much more recent diversification history, which began about 2.1 Ma and apparently has not

completed the speciation process, since the average t|me to slster species separation is one million
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years, and some entities of the D. pauli c 0.3 and 1 Ma. Based on the
btained data, we prop the categ of the former ispecies” of D. pauli as a
subspecles and descnbe the bspecies D. pauli: li deanbrazilian,
% c an, D. pauli interior, D. paull: odnocan and D. paulistorum
uansmonal.
Introduction

The Drosophila paulistorum species complex belongs to
the willistoni subgroup, a Neotropical representative of
the Sophophora subgenus. The willistoni subgroup also
includes other five siblings — D. willistoni Sturtevant
1916, D. equinoxialis Dobzhansky 1946, D. tropicalis
Burla and Da Cunha 1949, D. insularis Dobzhansky et al.
1957 and D. pavlovskiana Kastritsis and Dobzhansky
1967. Some species of the willistoni subgroup present dif-
ferentiation at the subspecific level: D. tropicalis tropicalis
and D. t. cubana [1], D. willistoni willistoni (2], D. w. que-
chua [2], D. w. winge [3], D. xialis and
D. e. caribbensis [4].

Drosophila paulistorum has traditionally been
defined as a “superspecies” [5] which is composed of
six “semispecies” Amazonian, Andean-Brazilian,

talis
9 q

Centroamerican, Interior, Orinocan and Transitional
[6]. The identity of these taxa was defined based on
crossing tests. Dobzhansky and Spassky [6] crossed
several lineages of D. paulistorum from different local-
ities and observed that some of the crossings did not
produce viable or fertile progeny and then divided D.
paulistorum into six distinct geographic races - Ama-
zonian, Andean-Brazilian, Centroamerican, Guyanan,
Orinocan and Transitional. Later, the Guyanan race
was upgraded to D. paviovskiana species while a new
Interior “semispecies” was posteriorly described by
Pérez-Salas et al. [7]. The six entities which compose
D. paulistorum live in sympatry at some level (review
in Zanini ef al. [8].

The relationship between D. paulistorum “semispe-
cies” varies from complete reproductive isolation
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without hybrid progeny (crossings between Andean-
Brazilian and Interior; Amazonian and Orinocan;
Amazonian and Transitional), hybrids who died in
eggs or pre-adults stages, male sterility only and fertile
F1°. As previously observed by Dobzhansky e Spassky
[6], the Transitional race is the only one to produce
fertile descendents when crossed with Andean-Brazil-
ian and Centroamerican [9].

The willistoni subgroup has been a model for evolu-
tionary studies since the latter half of the past century.
This subgroup is a perfect model for evolutionary
studies, since it encompasses species in various taxo-
nomic levels and in distinct evolutionary stages, char-
acterized by the different degrees of reproductive
isolation. Some attempts to establish the evolutionary
relationships within the willistoni subgroup were
made, with Spassky et al. [10]. providing a schematic
diagram representing the evolutionary relationships
based on cytological, biogeographical, genetic and bio-
chemical data. Ayala et al. [4]. constructed a dendro-
gram based on the genetic differentiation of the
species at 36 allozymes loci. Gleason et al. [11]. pre-
sented the first DNA-based phylogeny of the willistoni
subgroup, using three marker genes - Adh (Alcohol
Dehydrogenase), per (Period) and COI (Cytochrome ¢
Oxidase subunit I}, and included all siblings and semi-
species as well as some species of D. bocainensis sub-
group as an outgroup. Later, Tarrio et al. [12]. used
the Xdh (Xanthine Dehydrogenase) gene fragment to
clarify some aspects of the evolutionary relationships
of the D. willistoni group. O’Grady and Kidwell [13]
proposed a phylogeny of the Sophophora subgenus
and included some species of the D. willistoni group.
In a recent study, Robe et al [14]. presented a phyloge-
netic analysis including two mitochondrial gene frag-
ments - COI and COII (Cytochrome ¢ Oxidase
subunit IT) and four nuclear genes - Adh, Amd (Alpha
methyldopa), Hb (Hunchback) and per.

Despite all these studies, some questions still
remained, mainly those concerning the D. paulistorum
complex. In the preceding studies, some relationships
were incongruent between data partitions and barely
supported. Additionally, despite morphological stud-
ies [15-21], there is no phylogenetic reconstruction of
the willistoni subgroup based on morphological char-
acters or a strong time estimation of the cladistic
events. Although past studies tried to differentiate
D. paulistorum semispecies, some authors believe that
there are no sufficient differences in the

morphological, physiological and ecological traits
[19,22]. The taxonomic status of D. paulistorum is
also a major problem, since “semispecies” and “super-
species” are not valid taxonomic categories, according
to the International Code of Zoological Nomenclature.

Drosophila willistoni species subgroup is inserted in
a complex evolutionary scenario where neither specia-
tion or diversification of species was completely clari-
fied. This background makes D. willistoni subgroup a
suitable model for evolutionary and biogeographical
studies. Accordingly, in the present study we attempt
to contribute to a better understanding of the evolu-
tionary history of the willistoni species subgroup, with
emphasis on the D. paulistorum species complex. The
main goal of this study is to present a phylogenetic
hypothesis for D. willistoni subgroup, employing for
the first time a total evidence dataset (morphological
and molecular characters) and discuss the evolution-
ary events associated with this subgroup, especially
concerning the D. paulistorum species complex and,
based on the results, suggest a new categorization for
the D. paulistorum.

Results

The genetic distances were obtained for each of the
eight molecular data partitions and combined datasets
(Figure 1, Supplementary material 1). A low nucleoti-
dic divergence was observed among the species of the
willistoni subgroup, especially among the species of D.
paulistorum cluster. In addition, there is haplotype
sharing among some members of the subgroup: COI
(D. paulistorum Centroamerican and Transitional);
COII (D. paulistorum Centroamerican and Transi-
tional; D. paulistorum Interior and Orinocan); Cytbh
(D. paulistorum Centroamerican and Transitional);
Adh (D. paulistorum Orinocan and Transitional); Ddc
(D. paulistorum Interior and Orinocan); Hb (D. pau-
listorum Amazonian and Andean-Brazilian; D. equi-
noxialis and D. insularis); kI-3 (D. paulistorum
Interior, Andean-Brazilian and Orinocan; D. paulisto-
rum Amazonian and Transitional).

The mitochondrial genes COI and Cytb presented
the highest divergence levels among species, although
some species have shared haplotypes. The chi-square
test did not find any evidence of base composition het-
erogeneity between taxa, despite the significant nucle-
otide frequency bias in some partitions, especially in
the 3rd codon position and a deviation in the

264



Y @ s3

O paulissorum intenor
. poutistonam Oninocan
O pauksionm Transitional
0. pautistorum Amazonian
D. squnoxishs

D wilistoni

D. tropicas

D. insularis

D. sucines

O mitudoss

D. capnicomi

O. fumipennis

|
|

D. pausistonsm Centroamencan

Figure 1. Graphic representation of evolutionary divergence b quences using Maxi Composite Likelihood model. A. Mito-
chondrial d B. Nuclear d C. Molecular total evidence dataset.

265



84 (& RZANINIETAL

transitions versus transversions ratio (Supplementary
material 2). All matrices exhibited significant levels of
heterogeneity in substitution rates among sites, which
were adjusted through implementation of continuous
gamma distribution (G) and/or proportion of variable
sites (I) (Supplementary material 2).

Regarding the phylogenetic reconstructions, the
topologies resulting from morphological and
molecular datasets are partially incongruent, but
D. paulistorum is recovered as monophyletic in
both approaches (Figures 2 and 3). The morpho-
logical reconstruction result in a tree that recov-
ered the three major clades (Figure 2). The
bocainensis subgroup branched first and recovered
two clades - one composed of D. sucinea and D.
capricorni and the other composed of D. nebulosa
and D. fumipennis. The sibling species were the
next to branch out, in a polytomic clade formed
by D. insularis, D. equinoxialis, D. willistoni and
D. tropicalis, with the latter two grouped as sister-
species. The D. paulistorum cluster was recovered
with a polytomy between Amazonian and Transi-
tional and a possible common ancestor of the
remaining semispecies, which branched out in two
distinct clades: Interior and Andean-Brazilian, and

Orinocan and Centroamerican. However, all these
relationships were poorly supported.

The Bayesian Inference and Maximum Likelihood
phylogenies (Figure 4 and Supplementary material 3,
respectively) obtained from the total evidence matrix
resulted in a very similar topology, with minor dis-
crepancies in the position of D. paulistorum Centroa-
merican and D. paulistorum Interior. Nodes were
strongly supported by posterior probability and
bootstrap.

The total evidence tree (Figure 4) presented well-
supported relationships without unresolved polyto-
mies and summarized the results of all analysis
(Figures 2 and 3, Supplementary material 3). The
bocainensis subgroup is ancestral to willistoni sub-
group and divided in two clades - D. sucinea and D.
capricorni, and D. nebulosa and D. fumipennis
(Figure 4). Regarding willistoni subgroup, the diver-
gence sequence is as follows: D. insularis, D. tropicalis,
D. willistoni and D. equinoxialis, followed by D. pau-
listorum  Transitional, Centroamerican, Interior,
Amazonian, and the sister-species Orinocan and
Andean-Brazilian. Concerning the D. paulistorum
cluster, only the split between D. paulistorum Interior
and remaining species showed a low support value in
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the Bayesian Inference (PP<0.6) and is not supported
in Maximum Likelihood (Supplementary material 3).
The diversification in the willistoni subgroup began
around 7.3 Ma, with the branching of D. insularis. D.
tropicalis branched out around 5.5 Ma; D. willistoni
around 4.8 Ma; D. equinoxialis branched out at
approximately 3.1 Ma and the D. paulistorum com-
plex began their divergence process around 2.1 Ma,
with the D. paulistorum Transitional drift. The split
between D. paulistorum Interior and D. paulistorum

Centroamerican occurred around 1.1 Ma, followed by
D. paulistorum Amazonian around 0.7 Ma. The latest
split occurred around 0.33 Ma, between D. paulisto-
rum Orinocan e D. paulistorum Andean-Brazilian
(Figure 5).

Discussion

The entire willistoni group, including non-sibling spe-
cies, is in distinct evolutionary levels. The bocainensis

D pakstoram arceansm fan

O paustoam omocan

D poksaas

D poutistonm smasonien &

© paubetonum itenor
0 poudstorym cerfroamencan

D packstorum barsdone

it

O equronsss

O shmtevon

- C 0 capriom
D sucvne

q

Figure 4. Bayesian Inference tree based on total evidence

hological characters, nuclear genes dataset (Adh, kI-3, Hb, Ddc,

per) and mitochondrial genes dataset (COJ, COll, Cytb). The numbers in the nodes are Bayesian Posterior Probabilities (PP) and maximum
likelihood bootstrap support (BS). (-) indicates that there is no support for the node.
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Figure 5. Divergence time estimation with two calibration points based on total evidence data partition. The values above the branches
are the ages of the nodes. The 95% HPD interval is represented by the blue bars.

subgroup, presents high divergence levels between
species and the relationships were consistently recov-
ered in the different approaches. Considering just the
species analyzed in this study, bocainensis subgroup
seems to have had a polyphyletic origin. D. sucinea
and D. capricorni seems closely related, since this rela-
tionship was recovered using different gene markers
and morphology. This relationship corroborates
O’Grady and Kidwell [13] but, nevertheless, more
members of bocainensis subgroup must be included to
accurately estimate evolutionary relationships within
this subgroup.

Some relationships found in our study were previ-
ously described. We found that D. insularis was the
first sibling to diverge from a common ancestor. This
species has been considered basal in relation to the
remaining subgroup. Spassky et al. [18]. considered D.
insularis a probable insular offshoot of the continental
D. tropicalis. Ayala et al. [4]. considered D. insularis as
the oldest lineage of the willistoni subgroup. Gleason
et al. [11]. also found that D. insularis seems to be the
first species of this subgroup to diverge, with the same

hypothesis also presented by Robe et al. [14]. Still,
Rhode et al. [23]. established that D. insularis 1I-R
chromosomes are the most rearranged, corroborating
the molecular findings. The sequence in which D. tro-
picalis, D. willistoni, D. equinoxialis and D. paulisto-
rum split was previously found by Gleason et al. [11].
with per and Adh genes and by Robe et al. [14], with
Adh, Amd and per.

Considering the relatively recent divergence time of
the willistoni subgroup, the low levels of morphologi-
cal difference are justified. The most evident morpho-
logical differences between the willistoni subgroup
siblings are in the male genitalia, which can be
explained by the distinct evolutionary rate of genital
characters or morphological characters in general.
Masly and Presgraves [24]. stated that the characters
of the external genitalia evolve faster than other mor-
phological character and the rapid divergence of the
male genitalia in insects is so striking that recently
diverged species can exhibit pronounced differences
in the male genitalia [25-27]. Richmond et al. [28],
resuming McPeek et al. [29,30]. claims that sexual
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characteristics go through substantial shifts during
speciation events, due to alternating selective pressures
coming from directional and stabilizing selection on
mate recognition systems. According to the authors, a
corresponding shift in female genital morphology is
not necessary, since those are not necessarily impaired
by structural variations that give copulatory advan-
tages to males. The lack of definition in the phyloge-
netic relationships obtained through morphological
characters analysis can be a reflection of the recent
events of speciation. It is possible that these characters
did not accumulate enough differences for a strong
phylogenetic signal, although the differences are
enough to identify sibling species and even the D. pau-
listorum semispecies [21].

Diversification of the willistoni subgroup, according
to our estimation, began around 7.3 (3.9749 -
11.9534) Ma, during the upper Miocene. During this
period, there were changes in the landscape of Central
and South America, like marine incursions forming
wetlands in western Amazonia [31] and the closure of
the Isthmus of Panama [32]. D. paulistorum complex
diversification began around 2.1 (0.9912 - 3.4704)
Ma, during the Plio-Pleistocene with the split of D.
paulistorum Transitional. The remaining taxa differ-
entiated during the Pleistocene, characterized by
global climatic oscillations and expansion-contraction
of the South American biomes [33]. Based on our
results, it is suggested that the diversification in the
willistoni subgroup and in the D. paulistorum complex
began a little earlier than suggested by Robe et al. [14].
These authors put the beginning of D. willistoni diver-
sification around 5.7 Ma and the D. paulistorum com-
plex around 0.9 Ma. Even though that estimation was
performed based only on an Adh gene fragment, the
values fit our 95% confidence interval.

We hypothesize that the origin and further diversi-
fication of the willistoni subgroup took place in the
North region of South America, at the Amazonian
area. Most of the species of the subgroup live in sym-
patry in this area, except for D. insularis, which occurs
in the Antilles and D. paulistorum Centroamerican, in
Central America [8,10]. The geomorphological events
during the Miocene, especially the closure of the Isth-
mus of Panamd, allowed ancestral lineages from South
America to expand its distribution to Central Amer-
ica. This pattern is also observed in the nannoptera
group [34] and in fasciola group [35], although in the
latter the diversification began in Central America and
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expanded to South America. The geographic distribu-
tion of the willistoni group corroborates our hypothe-
sis of diversification. Moreover, Haffer [36] proposed
some hypotheses to explain the vertebrate speciation
in Amazonia and this explanation could be extrapo-
lated to the willistoni subgroup speciation process, as
already suggest by Spassky et al. [10]. and reviewed in
Ehrmann and Powell [9].

Haffer [36,37] theorized a historical explanation to
geographical distribution patterns of some closely
related bird species in Tropical America. According to
Spassky et al. [10], there is a resemblance between
those bird species and D. paulistorum semispecies.
During dry periods of the Pleistocene, the Amazonian
forest was divided into smaller patches of forest, sur-
rounded by areas of non-forest open vegetation
[36,37]. These forest areas acted as “refuge areas” for
taxa dependent on the humidity, promoting a rapid
differentiation of the Amazonian fauna in a very
recent geological time [36,37]. Spassky et al. [10].
related D. paulistorum semispecies distribution with
known Haffer’s refuges. Transitional semispecies
occur alone in the Chocé refuge and in the mountains
near the Caribbean coast of Colombia and Venezuela.
Centroamerican semispecies distribution coincides
with Haffer’s Centroamerican refuge. Orinocan and
Amazonian semispecies may be derived from Cata-
tumbo, Imeri, Guyana or Belém refuges. Interior dis-
tribution corresponds to Napo or Imori refuges.
Andean-Brazilian may have expanded from the East
Peruvian refuge [10]. Corroborating this hypothesis,
the diversification of Drosophila fasciola subgroup
also began during the Miocene, and part of this sub-
group divergence began in the Plio-Pleistocene and
Pleistocene [35], very similar to the D. willistoni sub-
group diversification.

Speciation and subspeciation in the willistoni sub-
group have been controversial issues. Several research
groups have disagreed on some aspects since Theodo-
sius Dobzhansky choose this subgroup as a model for
evolutionary studies. Thus, the results obtained in our
study lead us to the question: Is D. paulistorum a sin-
gle species?

Based on the male genitalia morphology [21] and
molecular analyses, in addition to previous chromo-
somal studies [23], it could be proposed that the for-
mer “semispecies” are, in fact six distinct species,
supporting the elevation of the “semispecies” Guya-
nensis to D. paviovskiana, which was based only in
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chromosomal studies and crossing tests [38]. How-
ever, even if the six components of D. paulistorum
complex could be considered species, they are proba-
bly still in the process of reproductive isolation, and
for this reason, we suggest a more conservative
approach. Still regarding the classification of D. paulis-
torum as a “superspecies” composed of “semispecies”,
Mayr [39] claimed that “semispecies of a superspecies
should be mostly allopatric”. This is not true for the
D. paulistorum complex, since most of them live in
sympatry in the North of South America and in the
Amazonia area [8,10].

Regarding the time necessary to complete the speci-
ation process, about 1 million years [40] is suggested,
which leads us to believe that some entities of the D.
paulistorum complex still did not complete the pro-
cess. These authors highlight that this is the required
time for divergence between sister-species, which is
not the same time required for the complete reproduc-
tive isolation, which could be more than 4 million
years. This could explain the interspecific crossings
between Drosophila species. Thus, we suggest the for-
mer semispecies to be classified as subspecies of D.
paulistorum, putting them into a valid taxonomic cat-
egory according to the International Code of Zoologi-
cal Nomenclature [41].

Drosophila paulistorum general description can be
found in Burla et al. [15]. We are describing here the
subspecies of D. paulistorum:

D. paulistorum amazonian
Description

Arista with 8-9 branches; light ocellar triangle; tan
first flagelomere, with long and sparse pilosity;
prominent carina; 2 oral bristles. Tan mesonotum
and scutellum. Yellow pleura and legs. Eight irregu-
lar rows of acrostichal hairs. Convergent scutellar
bristles. Hyaline wings. Yellow abdomen, with nar-
row continuous darker bands. Epandrium with 12
bristles. Surstylus with 15 prensiseta, nine longer
and six shorter and one setae in the ventral hook.
Square shaped hypandrium, dome-shaped lobes
with a slightly convergent seta. The lobes almost
touch each other. Large and slightly separated
teeth, inserted in the lobe line. Lateral extensions
prominent toward the top. Beak-like distyphallus.
Rod shaped aedeagal apodeme, with a small round
expansion at the distal end.

Distribution

Panama, Trinidad, Colombia, Venezuela, Guyana and
Northern Brazil.

D. paulistorum andeanbrazilian
Description

Arista with 7 branches; light ocellar triangle; tan
first flagelomere, with short dense pilosity; short
carina; 2-3 oral bristles. Yellow mesonotum and
scutellum. Yellow pleura and legs. Seven irregular
rows of acrostichal hairs. Convergent scutellar bris-
tles. Hyaline wings. Yellow abdomen, with narrow
continuous darker bands. Epandrium with 12 bris-
tles. Surstylus with 15 prensiseta, eight longer and
seven shorter and two seta in the ventral hook.
Square shaped hypandrium, slightly square shaped
lobes, convergent paramedian seta. Very close,
medium sized thin teeth that are twice the height
of the lobes, inserted in the lobe line. Lateral exten-
sions almost continuous with the lobes. Beak-like
distyphallus. Rod shaped aedeagal apodeme, with a
small round expansion at the distal end.

Distribution

Brazil, Ecuador, Peru, Colombia and Venezuela.

D. paulistorum centroamerican
Description

Arista with 8 branches; dark ocellar triangle; dark first
flagelomere, with short dense pilosity; prominent
carina; 2 oral bristles. Tan mesonotum and scutellum.
Yellow pleura and legs. Six regular rows of acrostichal
hairs. Parallel scutellar bristles. Hyaline wings. Yellow
abdomen, with narrow continuous darker bands.
Epandrium with 12 bristles. Surstylus with 15 prensi-
seta, eight longer and seven shorter and two seta in
the ventral hook. Rectangular hypandrium, irregular
shaped lobes with convergent seta. Very close medium
sized thin teeth, twice the height of the lobes, inserted
below the lobe line. Lateral extensions adjacent, very
close to the lobes. Beak-like distyphallus. Rod shaped
aedeagal apodeme, with a fan-like expansion at the
distal end.
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Distribution

Tical (Colombia), Lancetilla (Honduras), San Salva-
dor (El Salvador), Turrialba (Costa Rica) and
Boquete, Almirante and the Central area of
Panama.

D. paulistorum interior
Description

Arista with 8 branches; light ocellar triangle; tan
first flagelomere, with short dense pilosity; promi-
nent carina; 2 oral bristles. Yellow mesonotum and
scutellum. Yellow pleura and legs. Six regular rows
of acrostichal hairs. Divergent scutellar bristles.
Hyaline wings. Yellow abdomen, with narrow con-
tinuous darker bands. Epandrium with 12 bristles.
Surstylus with 12 crescent sized prensiseta and two
seta in the ventral hook. Hypandrium like D. pau-
listorum andeanbrazilian, although the lateral
extensions are not continuous with the lobes and
there is no gap between teeth and lobes. Beak-like
distyphallus. Rod shaped aedeagal apodeme, with a
small round expansion at the distal end.

Distribution
Colombia, Venezuela and Northern Brazil.

D. paulistorum orinocan
Description

Arista with 8 branches; light ocellar triangle; yellow
first flagelomere, with long dense pilosity; short
carina; 2 oral bristles. Yellow mesonotum and scu-
tellum. Yellow pleura and legs. Five regular rows of
acrostichal hairs. Convergent scutellar bristles. Hya-
line wings. Yellow abdomen, with narrow continu-
ous darker bands. Epandrium with 12 bristles.
Surstylus with 12 prensiseta, approximately the
same size and two seta in the ventral hook. Small-
est hypandrium among D. paulistorum subspecies,
square shaped with small round lobes, convergent
paramedian seta, medium sized thin teeth, three
times the size of the lobes, inserted a little below
the lobe line. Beak-like distyphallus. Rod shaped
aedeagal apodeme, with a fan-like expansion at the
distal end.
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Distribution

Panama, Trinidad, Colombia, Venezuela and Guyana,
mainly in the Caribbean coast.

D. paulistorum transitional
Description

Arista with 8 branches; light ocellar triangle; yellow
first flagelomere, with long dense pilosity; prominent
carina; 2 oral bristles. Yellow mesonotum and scutel-
lum. Yellow pleura and legs. Eight regular rows of
acrostichal hairs. Convergent scutellar bristles. Hya-
line wings. Yellow abdomen, with narrow continuous
darker bands. Epandrium with 12 bristles. Surstylus
with 13 prensiseta, 12 of the same size and one larger
in the middle and two seta in the ventral hook. Square
shaped hypandrium with small round lobes very close
to the teeth. Convergent paramedian seta and large
thick teeth, almost three times the size of the lobes,
inserted in the lobe line. Lateral extensions prominent
toward the top, higher than the lobes. Beak-like disty-
phallus. Rod shaped aedeagal apodeme, with a small
round expansion at the distal end.

Distribution

Santa Marta, Chocé Condoto and Valle, in Colombia;
Perija, Vigia, Barinas, Sarare, Rancho Grande and
Guatopo, in Venezuela.

Material and methods
Taxon sampling

Seventeen species were included in the analyzed data-
sets (Table 1). The ingroup comprises 10 species: D.
willistoni, D. equinoxialis, D. tropicalis, D.insularis
and the six representatives of the D. paulistorum com-
plex. The outgroup includes 4 species of the bocainen-
sis subgroup and D. sturtevanti (saltans group). The
obtained topologies were rooted with D. sturtevanti.
For the divergence time estimation, we also included
D. melanogaster (Sophophora subgenus) and D. virilis
(Drosophila subgenus).

Morphological characters

The morphological dataset is composed of 45 charac-
ters (Supplementary material 4). The morphological
characters were chosen based on previous studies with
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Drosophila species [42,43]. For general morphology
characters, 20 individuals of each species of willistoni
and bocainensis subgroups were studied. We analyzed
different strains of D. willistoni, D. equinoxialis, D.
insularis, D. paulistorum Amazonian, D. paulistorum
Andean-Brazilian and D. nebulosa from several locali-
ties (Supplementary material 5). Male genitalia char-
acters of willistoni subgroup were obtained from
Zanini et al. [21]. For the bocainensis subgroup, we
observed at least 20 individuals of each species, using
scanning electron microscopy and light microscopy
preparations following Zanini et al. [21].
Morphological data were coded in Mesquite 3.31
[44] and the matrix was exported as a Nexus file. Inap-
plicable states were coded as “-”. Characters were
treated as nonadditive. Morphological characters were
treated under the Mkv evolutionary model [45], when
using Maximum Likelihood probabilistic method.

DNA extraction and amplification

DNA was isolated following Sassi et al. [46]. Phylogenetic
information was evaluated with sequences obtained from
five nuclear loci — Alcohol Dehydrogenase (Adh), Dopa-
Decarboxylase (Ddc), Hunchback (Hb), k-3 (male fertility
factors ki-3 located in the short arm of the Y chromo-
some) and Period (per). Additionally, three mitochon-
drial markers were employed - Cytochrome oxidase
subunit I (COI), Cytochrome Oxidase subunit II (COII),
Cytochrome Oxidase b (Cytb). We generated new sequen-
ces for COI, Cytb, Ddc, kI-3 for all species analyzed, and
Adh and COII for some species. Hb, per, Adh (in part)
and COII (in part) were downloaded from GenBank
(Table 1).

The amplification conditions as well as the primers
used to amplify the sequences of molecular markers
are in Supplementary material 6. Following the PCR,
amplicons were purified with Exonuclease I (10 U/pul)
and Shrimp Alkaline Phosphatase (1 U/ul). Macrogen
(Seoul, South Korea) carried out the sequencing, using
BigDye technology, in both forward and reverse direc-
tions, using the same primers used in the amplifica-
tion. All generated amplicons were deposited in
GenBank (Table 1).

Sequences analyses

The electropherograms obtained were analyzed,
assembled and the consensus sequences generated
were edited and visualized using Staden Package [47].
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Consensus sequences were aligned using the Clustal
W algorithm, implemented in MEGA version 7.0 [48].

Alignments were concatenated in a single matrix
using DNAsp v. 5.10.1 [49]. Morphological and
molecular datasets were merged in Mesquite 3.31 [44]
and exported in NEXUS (for MrBayes analyses) and
Phylip (for RAXML analyses).

Patterns of nucleotide substitution for each locus
and combined loci were evaluated using the evolution-
ary models suggested by the Akaike Information Cri-
terion [50] performed in JmodelTest [51]. Descriptive
parameters were obtained in MEGA 7.0 [48] and in
DAMBE 5.3.109 [52], and can be visualized in Supple-
mentary material 2.

Each loci were tested for substitution saturation in
DAMBE 5.3.109 (Supplementary material 7).

Pairwise genetic divergences were estimated in
MEGA 7.0, considering each loci and total evidence
dataset using Maximum Composite Likelihood; vari-
ance was estimated with 1000 bootstrap replications
(Figure 1, Supplementary material 1).

Phylogenetic analyses

Preliminary phylogenetic analyses were made for each
molecular marker, and for different combined datasets
- nuclear markers, mitochondrial markers, morpho-
logical and nuclear markers combined, morphological
and mitochondrial markers combined, nuclear and
mitochondrial markers combined (Supplementary
material 3).

Gene trees and combined molecular trees were con-
structed using two methods: Bayesian Inference per-
formed in MrBayes 3.1.2 [53] and Maximum
Likelihood (ML) performed in RAxML v.8.0.0 [54].

For the Bayesian Inference with combined datasets,
the matrix was partitioned into morphological data
and into different gene sets, and a nucleotide substitu-
tion model was used for each partition. The Markov
Chain Monte Carlo (MCMC) was run for at least
1,000,000 generations, sampling trees every 100 gener-
ations and using four chains with heating default val-
ues. The runs were stopped when the convergence
values declined below 0.01 and applied a burn-in of
25% of the generations before summarizing trees and
parameters. Node support reflected the posterior
probabilities of each clade.

For Maximum Likelihood, the GTR-CAT model
was used for the molecular markers and the Multi-
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state-CAT+MK was used for the morphological data-
set. The node support was based on 1000 bootstrap
replications.

Divergence time estimation

Divergence time was estimated with BEAST 2 [55]
with parameters defined in BEAUTi [55]. The MCMC
chains were run independently three times for
20,000,000 generations, with sampling every 1000 gen-
erations, under a log-normal relaxed-clock model
using a Yule process as the tree prior for speciation
model and a random start tree, assuming the models
GTR+I+G. The convergence was analyzed in Tracer
[55] Trees were summarized in Tree Anotator [55],
with 25% burn-in and visualized and edited with Fig-
Tree [56].

Two calibration points were established based on
previously dated speciation events. The first calibra-
tion point was the split between D. willistoni and D.
melanogaster groups (36 MA) and the second point
was the split of subgenus Drosophila and Sophophora
(40 MA), both based on Powell and De Salle [57] and
Russo et al. [58]. Combined nuclear and mitochon-
drial datasets were employed for divergence time esti-
mation analysis.
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