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RESUMO

AVALIACAO DA IMPORTANCIA DO FOTORREPARO DE DNA EM ANFIBIOS

AUTOR: James Eduardo Lago Londero
ORIENTADOR: André Passaglia Schuch

Os anfibios tém sofrido um declinio populacional generalizado em todo o globo. Em torno de 40% das
espécies de anfibios existentes estdo ameacadas de extin¢do. A radiacdo ultravioleta (UV) solar (280-
400 nm) possui a capacidade de formar lesdes citotdxicas e mutagénicas no genoma de anfibios, as
quais podem comprometer o desempenho e aptiddo destes animais. Fatores como o decréscimo do
ozonio estratosférico, mudangas climaticas, desmatamento e diminui¢cdo de matéria organica em cor-
pos de &gua, tém aumentado a incidéncia de radiacdo UV solar em sitios reprodutivos de anfibios. Em
contrapartida, a fim de minimizar os efeitos prejudiciais das les6es induzidas pela UV em seu genoma,
anfibios possuem mecanismos capazes de repara-las, tais como o fotorreparo (ou fotorreativagdo), o
gual envolve a absorcéao de luz (350-700 nm) por meio de enzimas chamadas fotoliases e a transferén-
cia de elétrons as lesdes, assim removendo-as. No entanto, a capacidade de fotorreparo varia entre
espécies, sendo a ineficiéncia deste mecanismo um possivel fator determinante para o declinio popula-
cional de espécies sensiveis a radiacdo solar. Levando isto em consideracdo, o objetivo geral deste
trabalho consistiu em avaliar a importancia do fotorreparo de DNA em anfibios. Primeiramente, as
respostas biolégicas de anfibios aos danos de DNA induzidos pela UV, as quais incluem a capacidade
de fotorreparo, foram discutidas através de uma revisdo ampla da literatura existente sobre este topico.
Os resultados demonstram que apenas trés trabalhos dos 21 encontrados avaliaram diretamente as
lesdes de DNA induzidas pela UV in vivo. Como consequéncia, 0s mecanismos de reparo de DNA s&o
pouquissimos estudados e compreendidos. Desta forma, a importancia do fotorreparo de DNA para a
manutenc¢do do desempenho alimentar de girinos especialistas florestais previamente expostos a uma
baixa dose ambiental de radiacdo UVB (280-315 nm) foi avaliada através de um estudo experimental
controlado com girinos de uma espécie de perereca ameacgada de extin¢do [Boana curupi (Garcia, Fai-
vovich e Haddad, 2007); Anura; Hylidae]. Os resultados demonstram que a radiagdo UVB impactou
negativamente no peso dos girinos devido a uma reducéo do consumo de alimento, que por sua vez foi
consequéncia do impacto genotéxico da UVB. O tratamento adicional com luz visivel (pés UVB) su-
geriu uma baixa eficiéncia do fotorreparo de DNA nesta espécie, uma vez que o peso corporal e a ati-
vidade de consumo de alimento permaneceram afetados. Adicionalmente, andlises in silico foram con-
duzidas com o objetivo de compreender as bases moleculares das fotoliases de anfibios. Anélises de
homologia foram realizadas com sequéncias de fotoliases de anfibios. Apenas sequéncias anotadas e
acuradas foram obtidas a partir do GenBank, BLASTp e tBLASTn (NCBI). Os resultados demonstram
variacOes interespecificas na ocorréncia destas enzimas e a possivel ma anotacdo de algumas sequén-
cias. A partir destes resultados, perspectivas futuras sdo discutidas. A presente dissertacdo demonstra
gue ha ainda uma falta de compreensdo do fotorreparo em anfibios, e que possiveis novas avenidas
sobre este tema devem ser tracadas, a fim de melhor elucidar o papel do fotorreparo em anfibios. Por-
tanto, a contribuicdo da radiacdo UV solar para o declinio de anfibios e a importancia do fotorreparo
de DNA para evitar os efeitos genotoxicos induzidos pela radiacdo UV em espécies de anfibios pode
se tornar mais evidente em um futuro préximo.

Palavras-chave: Radiagdo UV. Luz solar. Declinio de anfibios. Danos de DNA. Lesdes de
DNA. Reparo de DNA. Fotorreparo de DNA. Fotorreativagdo. Fotoliases. Girinos.
Performance alimentar. Floresta. Mata Atlantica.



ABSTRACT

ASSESSMENT OF THE IMPORTANCE OF DNA PHOTOREPAIR IN AMPHIBIANS

AUTHOR: JAMES EDUARDO LAGO LONDERO
ADVISOR: ANDRE PASSAGLIA SCHUCH

Amphibians have suffered a widespread population decline across the globe. About 40% of existing
amphibian species are threatened with extinction. Solar ultraviolet (UV) radiation (280-400 nm) has
the capacity to form cytotoxic and mutagenic lesions in the amphibian genome, which may
compromise the performance and fitness of these animals. Factors such as the decrease of stratospheric
ozone, climate changes, deforestation and decrease of organic matter in water bodies have increased
the incidence of solar UV radiation upon amphibian breeding sites. In contrast, in order to minimize
the harmful effects of UV-induced lesions on their genome, amphibians have mechanisms capable of
repairing them, such as photorepair (or photoreactivation), which involves the absorption of light
(350-700 nm) by means of enzymes called photolyases and the transfer of electrons to the lesions, thus
removing them. However, photorepair capacity varies among species, and the inefficiency of this
mechanism is a possible determinant factor for population decline of UV-sensitive species. Taking this
into account, the general objective of this work was to evaluate the importance of DNA photorepair in
amphibians. First, the biological responses of amphibians to UV-induced DNA damage, which include
photorepair capability, have been discussed through a broad review of existing literature on this topic.
The results show that only three out the 21 studies found directly evaluated the UV-induced DNA
lesions in vivo. As a consequence, DNA repair mechanisms are very few studied and understood. Thus,
the importance of DNA photorepair for the maintenance of the feeding performance of forest specialist
tadpoles previously exposed to a low environmental dose of UVB radiation (280-315 nm) was
evaluated through a controlled experimental study with a species of treefrog threatened with extinction
[Boana curupi (Garcia, Faivovich and Haddad, 2007); Anura; Hylidae]. The results demonstrate that
UVB radiation negatively impacted tadpole weight due to reduced food consumption, which in turn
was a consequence of the genotoxic impact of UVB. An additional treatment with visible light (post-
UVB) suggested a low efficiency of DNA photorepair in this species, since body weight and food
consumption activity remained affected. In addition, in silico analyzes were conducted with the
objective of understanding the molecular basis of amphibian photolyases. Homology analyzes were
performed with sequences of amphibian photolyases. Only annotated and accurate sequences were
obtained from GenBank, BLASTp and tBLASTn (NCBI). The results demonstrate interspecific
variations in the occurrence of these enzymes and the possible bad annotation of some sequences.
From these results, future perspectives are discussed. The present dissertation demonstrates that there
is still a lack of understanding of amphibian photolyases, and that possible new avenues on this subject
must be traced in order to better elucidate the role of photorepair in amphibians. Therefore, the
contribution of solar UV radiation to the decline of amphibians, and the importance of DNA
photorepair to avoid the UV-induced genotoxic effects on amphibian species may become more
evident in the near future.

Keywords: UV radiation. Sunlight. Amphibian decline. DNA lesions. DNA repair. DNA
photorepair. Photoreactivation. Photolyases. Tadpoles. Feeding performance. Forest. Atlantic
forest.
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1 INTRODUCAO

Nas ultimas décadas tém se observado um fendmeno global de declinio de anfibios,
onde muitas espécies estdo sofrendo reducbes em suas distribuigdes naturais ou mesmo ja
foram extintas (STUART et al., 2004). Segundo a Lista Vermelha das Espécies Ameacadas da
Unido Internacional para Conservacdo da Natureza (IUCN), aproximadamente 40% das
espeécies existentes de anfibios (~2676 de 6690 espécies) encontra-se ameacada de extingéo,
mas esta proporgdo pode alcancar o alarmante valor de 54% (IUCN, 2018). Alarmantemente,
mais de 200 espécies estdo sofrendo rapidos declinios populacionais mesmo em hébitats
aparentemente adequados e intocados, ou seja, sem interferéncia humana (STUART et al.,
2004).

Anfibios sdo componentes fundamentais da dindmica trofica e fluxo de energia dentro
dos ecossistemas e constituem uma significante propor¢do da biomassa de vertebrados
(STEBBINS, 1995; WHILES 2006). Anfibios sdo ectodérmicos dependentes de agua para
reproducdo e sdo caracterizados pela pele permeavel que pode absorver facilmente
substancias do ambiente (DUELLMAN, 1994). Individuos que possuem ciclos de vida
complexos, como muitos anuros (sapos, rds e pererecas), possuem uma historia de vida
caracterizada pelos diferentes estagios de desenvolvimento: o ovo que contém o embrido; o
girino ou larva; o imago ou juvenil; e o adulto. Ovos e girinos sdo fortemente dependentes de
corpos de agua, enquanto imagos e adultos sdo tipicamente terrestres (DUELLMAN, 1994).
Os tipos de alimentacdo podem diferir entre as fases de vida, sendo a maioria dos girinos de
habito onivoro/micréfago com muitas adaptacdes no aparato locomotor e alimentar; e a
maioria dos adultos possuindo habito carnivoro (DUELLMAN, 1994; ALTIG e
MCDIARMID, 1999). Notavelmente, a susceptibilidade a alteracbes ambientais pode variar
entre individuos ou espécies (BLAUSTEIN e BELDEN, 2003).

A radiacdo ultravioleta (UV) solar, um importante estressor genotéxico ambiental,
afeta negativamente a salde e desempenho de embrides e larvas de anfibios (SCHUCH et al.,
2015a; ALTON e FRANKLIN, 2017). Alteracdes ambientais globais induzidas por humanos
como o decréscimo da concentracdo de oz6nio estratosférico e as mudancas climaticas,
podem contribuir de forma significativa para 0 aumento dos niveis incidentes de radiacdo UV
solar sobre os estagios iniciais do desenvolvimento de anfibios (SCHUCH et al., 2015b;
HADER et al., 2015; ALTON e FRANKLIN, 2017). Diferentes consequéncias bioldgicas tém
sido verificadas em individuos expostos a radiacdo UV, tais como reducdo das taxas de

crescimento e desenvolvimento, metamorfose atrasada, malformagdes, mudancas
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comportamentais, susceptibilidade a infecgdes e predacdo, ou mesmo morte (BLAUSTEIN et
al., 1998; ALTON et al., 2012; SCHUCH et al., 2015a; SCHUCH et al., 2015b, LIPINSKI et
al., 2016).

O potencial genotoxico da radiagdo UV solar que incide na superficie terrestre
[formada pelos comprimentos de onda do tipo B (UVB, 280315 nm) e tipo A (UVA,
315400 nm)] advém principalmente da energia de seus fotons, que ¢ capaz de induzir
ligacGes covalentes entre pirimidinas de nucleotideos vizinhos em uma hélice do DNA
(SCHUCH et al., 2017). A estrutura gerada € conhecida como dimero de pirimidina, um tipo
de danos ou lesdo de DNA, que pode ser chamado também de fotoproduto (SANCAR, 2008;
SCHUCH et al., 2017). Uma vez formados, os dimeros de pirimidina proporcionam uma
distorcao na dupla hélice, que prejudica a replicacdo e a transcricdo do DNA (SCHUCH et al.,
2017). A radiacdo UVB é mais eficaz que a UVA para formar dimeros de pirimidina devido a
maior absorcao direta de fétons de UVB pelo DNA (SCHUCH et al., 2017). Os danos de
DNA induzidos com maior frequéncia pela UV sdo conhecidos como dimeros de pirimidina
ciclobutano (CPD), os quais constituem ~80-90% das lesdes, e fotoprodutos (6-4) pirimidina-
pirimidona (6-4PP), os quais correspondem a 10-20% das lesbes (SANCAR, 2008). Ver
detalhes estruturais destas lesdes na p. 36.

As radiagdes UVB e UVA podem induzir morte celular, mutagénese e carcinogénese
como consequéncias dos dimeros de pirimidina no DNA (FRIEDBERG, 2003; SCHUCH et
al., 2017). Entretanto, as lesbes induzidas pela radiacdo UV podem ser corrigidas por
diferentes mecanismos de reparo de DNA, antes mesmo de desencadearem processos
citotoxicos e mutagénicos (FRIEDBERG, 2003; RASTOGI et al., 2010). Em um processo
conhecido como fotorreparo ou fotorreativacdo, enzimas chamadas como fotoliases utilizam
UVA/luz visivel (300 — 500 nm) como fonte de energia, e transferéncia de elétrons para
reverter os dimeros de pirimidina (FRIEDBERG, 2003; SANCAR 2008). Desta forma, a luz
solar tém sido um fator chave na evolucédo da vida, devido a sua acdo prejudicial ou benéfica
em sistemas Vvivos.

Dois tipos de fotoliases sdo capazes de reparar os fotoprodutos induzidos pela UV: as
CPD fotoliases (CPD PHR) reparam lestes CPD; e as (6-4) fotoliases ((6-4) PHR) reparam
lesGes 6-4PP (SANCAR 2008). A seguir a dinamica do fotorreparo realizado pela CPD PHR
sera detalhada. A dindmica se inicia no escuro com a enzima fotoliase se ligando ionicamente
com os residuos de fosfato da fita de DNA danificada e liberando o dimero de pirimidina na
cavidade do sitio ativo, de forma que o dimero esteja em contato com FADH- por meio de

ligagdes de forgas de Van der Waals. A reagéo catalitica é iniciada pela absorcéo de fotons de
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UVA/luz visivel (300-500 nm) pelo painel solar/fotoantena folato (MTHF). O estado singlete
excitado do MTHF transfere a energia de excitacdo para FADH- por transferéncia de energia
de ressonancia (RET). O FADH-* excitado divide o anel ciclobutano pela reacdo redox
ciclica e monomeriza o dimero de pirimidina, e em seguida o DNA reparado se dissocia da
enzima. O fotociclo catalitico € completado pela restauracdo da forma ativa FADH- através
do retorno de elétrons do dimero reparado (Figura 1). A reacdo fotoquimica inteira é ultra
rapida (1,2 ns) e eficiente (rendimento quantum em torno de 0.9). O mecanismo de
fotorreparo é similar em ambos os complexos CPD + CPD PHR e 6-4PP + 6-4 PHR
(SANCAR, 2003; KAO et al., 2007;.LIU et al., 2011; ZHONG, 2015).

Figura 1 - Dindmica do fotorreparo de DNA. (1) A enzima fotoliase se liga ao dimero de pirimidina
(por exemplo, CPD) no escuro. (2) Através de uma reacdo térmica, (3) a enzima torce o dimero de
pirimidina de dentro da dupla hélice do DNA para sua cavidade do sitio ativo. (4) Quando fétons de
luz visivel/UVA incidem na fotoliase e (5) alcangam o painel solar (ou fotoantena; por exemplo,
MTHF), este se torna excitado. (6) Por meio de transferéncia de energia de ressonancia (RET), o
MTHF transfere sua energia de excitagdo para (7) FADH-, a coenzima catalitica. (8) O FADH—*
excitado monomeriza (reverte) o dimero de pirimidina e ocorre o retorno de elétrons do dimero e
restauracdo da forma ativa FADH. No entanto, pode ocorrer a excitacdo direta do FADH- pela luz

visivel/lUVA. Legenda: CPD: cyclobutane pyrimidine dimer; MTHF: methenyltetrahydrofolate.
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O fotorreparo de DNA é o principal e mais eficiente mecanismo de reparo dos dimeros
de pirimidina induzidos pela UV presente no clado dos anfibios (MENCK, 2002). Entretanto,
de acordo com a hipotese da sensibilidade a UV, espécies de anfibios com menor resisténcia a
radiacdo UV solar possuem uma menor capacidade de reparar os dimeros de pirimidina
gerados na molécula de DNA (BLAUSTEIN et al., 1994). Assim, os niveis de atividade das
fotoliases diferem substancialmente entre espécies de anfibios (BLAUSTEIN et al. 1994;
VAN DE MORTEL et al., 1998; SANTOS e LONDERO et al., 2018).

O objetivo geral deste trabalho consistiu em avaliar a importancia do fotorreparo de
DMA em anfibios. A sessdo de texto da presente dissertacdo encontra-se dividida em seis
capitulos, sendo esta sessdo introdutoria o primeiro capitulo. O segundo capitulo trata-se de
uma revisdo da literatura existente sobre o impacto da radiacdo UV solar em anfibios, tendo
com o foco as respostas bioldgicas destes animais, as quais incluem a eficiéncia do
fotorreparo de DNA. O terceiro capitulo avalia a importancia do fotorreparo de DNA para a
manutencdo do desempenho alimentar de girinos especialistas florestais expostos a radiacdo
UVB. A espécie modelo utilizada neste trabalho, Boana curupi (Garcia, Faivovich and
Haddad, 2007; Anura; Hylidae), esta ameacada de extin¢do a nivel nacional e estadual
(MINISTERIO DO MEIO AMBIENTE, 2014; GOVERNO DO ESTADO DO RIO GRANDE
DO SUL, 2014), estando restrita aos remanescentes florestais de Mata Atlantica do sul do
Brasil, a qual compde o hotspot de biodiversidade Mata Atlantica (MYERS et al., 2000;
LONDERO et al.,, 2018). Os dados sugerem uma alta susceptibilidade desta espécie a
radiacdo UV solar devido a ineficiéncia do mecanismo de fotorreparo de DNA. A fim de
compreender as bases moleculares subjacentes ao fotorreparo de DNA de anfibios, o quarto
capitulo langa uma perspectiva de estudo de caracterizacdo computacional dos genes e
proteinas das fotoliases de anfibios a partir de sequéncias primarias de 28 espécies.
Resultados preliminares demonstram que (1) a ocorréncia de genes de fotoliases nas espécies
ndo € uma regra ou (2) as sequéncias, em geral, sdo pouco conservadas dentro do clado dos
anfibios ou (3) as sequéncias utilizadas nao foram obtidas e anotadas de maneira correta. Em
seguida, os resultados adquiridos nos capitulos mencionados acima, as novidades cientificas
do presente trabalho, bem como perspectivas para estudos futuros, sdo discutidos em uma

sessdo unica (quinto capitulo). A concluséo geral da dissertacdo encontra-se no sexto capitulo.
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2 ARTIGO 1 - IMPACT OF SOLAR UV RADIATION ON AMPHIBIANS: FOCUS
ON GENOTOXIC STRESS

Este estudo revisa os artigos de pesquisa existentes que tém como foco os danos de
DNA (e respostas biologicas) induzidos por doses relevantes ambientalmente de UVB e UVA
em especies de anfibios. Apenas 21 artigos foram encontrados nos bancos de dados, dos quais
somente trés mediram diretamente as lesdbes de DNA in vivo. A contribuicdo da
genotoxicidade induzida pela radiagdo UV solar para o declinio de anfibios pode estar sendo

subestimada. Possiveis investigacdes futuras sdo discutidas.

Uma copia do arquivo referente a Gltima submissdo para a revista Mutation Research

— Genetic Toxicology and Environmental Mutagenesis tem inicio na pagina seguinte.
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Graphical abstract

Is there a link between UV exposure and amphibian decline?
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Abstract

Genomic stability is critical for cellular and organismal function. The solar UV radiation is one of
the most important environmental genotoxic factors, and its increased incidence due to stratospheric
ozone depletion, climate changes, and deforestation plays a role in the worldwide decline of
amphibians’ populations. Even sublethal effects of UV-induced genotoxicity may cause drastic
consequences in the performance and fitness of amphibians. We reviewed the existing literature
searching for research papers focused on the induction of DNA damage (and responses) in
amphibian species by environmental relevant UVB and UVA doses. We found twenty one papers
relative to this topic, but only three of them focused on the direct measurement of DNA lesions
induced in vivo. Finally, we identify knowledge gaps and provide recommendations for future

investigations concerning the impact of the genotoxicity induced by sunlight on amphibians.

Keywords: Amphibian decline; Sunlight; DNA lesion; DNA damage responses; DNA repair;

Genotoxicity.
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1. Introduction

Amphibians are potential targets of environmental stressors due to their complex life cycle
and skin permeability [1]. In the last decades, several species of amphibians have suffered population
declines, and the extinction of many species has been recorded worldwide [2]. According to the
[UCN Red List of Endangered Species, about 54% of the amphibian species are threatened with
extinction [3]. Several hypotheses have been proposed to explain this phenomenon, including the
isolated effects of solar ultraviolet (UV) radiation on embryonic and larval developmental stages, or

the combination of exposure to UV radiation with other stressors [see reviews 4-9].

At the cellular level, both ultraviolet B (UVB; 280-315 nm) and ultraviolet A (UVA; 315-400
nm) radiation are capable of inducing damage in DNA, proteins and lipids via direct absorption of
UV photons or through the production of reactive oxygen species (ROS) [10]. Notably, the most
relevant deleterious effects of solar UV radiation are mediated by DNA damage (or lesions), given
that the DNA is the primary target of this type of radiation in living cells [10]. The DNA damage
plays an important role in the induction of lethal, mutagenic, tumorigenic and immunosuppressive
effects after UV exposure, negatively affecting living systems [10, 11], especially those with

complex life cycles, such as amphibians.

Several factors influence the UV radiation dose that reaches the chromosomes of embryos
and larvae of amphibians in water bodies. The incidence of solar UV radiation on the aquatic surface
is inversely proportional to the solar zenith angle, latitude, cloudiness, and the concentration of
stratospheric ozone and other atmospheric UV-absorbing compounds (such as aerosols), and directly
proportional to the altitude [12, 13]. The depth of the water column and the levels of dissolved
organic matter (DOM) on freshwater ecosystems are factors that also attenuate UV penetrance [13-
15].

Although chlorine- and bromine-containing ozone-depleting substances declined slowly after
the 1987 Montreal Protocol, low levels of stratospheric ozone are still a reality [16, 17]. The loss of
ozone has led to an increase in the surface UVB over the last decades. Additionally, in a scenario of
changing climate, the dynamics of atmospheric UV-absorbing compounds, cloudiness, water column
depth, and DOM levels became more complex, and changes in any of these factors may alter the
exposure of amphibians to solar UV radiation [13, 18, 19]. Furthermore, human-induced wood
extraction generates clearings within forests that ultimately allow the incidence of higher UV doses

in the habitats of forest-specialist amphibian species [20].
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Amphibians show interspecific differences regarding defense mechanisms against UV-
induced DNA lesions [1]. The choice of suitable oviposition sites by adults, as well as the perception
and avoidance of solar UV rays by tadpoles are among the behaviors reported for several species [1,
15, 21, 22]. However, it was also observed that certain environmental contaminants compromise the
UV-avoidance behavior in tadpoles [23]. Furthermore, UV transmission properties of the jelly of
eggs, mainly due to the presence of pigments and natural sunscreens, are also critical for DNA
protection in embryos [1]. A representative diagram of the factors that influence the incidence of

solar UV radiation on chromosomes of amphibian embryos and larvae is shown in Figure 1.

Even though the DNA damage induced by UV radiation may lead to sublethal and lethal
effects on amphibians, which in turn can contribute to the decline of populations, UV radiation still
remains an underestimated environmental stressor in amphibian ecology studies. Given the
biological and the ecological relevance of this subject, we review the existing literature searching for
research papers that address the sublethal and lethal effects of DNA damage (and responses) induced
by solar UV radiation in amphibians. In addition, we discuss the key implications of UV-induced
genotoxicity with regards to the performance and fitness of amphibians. We also identify knowledge

gaps and provide recommendations for future investigations in this field.
2. Literature search

We conducted a comprehensive literature search in MedLine/PubMed (National Library of
Medicine, http://www.ncbi.nlm.nih.gov/PubMed), SCOPUS (Elsevier, http://www.scopus.com),
Thomson ISI’s Web of Science (Thomson Reuters Corporation, http://apps.webofknowledge.com),
and Google Scholar (Google, http://www.google.scholar.com) for articles published between January
1, 1960 and June 15%, 2018. The terms used in the searches were as follows: UV DNA damage
amphibian; UVB DNA damage amphibian; UVA DNA damage amphibian; sunlight DNA damage
amphibian; UV genotoxicity amphibian; UVB genotoxicity amphibian; UVA genotoxicity
amphibian; sunlight genotoxicity amphibian. The abstracts of the articles returned in the searches
were analyzed to determine whether they met the following inclusion criteria: full abstract available
online; articles written in English; and articles containing data about the biological responses to UV-

induced DNA damage in amphibians.
3. UV-induced DNA damage and repair

UVB and UVA radiation induces DNA damage via photochemical reactions dependent on
the direct absorption of energy from UV rays or through the indirect production of ROS [10, 12, 24].

4
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Notably, the toxicity of UVB-induced DNA lesions is more detrimental than that induced by UVA
because UVB induces a higher number of distortive DNA lesions, known as pyrimidine dimers [10,
12, 24]. These lesions result from direct absorption of UV photons by DNA pyrimidine bases, and
are generally known as photoproducts. Cyclobutane pyrimidine dimers (CPDs) represent about 80-
90% of these products, while pyrimidine-pyrimidone (6-4) photoproducts (6-4PPs) represent about
10-20% [25]. Both types of lesions compromise the DNA metabolism, blocking DNA replication

and transcription leading to cell death or mutagenesis [26].

UV radiation can also indirectly cause the photosensitized formation of oxidative DNA
damage through ROS production [10, 24]. UV-induced ROS act as oxidants that cause base
oxidation, such as the highly mutagenic 8-oxo-7,8-dihydroguanine (8-0x0G), or single strand breaks
(SSB) [10, 24]. Environmental doses of UVA radiation are more efficient than UVB in regard to
ROS production. In addition, SSBs and double strand breaks (DSB) can be formed due to instability
in the processes of DNA transcription/replication of unrepaired UV-induced DNA lesions [10, 24]. If

not repaired, DNA strand breaks can result in cell death or mutations at the chromosome level [10].

In contrast, several DNA repair mechanisms work to reverse UV-induced DNA damage. The
DNA repair by photolyase enzymes (also known as photorepair or photoreactivation) uses the energy
of visible light and some UVA photons to directly remove pyrimidine dimers through its
monomerization [24, 27]. Several taxa, including the amphibians, have two photolyases to deal with
specific DNA lesions: CPD photolyase (CPD PHR), which repairs only CPDs; and 6-4 photolyase
(6-4 PHR), which repairs only 6-4PPs [24]. On the other hand, pyrimidine dimers (and several other
types of DNA lesion) can be removed by the nucleotide excision repair (NER), a process that
requires several proteins and ATP consumption [24, 27]. Importantly, if a lesion is located in active
regions for gene expression, transcription-coupled nucleotide excision repair (TC-NER) is directly
triggered due to blockage of RNA-polimerase II. On the other hand, global genome nucleotide
excision repair (GG-NER) is used to randomly remove DNA lesions throughout the entire genome
[10, 27]. After damage recognition, the repair process follows the same path through the unwinding
of damaged double helix, cleavage and excision of the damaged strand, filling the gap in the
molecule by DNA synthesis and final ligation [10]. In addition, base excision repair (BER) is another
process that involves several proteins and ATP consumption. However, this is the primary repair
pathway for the correction of oxidized DNA bases, SSBs and abasic sites. Two pathways can be
used: short-patch (SP-BER) and long-patch (LP-BER). The SP-BER pathway repairs the damage

through the excision of a single nucleotide, whereas the LP-BER excises from two to ten nucleotides
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to correct the damage [10]. A scheme about the DNA lesions induced directly or indirectly by

UVB/UVA radiation, as well as their respective DNA repair mechanisms, is shown in Figure 2.
4. Search results

We identified a total of twenty one studies. Table 1 presents detailed information on the focal
species, the study objective, the methodology used, and the main results and conclusions of each

study.
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4, Knowledge gaps and recommendations for future investigations

The need of further studies to better understand the impact of solar UV radiation on
amphibian decline is evident. Only three out of 21 papers measured the UV-induced DNA lesions
during developmental phases [22, 36, 41]. Furthermore, only one study addressed the immediate
molecular response after UV exposure through the expression of NER genes in embryos, although
the main focus of the study was the interactive effects of UV and pesticides [41]. Eight papers
concerned the photolyase activity in amphibian species through in vitro experiments of light-
dependent removal of CPDs from exogenous UV-irradiated DNA samples incubated with egg/oocyte
protein extracts [30-35, 37, 40]. However, Smith et al. [35] showed that these in vitro estimates may
differ from in vivo situations. In addition, 12 papers evaluated the influence of UV genotoxic stress
in some amphibian developmental stage [14, 16, 22, 28, 29, 38-40, 42-45]. Three studies deserve
special mention. The most influential study was published by Blaustein et al. in 1994 [30], who
pioneered the studies of UV genotoxicity and DNA repair in amphibians and addressed the UV-
sensitivity hypothesis, which proposes that species with higher photolyase activity are more resistant
to solar UV radiation than species with lower photolyase activity. Schuch et al. [22] addressed both
the induction of DNA photoproducts and photorepair efficiency, as well as the phenotypic and
behavioral responses in treefrog tadpoles exposed to UVB and UVA radiation. Finally, Lesser et al.
[36] demonstrated that the molecular responses of salamander embryos to UV in laboratory and field

conditions differed due to UV attenuation caused by DOM within the vernal pools.

The sublethal effects of solar UV have negative implications for amphibians in nature.
Reduced growth and reduced developmental performances were observed in embryonic or larval
developmental stages of several species after non-lethal UV exposure, and were primarily associated
to UV genotoxicity [16, 22, 43]. UV genotoxicity leads to reduction in locomotor and feeding
performances of larval stages [43, 45]. Interestingly, UVB-induced reduction in the number of skin
cell layers of tadpoles has been associated with apoptosis. [t may compromise skin respiration, as
well as the inner cell layers, which may become more vulnerable to infections, dehydration, toxic
substances and even to more UV radiation [45]. Additionally, carry-over negative effects from one
life stage to another may be a source of fitness variation [16, 46, 47]. In an ecological context, less
healthy and less mobile individuals may become more susceptible to diseases and predation, and

disadvantaged in the competition for resources with normal individuals.

Little consideration has been given to the impact of UVA wavelengths and natural sunlight
on amphibians. UVA radiation is less efficient in producing DNA photoproducts than UVB [10, 48].

However, solar UVA incidence is 20-fold more intense than UVB. Furthermore, UVA penetrates the
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skin more deeply than UVB, and can induce apoptotic and mutagenic processes in deeper cells [10,
48]. Thus, the damage caused directly or indirectly by UVA in the DNA and other biomolecules may
be underestimated. In addition, comparative investigations of the responses of amphibians to UV
radiation in laboratory and field conditions are needed. A relevant question is the definition of
ecologically relevant UV doses for amphibians in laboratory experiments. An alternative for these
studies is to compare the UV-sensitivity of species using equivalent UV doses to quantify the amount
of DNA damage generated in naked DNA samples in vitro [12]. Several ecological and biological
factors (e.g., physical and biological UV attenuators or even behavioral mechanisms) could be
excluded in order to compare the biological sensitivity of different species regarding DNA damage

induced by solar UV wavelengths.

In aquatic ecosystems, the relationship between UV radiation, climate changes, DOM,
chemicals, and organisms is complex. Although high DOM concentrations decrease the UV
penetrance in water column, it can be converted to H,O; as a consequence of UV exposure,
increasing the exposure of aquatic organisms to ROS [49, 50]. Furthermore, UV-induced DOM
degradation enables more UV penetrance [51]. Solar UV radiation also has the potential to energize
molecules of environmental contaminants present in aquatic habitats, increasing the genotoxic stress
[52]. Therefore, field experiments focused on the measurement of ambient UV incidence upon

aquatic breeding sites of amphibians should take into account all these environmental variables.

Future studies should be better designed to access the UV-induced genotoxicity in
amphibians, as well as to provide information about correlations between environmental variables,
fitness, and molecular mechanisms of the target species [53]. Between-species and between-
individual differences in the ability to deal with UV-induced DNA damage may help to explain the
observed differences in the stability of amphibian populations. Several types of DNA damage
responses (DDR), including DNA repair and cell-cycle checkpoint, have evolved because of the
advantage in maintaining genomic integrity [see 24, 27, 54, 55]. If DNA lesions remain unrepaired in
the genome, cells may enter apoptosis, senescence or autophagy, or develop mutations, which may
lead to tumorigenesis, death or contribute for evolution [24, 27, 54, 55]. In addition, the mechanism
underlying the immunosuppression linked to UV-induced DNA damage [56] constitute another
example of biological response that require attention, since it has been demonstrated that UV

radiation has a negative impact on amphibian immune system [11, 42, 44, 46].

It is still unclear whether the DNA damage formation or the energetic costs of DDR is the
main determinant factor for the impact on amphibian health and survival [43, 57, 58]. More

specifically, are the direct effects of DNA damage on the inhibition of DNA metabolism or the

12
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energetic and nutritional demand for DDR the main factors that affect amphibian performance? More
precise answers on the role of specific DDR proteins may be obtained through experiments with
knockout individuals. For instance, the removal of specific repair proteins could reveal if UV-
induced DNA lesions are determinant for differential phenotypic disadvantages observed in UV-

exposed individuals.

In silico, in vitro and in vivo studies should be conducted together for the investigation of the
molecular, genetic, biochemical and functional bases of DDR in amphibians. If proven, variations in
the coding sequence and in post-transcriptional processing of mRNA of DNA repair genes,
differences in the expression of DDR genes according to circadian cycles, differences in the
expression of genes that modulate the DNA repair mechanisms, as well as changes in the structure
and function of proteins, may help to explain variation in the sensibility to solar UV radiation
between amphibian species. Notably, the advent of Next-Generation Sequencing technologies can
help to understand the molecular bases of the impact generated by solar UV exposure on amphibian

individuals and, ultimately, on populations.
5. Concluding remarks

Solar UV radiation is an important environmental stressor for amphibian populations, and has
been defined as a driver of amphibian decline worldwide. Surprisingly, the most relevant deleterious
effect of UV radiation, the induction of DNA damage, was directly measured in only 3 out of 21
papers. Consequently, the roles of molecular pathways that attenuate the impact of sunlight-induced
DNA damage on amphibian species are poorly understood and deserve further attention.
Multidisciplinary approaches are necessary in order to better understand the real biological impact of
UV radiation on amphibian in nature. Therefore, the biological relevance of solar UV radiation in the

phenomenon of amphibian decline may become more evident in the near future.
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Figure captions
Figure 1. Representative diagram of the factors influencing the incidence of solar UV radiation on
chromosomes of the embryonic and larval stages of amphibians. See details in the text. UVAC:

Ultraviolet absorbing compounds; DOM: Dissolved organic matter.

Figure 2. UV-induced DNA lesions and repair mechanisms. See details in the text. Graphical
example of a normal DNA strand (A) and the lesions, cyclobutane pyrimidine dimer (CPD) (B);
pyrimidine-pyrimidone (6-4) photoproducts (6-4PP) (C); 8-oxo0-7,8-dihydroguanine (8oxod-G) (D);
and single strand break (SSB) (E). UV-induced DNA lesions can result in SSBs or DSB due to the
instability caused during the DNA transcription/replication processes. CPD PHR: CPD photolyase;
6-4 PHR: 6-4 photolyase; NER: nucleotide excision repair; TC-NER: transcription-coupled NER;
GG-NER: global genome NER; BER: base excision repair; SP-BER: short-patch BER; LP-BER;
long-patch BER.
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3 ARTIGO 2 - IMPACTS OF UVB RADIATION ON FOOD CONSUMPTION OF
FOREST SPECIALIST TADPOLES

Este estudo o papel do impacto genotdxico induzido por uma dose de radiacdo UVB
ambiental e da ineficiéncia do fotorreparo de DNA no processo de perda de desempenho ali-
mentar observado em girinos de uma espécie de perereca especialista florestal ameacada de
extingcdo e restrita de fragmentos de Mata Atléntica da porcao sul. Os resultados geram insi-
ghts ecoldgicos que estendem a espécie utilizada neste estudo, e trazem uma contribuicdo
substancial para a investigacdo do papel da radiacdo UV solar no declinio enigmatico de es-
pécies de anfibios. O presente capitulo encontra-se publicado na revista cientifica Ecotoxico-
logy and Environmental Safety (LONDERO et al., 2017).
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ARTICLE INFO ABSTRACT

Keywords: Solar ultraviolet radiation B (UVB) is an important environmental stressor for amphibian populations due to its

Sunlight genotoxicity, especially in early developmental stages. Nonetheless, there is an absence of works focused on the

DNA damage UVB effects on tadpoles’ food consumption efficiency. In this work, we investigated the effects of the exposure to

?Nhf'el’a“ a low environmental-simulated dose of UVB radiation on food consumption of tadpoles of the forest specialist
reefrog

Hypsiboas curupi [Hylidae, Anura] species. After UVB treatment tadpoles were divided and exposed to a visible
light source or kept in the dark, in order to indirectly evaluate the efficiency of DNA repair performed by
photolyases and nucleotide excision repair (NER), respectively. The body mass and the amount of food in
tadpoles’ guts were verified in both conditions and these data were complemented by the micronuclei frequency
in blood cells. Furthermore, the keratinized labial tooth rows were analyzed in order to check for possible UVB-
induced damage in this structure. Our results clearly show that the body weight decrease induced by UVB
radiation occurs due to the reduction of tadpoles’ food consumption. This behavior is directly correlated with the
genotoxic impact of UVB light, since the micronuclei frequency significantly increased after treatments.
Surprisingly, the results indicate that photoreactivation treatment was ineffective to restore the food
consumption activity and body weight values, suggesting a low efficiency of photolyases enzymes in this
species. In addition, UVB treatments induced a higher number of breaks in the keratinized labial tooth rows,
which could be also associated with the decrease of food consumption. This work contributes to better
understand the process of weight loss observed in tadpoles exposed to UVB radiation and emphasizes the
susceptibility of forest specialist amphibian species to sunlight-induced genotoxicity.

Weight loss
Amphibian decline

1. Introduction

Amphibians are ectotherms characterized by having permeable
exposed skin and eggs that may readily absorb substances from the
environment (Blaustein and Belden, 2003). Moreover, many species
have complex life cycles that can potentially expose them to both
aquatic and terrestrial environmental changes (Blaustein and Belden,
2003). In addition, amphibian populations around the world have been
suffering a general decline that culminated in the extinction of several
species (Stuart et al., 2004). Several factors may be contributing to this
phenomenon, such as climate changes (Foden et al, 2013), the
pathogenic fungus Batrachochytrium dendobatidis (Carvalho et al.,
2017), habitat fragmentation and destruction (Cushman, 2006), release
of chemicals (Rissoli et al., 2016), and the introduction of exotic species
(Kats and Ferrer, 2003). Besides the agents mentioned above, the
increased incidence of ultraviolet (UV) radiation due to stratospheric

ozone depletion (Kerr and McElroy, 1993) has been proposed as an
important factor for amphibian decline due to its genotoxicity on
embryonic and larval stages (Alton et al., 2012; Belden and Blaustein,
2002; Blaustein and Belden, 2003; Blaustein et al., 1994; Schuch et al.,
2015a, 2015b).

The UV component of sunlight, which corresponds to ultraviolet B
(UVB, 280-315nm) and ultraviolet A (UVA, 315-400 nm) wave-
lengths, can induce cell death and mutagenesis as a consequence of
DNA lesions induction, known as pyrimidine dimers (Pfeifer et al.,
2005; Schuch and Menck, 2010; Schuch et al., 2015b). The most
frequent DNA lesions induced by UVB radiation are the cyclobutane
pyrimidine dimers (CPDs), which constitute ~80-90% of the photo-
products, and pyrimidine-pyrimidone (6-4) photoproducts (6,4PPs),
which account for the 10-20% of the UVB lesions (Sancar, 2008). The
genotoxicity induced by UVB radiation has been shown to be very
detrimental to amphibian species (Schuch et al., 2015a, 2015b).

Abbreviations: UV, ultraviolet radiation; UVA, ultraviolet radiation A; UVB, ultraviolet radiation B; UVC, ultraviolet radiation C; CPDs, cyclobutane pyrimidine dimers; 6-4PPs,
pyrimidine (6-4) pyrimidone photoproducts; TSP, Turvo State Park; NER, nucleotide excision repair
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According to UV-sensitivity hypothesis, the declining amphibian
species have lower resistance to UV radiation due to the lower capacity
to repair the UV-induced DNA damage (Blaustein et al., 1999, 1994).
The DNA damage induced by UV radiation can be repaired by enzymes
known as photolyases that use visible/UVA light as an energy source to
reverse the DNA damage in an error free process called photoreactiva-
tion (Blaustein et al., 1994; Friedberg, 2003). In addition to photo-
lyases, the nucleotide excision repair (NER) pathway can restore the
UV-induced DNA damage in a process that needs several proteins and
ATP consumption (Sancar and Tang, 1993). However, the role of DNA
repair pathways in amphibian decline is still a matter of discussion
(Blaustein et al., 1999; Smith et al., 2000; Thurman et al., 2014; Schuch
et al., 2015b).

Previous published studies regarding the amphibian foraging beha-
vior were focused on the impact of predation risk, quantity and quality
of food (Babbitt, 2001; Eklov and Halvarsson, 2000; Kupferberg, 1997),
importance of well-maintained labial tooth row for the feeding
knematics (Venesky et al., 2013, 2010D), as well as on the impacts of
Batrachochytrium dendrobatidis infection on tadpole oral disc (Smith and
Weldon, 2007) and foraging efficiency (Venesky et al., 2009). Despite
the well documented effects of UVB light on tadpoles’ weight (Belden
and Blaustein, 2002; Lipinski et al., 2016; Schuch et al., 2015a), there is
an absence of works focused on the UVB effects on foraging efficiency,
which can have an important role in the tadpoles” weight loss process.
Therefore, considering that the UVB radiation reduces tadpoles’ normal
activity (Alton et al., 2012), and the reduced foraging behavior causes
tadpoles to consume less food (Anholt et al., 1996; Skelly, 1994), here
we hypothesized that UVB exposure leads to weight loss due to the
decrease of food consumption. Furthermore, we also evaluated if the
food consumption decrease is a consequence of the UVB-induced
genomic instability. Additionally, considering the fact that UVB radia-
tion can alter keratin structures (Biniek et al., 2012), it becomes
necessary to evaluate if UVB exposure can disturb tadpoles’ food
consumption activity due to its impact on the keratinized mouthparts
(Venesky et al., 2010b).

In this work we chose the treefrog Hypsiboas curupi [Hylidae, Anura]
as a model species to evaluate the effects of UVB radiation on tadpoles’
food consumption and body weight. This treefrog species is restricted to
highly forested areas in the Southern Atlantic Rainforest (lop et al.,
2011), which is part of the Brazilian Atlantic Rainforest biodiversity
hotspot (Myers et al., 2000). However, this environment has being
severely fragmented during the last century (ICMbio, 2012; SEMA,
2014), and many species, including H. curupi, are currently present in
both national and state list of endangered species (ICMbio, 2012;
SEMA, 2014). After exposures of H. curupi tadpoles to a low solar-
simulated UVB radiation dose, the food consumption and the total body
mass were evaluated. Furthermore, the genotoxic effect of the UVB
treatment was assessed through the quantification of micronucleus
formation in collected blood samples. In addition, the impact of UVB
exposure on tadpoles’ keratinized labial tooth rows was evaluated. In all
the experiments the results obtained with tadpoles kept in the dark after
UVB treatment or with tadpoles exposed to a photoreactivation
treatment were compared to evaluate the efficiency of DNA repair
pathways to restore UVB-induced DNA damage. The obtained results
clearly demonstrate the severe impact of UVB treatment on this
endangered treefrog species, as well as the importance of future studies
aiming to assess the impact of increased levels of solar UVB radiation on
declining forest specialist species of the Hylidae family.

2. Materials and methods
2.1. Animal collection and maintenance
Four freshly laid egg masses of H. curupi were collected in a stream

at the Turvo State Park (TSP) (27°07’-27°16'S, 53°48’-54°04’W), which
is a remaining fragment of the Southern Atlantic Rainforest (SEMA,
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2005). The egg masses were packed in plastic sac half filled with air and
water from the stream and transported to the laboratory at Federal
University of Santa Maria. The collected egg masses were put together
in the same plastic tank and kept aerated until the beginning of
hatching. The recently hatched tadpoles were then transferred to
individual plastic tanks (one tadpole per plastic tank of 14 cm of
diameter, 9 cm of height and 42 cm of circumference) filled with
dechlorinated water (19 =2°C) to a minimum depth of 55mm
(between 55 and 70 mm). The total volume of water was changed
every two days and tadpoles were fed with boiled spinach ad libitum.
Tadpoles were maintained under these conditions for about 20-30 days
prior to the beginning of the experiments.

2.2. 48-h fasting period, UVB irradiation, photoreactivation treatment and
food availability time

Before the beginning of experiments, groups of ten tadpoles (Gosner
stage 25-26; Gosner, 1960) were selected based on their similarity in
total body length (cm) and mass (g) because we noticed that there was
variability regarding these measures inside the same stage. These
analyses were made using a stereomicroscope with 40 x magnification
(Nova Optical Systems, Brazil), an analytical balance (Shimadzu
BL3200H, Japan), and a digital 0.01 mm precision caliper rule (Serie
500, Mitutoyo, Brazil). A total of 130 tadpoles were selected for this
work (keeping one tadpole per plastic tank). The selected individuals
firstly remained in a 48-h fasting period in order to standardize the
amount of food in their guts. To prevent tadpoles to use their own feces
as a food source, plastic mesh nets were submerged in the water and
tadpoles were placed above the nets.

After fasting, tadpoles were divided in two groups: non-irradiated
control tadpoles (70 individuals) and UVB-irradiated tadpoles (60
individuals). The UVB dose used in the experiments was 2.0 kJ/m?
and this simulate 15 min of natural sunlight exposure (12:00-12:15) on
a clear sky summer day on a stream located in a deforested area at the
TSP (Lipinski et al., 2016). All irradiation was performed using the
same 15 W UVB lamp (T15M, Vilber Lourmat, France) filtered with a
polycarbonate sheet to block UVC wavelengths. The dose rates of the
UVB lamp was 5.9 J/m?/s and the exposure time to achieve the desired
UVB dose was 5 min and 40 s. The UVB dose applied in this work was
established through the use of a portable radiometer (UV Monitor MS-
211-1, EKO Instruments, Japan). The amount of UVC contamination for
the UVB lamp was below the detection limit of the equipment. The
spectral characteristic of the UVB lamp was previously presented by
Schuch et al. (2015b).

Immediately after UVB exposures, 30 tadpoles were subjected to 3 h
of photoreactivation to activate the photolyase enzymes (group UVB L).
Photoreactivation was performed by using two 40 W fluorescent lamps
(General Electric, Brazil) at a distance of 40 cm from tadpoles. The
spectral characteristic of the fluorescent lamps was previously pre-
sented by Schuch et al. (2015b). These tadpoles were then maintained
in transparent plastic tanks and exposed to a constant photoperiod
(12h light:12 h dark) until the end of the experiment. In parallel, 30
UVB-exposed tadpoles were kept in the dark (each plastic tank was
wrapped with aluminum foil) until the end of the experimental period
(group UVB D). The same photoreactivation treatment was performed
with 40 tadpoles of the non-irradiated control group (group CTL L),
while 30 tadpoles from the non-irradiated group were also kept in the
dark (group CTL D). Immediately after UVB irradiation, all tadpoles
were fed with boiled spinach ad libitum for 3, 24 or 48 h.

2.3. Analysis of the impact of UVB exposure on tadpoles’ total body mass
and on micronuclei frequency in blood samples

In this experiment, the same tadpole was weighed in three different
periods: before fasting (first measurement), after 48 h of fasting (second
measurement), and after adding food ad libitum at three different times
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after UVB irradiation (3, 24 or 48 h) (third measurement). Ten tadpoles
from each treatment were weighed with an analytical balance, and the
impact of UVB radiation on tadpoles’ total body mass was accessed
through two different ratios between mass measurements. The first
ratio compared the values (g) of the third measurement with the values
of the second measurement: the objective of this ratio was to evaluate if
the starving tadpoles exposed to UVB radiation would be able to gain
mass when subjected to food ad libitum. On the other hand, the second
ratio compared the values of the third measurement with the values of
the first measurement: the objective of this ratio was to evaluate if, in
the end of the experiment, the tadpoles exposed to UVB radiation would
be able to recovery their initial mass values (measured before 48 h of
fasting).

In order to confirm the genotoxic potential of UVB radiation, blood
samples were collected from five independent tadpoles after each
treatment to quantify the micronucleus formation in erythrocytes.
Tadpoles were anesthetized with Xylocaine® (lidocaine) 10% and the
tails were sectioned transversely at the height of the pelvis. A particular
care was taken to collect blood samples free of dirt from the internal
organs. The blood samples were placed throughout clean and pre-
viously labeled glass slides, fixed in absolute methanol for 8 min, and
stained with Giemsa solution (15%) for 8 min. After, the glass slides
were subtly washed in running water and dried at room temperature.
An Olympus BX41 optical microscope with a magnification of 1000x
was used to count at least 1000 erythrocytes per glass slide. The
micronuclei frequency was given by the ratio between the number of
micronuclei per 1000 erythrocytes counted.

2.4. Impact of UVB exposures on tadpoles’ keratinized labial tooth rows

After the body mass measurements and collection of blood samples,
the oral disc of ten tadpoles from each treatment was analyzed using a
stereomicroscope. In this experiment, each labial tooth row of each
individual from all treatment was compared. H. curupi tadpoles’ oral
disc has a complete marginal papillae, without a rostral gap, and the
labial tooth row formula is 3(1,3)/5(1) (Garcia et al., 2007). Thus, the
amount of tadpoles with A-1, A-2, A-3, P-1, P-2, P-3, P-4 and P-5
keratinized labial tooth row (see Altig and McDiarmid (1999)) with
deformities was assessed in each treatment, as well as the normal rows.
Nonetheless, in order to increase the accuracy of the determination of
UVB-induced deformities in these keratinized structures, this analysis
only considered the A-2 labial tooth row, since this is the longest and
the most prominent row.

2.5. Impact of UVB exposures on tadpoles’ food consumption efficiency

The whole guts of ten tadpoles from each treatment were removed
by using a scalpel cut at each end and stretched on white sheets of EVA
(Ethylene Vinyl Acetate). Next, it were performed measurements of the
total length (mm) and the average diameter of the guts (mm; this
average was calculated through three different measures of the guts
diameter: at the midpoint and at the two ends) with a vernier caliper
(Mitutoyo Absolute IP67 Coolant Caliper: + 0.001 in). The food con-
sumption efficiency was determined as the proportion of food in the
gut, and it was calculated through the ratio between the volume of gut
with food and the total volume of the gut. Table 1 summarizes the
design of the experiments described above.

2.6. Statistical analysis

The statistics for the total body mass experiment was calculated
using the values of tadpoles’ mass (g) as the response variable, and the
exposure to UVB radiation, photoreactivation or dark treatments (L or
D), as well as the food availability time (0, 3, 24 or 48 h) as predictors.
The measures of tadpoles’ total body mass (g) were expressed as a fold
change to compare the mass before fasting, after fasting and after UVB
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Table 1

General scheme of the steps performed in methodology. Before experiment - the
selected tadpoles were fed with boiled spinach ad libitum to perform the first measure-
ment of total body mass. Experiment (prior UVB irradiation) - tadpoles were fasted for
48 h to perform the second measurement of total body mass. Experiment (after UVB
irradiation) - third measurement of tadpoles’ total body mass (10 tadpoles per group);
collection of bloed samples (5 tadpoles per group); analysis of mouthparts (10 tadpoles
per group); analysis of the proportion of food in the guts (10 tadpoles per group). The
same tadpole was weighed in all three different food availability times.

Before experiment  Tadpoles fed with

boiled spinach ad

First measurement of the total body
mass

libitum
Experiment (prior Tadpoles in the 48-  Second measurement of total body
UVB irradiation) h fasting mass
Experiment (after Control group UVB-irradiated
UVB irradiation)
Spinach ad libitum L D L D
Oh 10
3h 10 10 10 10
24h 10 10 10 10
48h 10 10 10 10

L - tadpoles exposed to photoreactivation treatment; D - tadpoles kept in the dark until
the end of the experiment.

irradiation in each food availability time. In the experiment of food
consumption efficiency, we used the proportion of food in tadpoles’
guts (expressed as percentage) as the response variable, and the
exposure to UVB radiation, photoreactivation or dark treatments (L or
D), and food availability time (0, 3, 24 or 48 h) as predictors. For
micronuclei frequency, we used the number of micronuclei (expressed
as a proportion in relation to 1000 counted cells) as the response
variable, and the exposure to UVB radiation, photoreactivation or dark
treatments (L or D), and food availability time (0, 3, 24 or 48 h) as
predictors. In order to statistically discriminate the entire set of data of
each experiment, we performed the Kruskal-Wallis ANOVA test by
Ranks. In addition, we also performed a One-way ANOVA, followed by
Post Hoe Tukey's tests (P < 0.05) using the software RStudio v.
0.99.903 (R Core Team, 2016) with the internal package “car” (Fox
and Weisberg, 2011).

3. Results
3.1. Impact of UVB exposure on tadpoles’ total body mass

The results of the first ratio are shown in Fig. 1A, and the results of
the second ratio are presented in Fig. 1B. The statistics are presented in
Table 2.

Fig. 1A demonstrates that while non-irradiated tadpoles (CTL)
readily gained weight after 24 and 48 h with food ad libitum, tadpoles
from both groups UVB D and UVB L have lost weight during these food
availability times. On the other hand, Fig. 1B shows that tadpoles from
both groups UVB D and UVB L were unable to return to the mass values
measured before 48 h of fasting, even with the administration of food
ad libitum for 24 and 48 h. However, all the non-irradiated control
tadpoles were able to restore their initial values of mass after 24 and
48 h of food available.

3.2. Impact of UVB exposure on tadpoles’ food consumption efficiency

The amount of boiled spinach ingested after both 48 h of fasting and
UVB irradiation was quantified for each food availability time by
dissecting the tadpoles’ guts. The percentage of gut volume with food
in relation to the total gut volume was calculated and the result is
shown in Fig. 2. The statistics of this result are presented in Table 2.

A similar amount of food was observed in all tadpoles’ guts after 3 h
of food availability. However, the amount of food found within



J.E.L. Londero et al.

A =
< - -
& H H
H ]
o | ;
o - e - !
] = 1 ] ;
E [y '
> 4 -
:§ - H T
a o E] 1w
g < =
5 H '
5 & - | : * 3 )
2 . ‘ : - B -
[} H '
o 1 s
;
9 | 4 H = -
o
T T T T T 1 T T T T T
B o
' '
- ' L
— : :
7 249 + T -
s R
E ! '
> H
; = L
a | H H
3, o H * A *
€ ] i T * T
= = S r =
; © - e - = E
e @ T
~ | = -~
o T T T T T T 1 T T T T T T
CTL CTL UVB CTL UVB CTL UvB CTL UVB CTL UVB CTL UVB
_—
L L D L D L D
0h 3h 24h 48h

Fig. 1. (A) Ratio between the values of tadpoles’ total body mass (g) measured after each
food availability time and after 48 h of fasting. (B) Ratio between the values of tadpoles’
total body mass (g) measured after each food availability time and before 48 h of fasting.
CTL - non-irradiated control tadpoles. UVB - tadpoles exposed to 2.0 ki/m? of UVB
radiation. L - tadpoles exposed to photoreactivation treatment. D - tadpoles kept in the
dark until the end of the experiment. 0, 3, 24 or 48 h - food availability times. *
Statistically significant difference in relation to the respective control group (P < 0.05).

tadpoles’ guts of both groups UVB D and UVB L significantly decreased
(in relation to their respective non-irradiated controls) during the
periods of 24 and 48 h of food available.

3.3. Quantification of micronuclei formation in tadpoles’ blood samples

The genotoxicity of the UVB dose applied in this work was analyzed
thorough the micronuclei frequency in tadpoles’ erythrocytes. This
result is shown in Fig. 3 and the statistics are presented in Table 2.

Our result indicates an increase in the micronuclei frequency after
24 and 48 h of UVB exposure, in relation to the non-irradiated control
groups. In fact, there was a slight increase in the micronucleus
formation in the group UVB L after 24 h compared to their respective

Table 2

43

logy and Envir | Safety 143 (2017) 12-18

Without food With food
B &8
S - - e
= 1
-
- !
. [
] .- ] i T
) H * ' H
s B+ 4 L ‘
Q © T ' 1 ! -~ .
< — I * “E“
é ; 1o |
3 o | !
5 < ' -
U] 0 T
4 -
o
~
&L
o -
L T T T— T T T T T T T T
CTL CTL UVB CTL UVB CTL UVB CTL UVE CTL UVB CTL UVB
—_—
L L D L D L D
0h 3h 24h 48h

Fig. 2. (A) Representative example of parts of H. curupi tadpole's gut with and without
food. (B) Percentage of gut with food. CTL - non-irradiated control tadpoles. UVB —
tadpoles exposed to 2.0 kJ/m? of UVB radiation. L — tadpoles exposed to photoreactiva-
tion treatment. D - tadpoles kept in the dark until the end of the experiment. 0, 3, 24 or
48h - food availability times. * Statistically significant difference in relation to the
respective control group (P < 0.05).

non-irradiated control. In contrast, there was a large and statistically
significant increase of micronuclei frequency in the group UVB D after
24h compared to their respective non-irradiated control group.
Notably, after 48 h of UVB irradiation both groups UVB L and UVB D
presented a large and statistically significant increase of micronucleus
formation compared to their respective non-irradiated control groups. It
is also important to emphasize that the micronuclei frequency was
similar between the groups UVB D and UVB L after 48 h of UVB
treatment.

3.4. Impact of UVB exposure on tadpoles’ keratinized labial tooth rows

In order to check if keratinized labial tooth rows were deformed
after UVB irradiation, the oral disc of all tadpoles were analyzed and
the result is presented in Fig. 4.

This result shows that deformed A-2 labial tooth rows were more
frequently observed in UVB-irradiated tadpoles than in non-irradiated
control tadpoles. After UVB treatment, the amount of tadpoles present-
ing deformed A-2 row was at least two-fold higher than the non-
irradiated control groups that also presented deformities in this row,

Statistically significant data of all experiments (ANOVA, followed by Post Hoc Tukey's tests (p < 0.05)).

Treatments

Body mass: ratio 1

Body mass: ratio 2

Gut with food

Micronuclei frequency

CTL 24hLvs. UVB 24hL
CTL24hDvs. UVB24h D
CTL48hLvs. UVB48hL
CTL48h D vs, UVB48h D

CTL 24 hLvs UVB 24hL
CTL24hDvs. UVB24h D
CTL48hLvs. UVB48hL
CTL 48h D vs. UVB48h D

CTL24hLvs. UVB 24hL
CTL24hDvs. UVB24h D
CTL48hLvs. UVB48hL
CTL48hDvs. UVB48h D

CTL24hDvs. UVB 24h D
CTL48hLvs. UVB 48hL
CTL48hDvs. UVB48h D

DF F P
12 Frz, 109)=72.51 < 0.0001
12 Friz, 100=72.51 < 0.0001
12 Foz, 100=72.51 0.0032
12 Foz, 109=7251 < 0.0001
12 Faz, 109=74.59 < 0.0001
12 Fiz, 109 =74.59 < 0.0001
12 Fiiz, 103 =74.59 < 0.0001
12 Fz, 109=74.59 < 0.0001
12 Fria, 09)=44.95 0.0002
12 Fria, o9)=44.95 0.0001
12 Fraz, 09)=44.95 0.0004
12 Foiz, 00)=44.95 < 0.0001
7 F, 24=17.50 0.0061
7 Fir, 29=17.50 0.0005
7 Fis, 20y =17.50 < 0.0001
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Fig. 3. (A) Representative example of a normal erythrocyte of H. curupi tadpole. (B)
Representative examples of UVB-induced micronuclei in erythrocytes of H. curupi
tadpoles (the micronuclei are indicated by arrows). (C) Number of micronuclei per
1000 counted cells. CTL - non-irradiated control tadpoles. UVB - tadpoles exposed to
2.0 kJ/m? of UVB radiation. L — tadpoles exposed to photoreactivation treatment. D —
tadpoles kept in the dark until the end of the experiment. 24 or 48 h — food availability
times. * Statistically significant difference from the respective control (P < 0.05).
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Fig. 4. Representative examples of the oral discs of non-irradiated (A) and UVB-irradiated
(B) tadpoles. In both figures (A) and (B) the A-2 keratinized labial tooth row is indicated
by arrows. (C) Percentage of tadpoles with normal A-2 keratinized labial tooth row (grey)
and A-2 keratinized labial tooth row with deformities (black). CTL - non-irradiated
control tadpoles. UVB - tadpoles exposed to 2.0 kJ/m? of UVB radiation. L - tadpoles
exposed to photoreactivation treatment. D — tadpoles kept in the dark until the end of the
experiment. 0, 3, 24 or 48 h - food availability times.
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while it was seven-fold higher if compared to the non-irradiated control
tadpoles without deformity in the A-2 row.

4. Discussion

The negative effects of UVB radiation on H. curupi tadpoles’ body
mass (Fig. 1) that were kept in the dark (group UVB D) is in accordance
with a previously published work of our group performed with tadpoles
of the Hypsiboas pulchellus species (Schuch et al., 2015a). However, the
authors demonstrated that H. pulchellus tadpoles exposed to photo-
reactivation treatment after UVB irradiation did not lose weight. In
contrast, our results indicate that even after photoreactivation treat-
ment, the H. curupi tadpoles lost weight and failed to return to their
initial mass values when exposed to food ad libitum for 48 h.

Our results provide strong evidence that the exposure to low doses
of UVB radiation drastically reduces feeding efficiency in H. curupi
tadpoles. This is the first work that shows the negative impact of a
genotoxic agent, in this case UVB radiation, on tadpoles’ food con-
sumption efficiency. The amount of food in the gut of UVB-irradiated
tadpoles, even in those exposed to the photoreactivation treatment, was
much lower than the amount of food found in the gut of non-irradiated
control tadpoles after 24 h and 48 h of food available; although in the
time of 3 h it did not show significant difference (Fig. 2). Despite some
previous published works explored tadpole's foraging efficiency using
treatments of 3 h with food ad libitum (Venesky et al., 2010b, 2009),
our results indicate that the food availability time after UVB treatment
must be extended to at least 48 h in order to allow the induction of
biological effects of DNA lesions generated by this genotoxic agent.
Thus, the micronuclei frequency of UVB-irradiated tadpoles kept in the
dark was elevated after 24 h, but the peak was observed after 48 h of
UVB irradiation, for both tadpoles kept in the dark and exposed to the
photoreactivation treatment (Fig. 3). Moreover, this result indicates
that this forest specialist species is very sensitive to UVB radiation,
probably due to an inefficient DNA repair performed by both photo-
lyases and NER pathways, which could explain the large amount of
chromosomal breaks formed 48 h after UVB exposure in both groups (D
and L).

The UVB-induced DNA damage may have decreased tadpoles’
metabolism as observed in freshwater cladoceran Daphnia catawba
(Fischer et al., 2006). In common toad (Bufo bufo) tadpoles UVB
radiation causes decrease in oxygen consumption (Formicki et al.,
2003). Thus, the changes in the oxygen uptake of anuran larvae induced
by UVB radiation may limit the amount of energy devoted to develop-
mental processes and to behavioral reactions such as feeding, making
tadpoles more susceptible to ecologically relevant pathogens (Formicki
et al., 2003). The changes in metabolism that arise as consequences of
UVB-induced cellular damage may cause alterations in the tadpole
activity, as seen in Alton et al. (2012). The reduced activity levels can
make tadpoles less active and less foragers, resulting in a lower
ingestion of food (Anholt et al., 1996; Skelly, 1994).

In fact, in our food consumption experiment it could be observed
that the foraging efficiency of UVB-irradiated tadpoles was compro-
mised. Probably, the use of energy to repair the UVB-induced DNA
damage could have affected other metabolic processes, thus impacting
the tadpoles’ total body mass. Hence, it is known that DNA repair
performed by NER pathway demand additional and not foreseen energy
expenditure. On the other hand, reduced carbohydrate and nutrients
stocks in tadpoles limits the ATP production that is essential for NER
(Sancar and Tang, 1993), as well as for other cellular processes
(Dimroth et al., 2006). Furthermore, the association between several
micronutrients and genome stability is well established, demonstrating
that micronutrients play a key role in maintaining genomic integrity
(Ames and Wakimoto, 2002; Fenech, 2003). Therefore, we suggest that
the impairment of tadpoles’ food consumption by UVB radiation results
in a reduced micronutrients provision and energy necessary to repair all
induced DNA lesions, increasing genomic instability. Probably, the
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Fig. 5. Scheme showing how the UVB-induced genotoxicity and keratinized labial tooth rows deformities in H. curupi tadpoles affects their food consumption inducing weight loss. w/
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excessive number of DNA damage that has not been repaired by
photolyases and NER decreases tadpoles’ metabolic rates, then decrease
tadpoles’ food consumption and the total body mass. On the other hand,
it is important to consider that UV radiation is also able to trigger the
formation of oxidative DNA damage through the production of reactive
oxygen species (ROS) (Schuch et al., 2017). Since this type of DNA
lesion is preferentially repaired by the ATP-dependent base excision
repair (BER) pathway (Petermann et al., 2003), probably the disruption
of this DNA repair mechanism can also contribute for the reduction of
food consumption. However, this hypothesis must be interpreted
cautiously because UVB is not effective as UVA radiation in producing
ROS (Schuch et al., 2017). It is also important to mention that the
energetic cost of UVB irradiation can be larger if tadpoles are exposed
to other environmental stressors (Alton et al., 2012).

In parallel, it was possible to observe a large number of UVB-
irradiated tadpoles with A-2 keratinized labial tooth row with defor-
mities (Fig. 4). In Lithobates sphenocephalus tadpoles, a ranid species, it
was verified that their feeding kinematics was altered after removal of a
single labial tooth row (P-3), which reveals that teeth loss affects the
feeding (Venesky et al., 2010b). The labial tooth loss increases the
speed of entire gape cycle and the efficiency in obtain food is
compromised by spending more energy on increased numbers of gape
cycles (Venesky et al., 2010b). Another consequence of this extra
energetic spend in acquiring food is the reduction of tadpoles’ body
size, since less resources are allocated to growth and metamorphose. It
is important to note that the pathogenic fungus Batrachochytrium
dendrobatidis can also attack the keratinized mouthparts of tadpoles
and it is already known that it causes decrease in foraging efficiency
(Venesky et al.,, 2010a). Thus, our results suggest that the feeding
kinematics of H. curupi tadpoles may also have been affected by tooth
deformities induced by UVB radiation. However, this result must be
interpreted cautiously because natural UVB exposure of tadpoles is
more complex than in the laboratory. It is known that aquatic oxygen
consumption decreased steadily after the developmental stage 20 of
bullfrog (Rana catesbeiana) tadpoles, which results in a change from
facultative air-breathing to obligate air-breathing at about stage 22
(Crowder et al., 1998). Additionally, tadpoles of Rana and Xenopus
genera present an extremely rapid air-breathing action, exposing them
at the water's surface for approximately 170 ms (Wassersug and
Yamashita, 2000). However, it is important to note that in hypoxic
water tadpoles must bubbling up more times for air-breathing
(Wassersug and Seibert, 1975), which can make its labial tooth rows
more susceptible to the harmful effects of UVB radiation.

H. curupi is an anuran species restricted to well-maintained forest
environment where the solar rays practically do not reach the surface

(Lipinski et al., 2016). Previous works have demonstrated that species
that lay their eggs in places protected from sunlight are naturally more
susceptible to UV damage (Blaustein and Belden, 2003). Therefore, our
results suggest that this species must be extremely sensitive to solar
UVB radiation, indicating that it does not seems to be adapted to sun
exposure. However, more studies are still necessary to confirm this
hypothesis.

5. Conclusions

Our results show that UVB radiation exposure reduces the food
consumption efficiency and the total body mass of H. curupi tadpoles.
Also, the micronuclei frequency was higher in tadpoles submitted to
UVB treatments, and it was verified a higher number of A-2 keratinized
labial tooth row with deformities in UVB-irradiated tadpoles compared
to non-irradiated control tadpoles. Therefore, we suggest a new insight
regarding the tadpoles’ weight loss process induced by UVB radiation,
and a scheme is presented in Fig. 5.

In summary, we suggest that the UVB-induced DNA damage was not
efficiently repaired by photolyases, and this may have contributed to
the reduction of tadpole's metabolic rates. Consequently, the foraging
activity was committed, resulting in a decrease of food consumption
and weight loss. In addition, the restriction of micronutrients (and ATP)
could also have impaired DNA repair performed by NER pathway,
increasing genomic instability and chromosomal breaks. In parallel,
UVB-induced deformities in the A-2 labial tooth row may have also
helped to decrease food consumption. Therefore, this work contributes
to better understand the process of weight loss observed in tadpoles
exposed to UVB radiation and emphasizes the susceptibility of this
forest specialist anuran species to sunlight-induced genotoxicity.
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4 ANALISE IN SILICO DAS ENZIMAS FOTOLIASES DE ANFIBIOS

4.1 INTRODUCAO

Nas ultimas décadas, um declinio global de popula¢des de anfibios tem sido observado
e varias hipdteses tém sido propostas para explicar este fenbmeno, tais como o aumento da
incidéncia de radiacdo UV solar (STUART et al., 2004; SCHUCH et al., 2015b; HADER et
al., 2015; LIPINSKI et al, 2016). O principal impacto negativo da radiacdo UV solar depende
de sua capacidade de danificar a molécula de DNA (SCHUCH et al., 2017). Em vista disso,
ao longo da evolucdo, estratégias foram utilizadas pelos anfibios para evitar os efeitos
genotoxicos induzidos pela radiacdo UV solar.

Uma das linhas de defesa dos anfibios contra o impacto genotdxico da radiagdo UV
consiste na reparacdo dos dimeros de pirimidina ja estabelecidos no DNA (FRIEDBERG et
al., 2003; RASTOGI et al., 2010). O fotorreparo é o principal mecanismo para reparar estes
tipos de danos induzidos pela radiacdo UV em anfibios e envolve a foto-ativacdo das enzimas
fotoliases (PHR) e quebra dos dimeros de pirimidina (BLAUSTEIN et al., 1994; MENCK
2002; ZHONG, 2015). Outra linha de defesa contra a genotoxicidade induzida pela radiagédo
UV pode ser fornecida por protetores solares naturais e pigmentos em embrides e larvas, bem
como por alteragdes comportamentais em larvas devido a luz UV incidente (BLAUSTEIN e
BELDEN, 2003). Larvas de varias espécies de anfibios sdo capazes de perceber os raios UV e
migrar para regides onde estes comprimentos de onda s&o menos intensos (BLAUSTEIN e
BELDEN, 2003; SCHUCH et al., 2015a). Em um contexto evolutivo mais amplo, a estratégia
de fuga dos raios UV foi uma pressdo seletiva determinante para o desenvolvimento da
ritmicidade circadiana, a qual melhora a aptiddo dos animais em ambientes constantes ou em
mudanga (PITTENDRIGH, 1993; PARANJPE e SHARMA, 2005). As variacdes de luz
ritmica fornecem informacGes vitais para sincronizar os fenémenos bioldgicos basicos,
permitindo que as espécies otimizem seu crescimento, propagacdo e sobrevivéncia (DODD et
al., 2005; ROENNEBERG e MERROW, 2005). A incapacidade de responder molecular ou
sensorialmente a UV e/ou luz visivel solar pode ser uma desvantagem evolutiva para espécies
de anfibios (CHAVES et al., 2011; SCHUCH et al., 2015a).

O ritmo circadiano tem como principais elementos funcionais as enzimas chamadas
criptocromos (CRY), que possuem as fotoliases como ancestrais, porém, em geral ndo
possuem funcéo de reparo dos dimeros de pirimidina induzidos pela radiacdo UV (SANCAR,
2003). Assim, criptocromos e fotoliases formam uma familia de proteinas fotorreceptoras, as

quais possuem semelhancas gerais em suas sequéncias e dominios. Estas proteinas
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apresentam no dominio terminal N, o subdominio conservado chamado “DNA photolyase” €
0 subdominio “de ligacdo FAD” (MEI e DVORNYK, 2015). Além disso, criptocromos de
plantas e animais possuem o dominio terminal C de comprimento variavel que esta ausente ou
possuem comprimento reduzido nas proteinas CRY-DASH, 6-4 PHR e CPD PHR (LIN e
TODO, 2005) A variagdo no comprimento do dominio terminal C acarreta em diversidade
funcional entre criptocromos (CHAVES et al., 2006) (Figura 2).

Figura 2 — Arquitetura de dominios da familia PHR/CRY. CRY2: Homo sapiens; CRY vegetal:
Arabidopsis thaliana; CRY-DASH: Xenopus laevis; 6-4 PHR: Danio rerio; CPD PHR: Danio rerio.

FAD: dinucleétido de flavina e adenina.

Dominio terminal N Dominio terminal C
| Dominio L. L | |
“DNA photolyase” Dominio de ligagao do FAD

CRY2 |_ | |

CRY
ogete

CRY-DASH |_ | |

6-4 PHR |_ | |

Fonte: Adaptado de MEI e DVORNYK (2015).

Coenzimas podem se ligar aos subdominios e agirem como cromoforos que absorvem
luz. Criptocromos podem possuir dois cromoforos, 0 MTHF (“methenyltetrahydrofolate™) e o
FAD (dinucleétido de flavina e adenina), que se ligam como coenzimas ao subdominio “DNA
photolyase” e ao subdominio “de ligagao FAD”, respectivamente (MALHOTRA et al., 1995).
No entanto, criptocromos podem possuir apenas o FAD, como observado em CRY de
Drosophila melanogaster (OZTURK, 2017). J& as fotoliases podem possuir o cromoforo
MTHF ou 8-HDF (“8-hydroxy-5-deazaflavin”), além do cromé6foro FAD (SANCAR, 2003;
OZTURK, 2017). No dominio terminal N estéo localizados o subdominio o/ e 0 subdominio
helicoidal o, que na estrutura 3D, sdo conectados por um loop variavel. Os dois lobos do

dominio helicoidal a formam um sulco, que é chamado de cavidade de acesso FAD, local
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onde os dimeros de pirimidina sdo reparados (PARK et al., 1995; MEI e DVORNYK et al.,
2015) (Figura 3).

Figura 3 — Representacdo esquematica dos dominios e coenzimas que compdem a estrutura 3D das
enzimas da familia PHR/CRY. (A) Indicacdo dos sitios aproximados de ligacdo das duas coenzimas
MTHF e FAD. (B) Diagrama Ribbon da estrutura cristal da fotoliase de Escherichia coli, apresentando
os dominios terminais e as posi¢des das coenzimas. (C) Representacdo do potencial de superficie da
estrutura cristal da fotoliase de Escherichia coli apresentando os residuos expostos. A demarcacao
demonstra o buraco que leva ao FAD no ndcleo do dominio helicoidal ao. MTHF:

methenyltetrahydrofolate; FAD: dinucle6tido de flavina e adenina.
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A Dominio terminal N
-_ Dominio Dominio
Dominio a/ " .
B helicoidal a terminal C

I I I I
Fotoliase MTHF FAD
CRY-DASH MTHF FAD
CRY1 MTHF FAD
CRY2 MTHF FAD
CRY vegetal MTHF FAD

B C [ Residuos carregados positivamente

Dominio o/f [l Residuos carregados negativamente

Dominio helicoidal a

Fonte: Adaptado de SANCAR (2003), SANCAR (2008) e KAVAKLI et al. (2017).

A habilidade de uma macromolécula desempenhar adequadamente seu papel bioldgico
¢ dependente da sua capacidade de assumir uma estrutura tridimensional funcional
(ANFINSEN, 1973; FERSHT, 1999). Desta forma, anormalidades em &cidos nucleicos e
proteinas devido a mutaces ou mudancas ambientais podem torna-los incapazes de
desempenhar suas func¢des bioldgicas (LEVY et al., 2001; GRANT et al., 2009; UVERSKY,
2009; NEUDECKER et al., 2012). Portanto, investigar a estrutura e a dindmica
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macromolecular das fotoliases e criptocromos é fundamental para a compreensdo de como
estas enzimas conduzem suas funcfes dentro das células de anfibios. Entretanto, a estrutura
cristalogréfica de fotoliases e criptocromos de anfibios ainda ndo foi relatada, mesmo nos
organismos modelos Xenopus laevis e Xenopus tropicalis. Avancos significativos tém sido
feitos in silico para realizagdo de andlises preditivas da estrutura 3D de proteinas, de forma a
complementar experimentos laboratoriais (SCHMIDT et al., 2013; SHAMRIZ e OFOGHI.,
2016).

Anfibios tém ciclos de vida complexos que podem potencialmente exp6-los a
mudancas ambientais tanto aquéticas quanto terrestres (BLAUSTEIN e BELDEN, 2003),
como o aumento da exposi¢do aos raios UV e mudancgas no regime de luz. E provavel que a
luz e o ritmo circadiano regulem mudancas diarias na sensibilidade de anfibios a radiacéo
UVB (TAKAHASHI et al., 2002; HORAK e FARRE, 2015), porém, este topico ainda néo foi
pesquisado. Considerando que os membros da familia PHR/CRY (1) representam um grupo
antigo de proteinas ativadas pela luz UVA/luz visivel, (2) sdo amplamente distribuidos e (3)
possuem multiplos papéis na biologia de anfibios e que (4) trabalhos anteriores abordaram
superficialmente os membros da familia de PHR/CRY de anfibios em um contexto mais
amplo juntamente com varios outros clados de arvore da vida; torna-se necessario investigar
detalhadamente as relacdes filogenéticas, estruturais e funcionais dentro da familia PHR/CRY
de anfibios. Portanto, este estudo visa compreender as bases moleculares da familia
PHR/CRY de anfibios atraves da identificacdo in silico de (1) genes, (2) estrutura génica e
proteica, (3) conservacdo de residuos, (4) estruturas 3D preditas, (5) funcGes preditas a partir

das estruturas 3D geradas, e (5) andlises filogenéticas.

4.2 METODOS
4.2.1 Disponibilidade de sequéncias

Apenas quatro especies de anfibios possuem seu genoma totalmente sequenciado:
Xenopus tropicalis, Xenopus laevis, Nanorana parkeri e Ambystoma mexicanum (HELLSTEN
et al., 2010; SUN et al., 2015; SESSION et al., 2016; NOWOSHILOW et al., 2018). Os
guatro genomas foram divulgados em artigos cientificos entre 2010 e 2018. Em 2018, o
genoma da espécie de salamandra Ambystoma mexicanum foi publicado (NOWOSHILOW et
al., 2018) e novas sequéncias estdo disponiveis nos bancos de dados, porém ainda precisam
ser anotadas e curadas. Desta forma, elas ainda ndo compdem o banco de dados RefSeq (ver
abaixo), utilizado nas nossas analises. A incorporacdo de sequéncias desta espécie serd

considerada, a fim de tornar o trabalho mais robusto com a utilizagdo de quatro genomas
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totalmente sequenciados. A espécie A. mexicanum esta criticamente ameagada de extin¢do em
nivel global, diferentemente das outras trés espécies, que possuem o status de “Pouco
preocupante” em relacdo a perigo de extingdo (IUCN, 2018). Tendo em vista a pouca
disponibilidade de sequéncias gendmicas, sequéncias de transcriptomas anotadas e curadas
foram adicionadas neste trabalho. Entre as sequéncias de transcriptomas, encontra-se a

espécie A. mexicanum.

4.2.2 Pesquisa por sequéncias

Sequéncias proteicas de fotoliases e criptocromos de anfibios foram obtidas a partir da
secdo de proteinas do NCBI (https://www.ncbi.nlm.nih.gov/protein/), (1) usando a isca
“photolyase xenopus”; (2) marcando o banco de dados RefSeq afim de obter sequéncias
curadas e estaveis (O'LEARY et al, 2016); (3) marcando como filtro os tdxons Xenopus laevis
(Xla) e X. tropicalis (Xtr), uma vez que as sequéncias proteicas destas espécies foram melhor
caracterizadas e anotadas; (4) dando preferéncia para sequéncias nao preditas, e (5)
selecionando apenas uma sequéncia por tipo de proteina disponivel.

4.2.3 Pesquisa por sequéncias similares a partir de sequéncias de consulta

A ferramenta BLASTP (STEPHEN et al., 1997) foi usada para obter sequéncias
proteicas homdlogas a partir das sequéncias proteicas selecionadas mencionadas acima. O
banco de dados RefSeq Protein (RSP) foi usado como “search set” e trés espécies com
sequéncias RSP disponiveis foram selecionadas na se¢do “organism section’ (Xenopus laevis,
X. tropicalis and Nanorana parkeri).

A fim de pesquisar por banco de dados de nucleotideos em diferentes espécies de
anfibios a partir de nossas sequéncias proteicas de consulta, a ferramenta TBLASTN
(STEPHEN et al., 1997) foi usada e o banco de dados “Transcriptome Shotgun Assembly
(TSA)” foi marcado como “search set”. 25 espécies com sequéncias TSA disponiveis foram
marcadas no item “organism section”. Estas sequéncias sdo “contigs” ndo anotados. Estes

procedimentos foram realizados até janeiro de 2018.
4.2.4 Selecdo de sequéncias
Para os resultados do BLASTP e TBLASTN, o E-value menor de 10° e o score de

corte de 200 foi aplicado como um limite inferior da selecdo de sequéncias.

4.2.5 Analise de ocorréncia
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A verificacdo da ocorréncia das proteinas da familia PHR/CRY nas espécies de
anfibios foi feita com base nos resultados do BLASTP e TBLASTN. O critério de analise foi
simplesmente verificar a presenca de sequéncias de cada espécie nas sublistas de cada tipo de
proteina. Quando uma mesma sequéncia estava localizada em mais de uma lista (por exemplo,
em 6-4 PHR e CRY1 e CRY2), o maior score, seguido pela maior cobertura de sequéncia e
maior valor de E, foram utilizados como medida seletiva para determinar o tipo de proteina

daquela sequéncia.

4.3 RESULTADOS PRELIMINARES

4.3.1 Sequéncias consulta selecionadas

As sequéncias proteicas selecionadas foram CPD PHR Xla (NP_001089127.1), 6-4
PHR Xla (NP_001081421.1), CRY-DASH Xla (NP_001084438.1), CRY1 Xla
(NP_001081129.1) CRY2 Xla (NP_001083936.1) e CRY4 Xtr (NP_001123706.1). Estas
sequéncias foram usadas como sequéncias proteicas de consulta nas ferramentas BLASTP e

TBLASTN para encontrar sequéncias homdlogas de anfibios.

4.3.2 Sequéncias homologas obtidas

A Tabela 1 apresenta a diversidade de espécies de anfibios resgatada a partir das
buscas. As espécies estdo distribuidas em diferentes clados da arvore filogenética dos anfibios
(PYRON e WIENS, 2011). Todas as sequéncias proteicas (BLASTP) e nucleotidicas
(TBLASTN) obtidas estdo listadas na Tabela 2 and Tabela 3, respectivamente.

Tabela 1. Diversidade de espécies de anfibios resgatadas a partir das buscas do BLASTP e
TBLASTN (sequéncias de RSP and TSA selecionadas). RSP: Reference Sequence Protein;
TSA; Transcritpome Shotgun Assembly.

Familia Espécie Banco de dados  Taxid

Hynobiidae Hynobius chinensis TSA 288313
Hynobius retardatus TSA 36312

Ambystomatidae Ambystoma mexicanum TSA 8296
Ambystoma maculatum TSA 43114
Ambystoma tigrinum TSA 8305
Ambystoma laterale TSA 8298
Ambystoma texanum TSA 8304

Salamandridae Tylototriton wenxianensis TSA 385678




Bombinatoridae Bombina bombina TSA 8345
Bombina orientalis TSA 8346
Bombina variegata TSA 8348
Pipidae Xenopus laevis RSP 8355
Xenopus tropicalis RSP 8364
Megophryidae Leptobrachium boringii TSA 265040
Hylidae Pseudacris regilla TSA 47562
Dryophytes cinereus TSA 8422
Bufonidae Bufotes viridis TSA 30338
Rhinella marina TSA 8386
Hylodidae Oreobates cruralis TSA 448617
Ranidae Nanorana parkeri RSP 125878
Lithobates clamitans TSA 145282
Lithobates cateshiana TSA 8400
Pelophylax nigromaculatus TSA 8409
Odorrana margaretae TSA 121156
Rhacophoridae Rhacophorus omeimontis TSA 462328
Rhacophorus dennysi TSA 143444
Polypedates megacephalus RSG 68449
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Tabela 2. Todas as sequéncias proteicas obtidas por similaridade a partir de cada sequéncia de consulta usando a ferramenta BLASTP.
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Sequéncia de consulta Resultado N° de acesso Score Cobertura E-value
6-4 photolyase [Xenopus lae-
vis] 6-4 photolyase [Xenopus laevis] NP_001081421.1 1095 100% 0
uncharacterized protein LOC100144974 [Xenopus
tropicalis] NP_001120012.1 1012 99% 0
PREDICTED: cryptochrome-1-like [Nanorana
parkeri] XP_018420471.1 904 96% 0
cryptochrome-1 [Xenopus tropicalis] NP_001017311.2 656 93% 0
cryptochrome-1 [Xenopus laevis] NP_001081129.1 656 93% 0
PREDICTED: cryptochrome-1 [Xenopus laevis] XP_018110342.1 654 93% 0
cryptochrome circadian regulator 2 S homeolog
[Xenopus laevis] NP_001083936.1 634 92% 0
cryptochrome 2a [Xenopus laevis] NP_001082139.1 627 92% 0
PREDICTED: LOW QUALITY PROTEIN:
cryptochrome-1 [Nanorana parkeri] XP_018413653.1 620 93% 0
PREDICTED: cryptochrome-2 [Nanorana parkeri] ~ XP_018410013.1 619 92% 0
PREDICTED: cryl protein isoform X1 [Xenopus
laevis] XP_018100773.1 572 92% 0
Cry1 protein [Xenopus laevis] NP_001088990.1 572 92% 0
cryptochrome 4 [Xenopus tropicalis] NP_001123706.1 569 98% 0
PREDICTED: cryptochrome-2 [Xenopus tropicalis] XP_002934138.2 567 83% 0
PREDICTED: cryptochrome 4 isoform X1
[Xenopus tropicalis] XP_012812443.1 563 98% 0
CPD photolyase-like L
homeolog [Xenopus laevis] CPD photolyase-like L homeolog [Xenopus laevis] NP_001089127.1 1165 100% 0
PREDICTED: CPD photolyase-like L homeolog
isoform X1 [Xenopus laevis] XP_018096830.1 1164 100% 0
PREDICTED: CPD photolyase-like L homeolog
isoform X2 [Xenopus laevis] XP_018096831.1 1164 100% 0
PREDICTED: deoxyribodipyrimidine photo-lyase-
like [Nanorana parkeri] XP_018427648.1 912 97% 0



PREDICTED: deoxyribodipyrimidine photo-lyase-
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like [Xenopus tropicalis] XP_017949882.1 343 30% 3.00E-116
CPD photolyase-like [Xenopus tropicalis] NP_001135721.1 262 27% 6.00E-85

Cryptochrome-1 [Xenopus lae-

vis] cryptochrome-1 [Xenopus laevis] NP_001081129.1 1285 100% 0
cryptochrome-1 [Xenopus tropicalis] NP_001017311.2 1254 100% 0
PREDICTED: cryptochrome-1 [Xenopus laevis] XP_018110342.1 1177 100% 0
PREDICTED: LOW QUALITY PROTEIN:
cryptochrome-1 [Nanorana parkeri] XP_018413653.1 1130 100% 0
cryptochrome 2a [Xenopus laevis] NP_001082139.1 870 85% 0
cryptochrome circadian regulator 2 S homeolog
[Xenopus laevis] NP_001083936.1 867 87% 0
PREDICTED: cryptochrome-2 [Nanorana parkeri] ~ XP_018410013.1 857 85% 0
PREDICTED: cryptochrome-2 [Xenopus tropicalis] XP_002934138.2 788 75% 0
6-4 photolyase [Xenopus laevis] NP_001081421.1 656 79% 0
uncharacterized protein LOC100144974 [Xenopus
tropicalis] NP_001120012.1 649 82% 0
PREDICTED: cryptochrome-1-like [Nanorana
parkeri] XP_018420471.1 629 83% 0
PREDICTED: cryl protein isoform X1 [Xenopus
laevis] XP_018100773.1 584 79% 0
Cry1 protein [Xenopus laevis] NP_001088990.1 584 79% 0
cryptochrome 4 [Xenopus tropicalis] NP_001123706.1 577 79% 0
PREDICTED: cryptochrome 4 isoform X1
[Xenopus tropicalis] XP_012812443.1 572 79% 0

Cryptochrome circadian regula-

tor 2 S homeolog [Xenopus cryptochrome circadian regulator 2 S homeolog

laevis] [Xenopus laevis] NP_001083936.1 1186 100% 0
cryptochrome 2a [Xenopus laevis] NP_001082139.1 1103 100% 0
PREDICTED: cryptochrome-2 [Nanorana parkeri] ~ XP_018410013.1 1019 100% 0
PREDICTED: cryptochrome-2 [Xenopus tropicalis] XP_002934138.2 996 90% 0
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cryptochrome-1 [Xenopus laevis] NP_001081129.1 867 95% 0
PREDICTED: cryptochrome-1 [Xenopus laevis] XP_018110342.1 864 93% 0
cryptochrome-1 [Xenopus tropicalis] NP_001017311.2 861 88% 0
PREDICTED: LOW QUALITY PROTEIN:
cryptochrome-1 [Nanorana parkeri] XP_018413653.1 815 88% 0
6-4 photolyase [Xenopus laevis] NP_001081421.1 634 85% 0
uncharacterized protein LOC100144974 [Xenopus
tropicalis] NP_001120012.1 627 85% 0
PREDICTED: cryptochrome-1-like [Nanorana
parkeri] XP_018420471.1 613 85% 0
PREDICTED: cryl protein isoform X1 [Xenopus
laevis] XP_018100773.1 559 84% 0
Cry1 protein [Xenopus laevis] NP_001088990.1 559 84% 0
cryptochrome 4 [Xenopus tropicalis] 556 0.054%  NP_001123706.1 556 85%
PREDICTED: cryptochrome 4 isoform X1
[Xenopus tropicalis] XP_012812443.1 553 85%

Cryptochrome 4 [Xenopus tro-

picalis] cryptochrome 4 [Xenopus tropicalis] NP_001123706.1 1169 100% 0
PREDICTED: cryptochrome 4 isoform X1
[Xenopus tropicalis] XP_012812443.1 1162 100% 0
PREDICTED: cryl protein isoform X1 [Xenopus
laevis] XP_018100773.1 1064 100% 0
Cry1 protein [Xenopus laevis] NP_001088990.1 1064 100% 0
cryptochrome-1 [Xenopus laevis] NP_001081129.1 577 87% 0
cryptochrome-1 [Xenopus tropicalis] NP_001017311.2 574 87% 0
PREDICTED: cryptochrome-1 [Xenopus laevis] XP_018110342.1 572 87% 0
6-4 photolyase [Xenopus laevis] NP_001081421.1 569 96% 0
uncharacterized protein LOC100144974 [Xenopus
tropicalis] NP_001120012.1 566 89% 0
cryptochrome 2a [Xenopus laevis] NP_001082139.1 558 87% 0
cryptochrome circadian regulator 2 S homeolog
[Xenopus laevis] NP_001083936.1 556 87% 0
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PREDICTED: cryptochrome-2 [Nanorana parkeri] ~ XP_018410013.1 554 87%
PREDICTED: cryptochrome-1-like [Nanorana
parkeri] XP_018420471.1 549 86%
PREDICTED: LOW QUALITY PROTEIN:
cryptochrome-1 [Nanorana parkeri] XP_018413653.1 545 89%
Cryptochrome DASH [Xenopus
laevis] Cryptochrome DASH [Xenopus laevis] NP_001084438.1 1093 100%
PREDICTED: cryptochrome DASH [Nanorana
parkeri] XP_018408992.1 943 100%
PREDICTED: LOW QUALITY PROTEIN:
cryptochrome DASH-like [Xenopus tropicalis] XP_012820544.1 818 100%
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Tabela 3. Todas as sequéncias de transcritos obtidas por similaridade a partir de cada sequéncia de consulta usando a ferramenta TBLASTN ,

sem repeticdes. Estas sequéncias de RNA primario passaram pela anélise do Transdecoder para manutencdo apenas de regides codificantes.

Sequéncia de consulta Resultados N° de acesso Score Cobertura E-value
6-4 photolyase [Xenopus TSA: Polypedates megacephalus comp58400_c0 GEGH01033891.1 956 100% 0
laevis] transcribed RNA sequence
TSA: Rana catesbeiana contig-159444 transcribed GDDO001042491.1 951 100% 0
RNA sequence
TSA: Dryophytes cinereus TR804319 c0_g1_i10 GENEO01043012.1 949 100% 0
transcribed RNA sequence
TSA: Odorrana margaretae comp92855_c0 transcri- GEGJ01008314.1 946 100% 0
bed RNA sequence
TSA: Hynobius retardatus mRNA, contig: LE143480.1 943 100% 0
compl81653 c0_seql, mRNA sequence
TSA: Ambystoma maculatum c446684 g1 il trans- GFMY01065621.1 938 100% 0
cribed RNA sequence
TSA: Rhinella marina Rm22464d7460467t2 trans- GFMT01018198.1 934 93% 0
cribed RNA sequence
TSA: Ambystoma mexicanum A- GFZP01123555.1 929 100% 0
MEXTC_0340000012721 transcribed RNA sequen-
ce
TSA: Leptobrachium boringii comp40268 cO trans- GEGKO01041188.1 919 99% 0
cribed RNA sequence
TSA: Oreobates cruralis Unige- GFNJ01017291.1 703 72% 0
nel50829 c4 g2 il Oreobates_cruralis transcribed
RNA sequence
TSA: Bombina variegata variegata, contig HADRO01012715.1 656 93% 0
c15188 g1 i1, transcribed RNA sequence
TSA: Bombina bombina, contig c22651 g1 i2, HADQ01021572.1 656 93% 0
transcribed RNA sequence
TSA: Bombina orientalis, contig c28403 g2 i1, HADT01029591.1 655 93% 0
transcribed RNA sequence
TSA: Pelophylax nigromaculatus comp51682_c2 GEGI01005372.1 652 93% 0
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TSA: Tylototriton wenxianensis Tw_m.19227 trans- GESS01043110.1 649 92% 0
cribed RNA sequence
TSA: Rhacophorus dennysi comp56514_c1 transcri- GEGG01061150.1 647 93% 0
bed RNA sequence
TSA: Hynobius chinensis comp55479_c0_seql GAQKO01097722.1 399 42% 1.00E-135
transcribed RNA sequence
TSA: Rana clamitans Lithoba- GAEG01006299.1 301 50% 1.00E-95
tes.clamitans_contig_6299 mRNA sequence
TSA: Odorrana margaretae comp78368_cO0 transcri- GEGJ01048240.1 273 43% 9.00E-85
bed RNA sequence
TSA: Ambystoma tigrinum A- GFL101009102.1 248 41% 1.00E-76
Ti_cds.comp27842_c2_seql.m.15600 transcribed
RNA sequence
TSA: Bufotes viridis Unigene100616 Bufo_viridis GDRL01071324.1 242 38% 1.00E-74
transcribed RNA sequence
CPD photolyase-like L TSA: Pelophylax nigromaculatus comp50783_cO GEGI01021429.1 903 94% 0
homeolog [Xenopus laevis] transcribed RNA sequence
TSA: Rhinella marina Rm2227d9340907t7 transcri- GFMT01022267.1 901 94% 0
bed RNA sequence
TSA: Bombina variegata variegata, contig HADRO01013115.1 899 94% 0
c15755 g1 i1, transcribed RNA sequence
TSA: Bombina orientalis, contig c46906 g1 i1, HADT01052142.1 895 94% 0
transcribed RNA sequence
TSA: Leptobrachium boringii comp34429 c0 trans- GEGKO01015219.1 894 99% 0
cribed RNA sequence
TSA: Bombina bombina, contig 25276 gl i2, HADQ01025428.1 894 94% 0
transcribed RNA sequence
TSA: Bombina variegata scabra, contig HADS01005325.1 889 94% 0
c6078_g1 _il, transcribed RNA sequence
TSA: Pseudacris regilla Pseuda- GAEI01000671.1 887 93% 0
cris.regilla_contig_671 mRNA sequence
TSA: Oreobates cruralis Unige- GFNJ01006097.1 886 94% 0

nel50466 cl g2 i9 Oreobates_cruralis transcribed
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RNA sequence
TSA: Rana catesbeiana contig-280574 transcribed GDDO001102518.1 882 85% 0
RNA sequence
TSA: Ambystoma maculatum c479575_g2_i2 trans- GFMY01058775.1 868 85% 0
cribed RNA sequence
TSA: Ambystoma mexicanum A- GFZP01161266.1 868 85% 0
MEXTC_0340000168533 transcribed RNA sequen-
ce
TSA: Tylototriton wenxianensis Tw_m.124841 GESS01057049.1 867 86% 0
transcribed RNA sequence
TSA: Ambystoma mexicanum Amby- GFBMO010733838.1 866 85% 0
mex_c1074295 g2 il transcribed RNA sequence
TSA: Hynobius retardatus mRNA, contig: LE160722.1 864 86% 0
comp186306_c2_seql, mRNA sequence
TSA: Polypedates megacephalus comp54851_c0 GEGH01017630.1 862 99% 0
transcribed RNA sequence
TSA: Rhacophorus dennysi comp48612_c0 transcri- GEGG01052580.1 855 85% 0
bed RNA sequence
TSA: Rana clamitans Lithoba- GAEG01005162.1 649 65% 0
tes.clamitans_contig_5162 mRNA sequence
TSA: Rhacophorus omeimontis comp199045 c2 GEGF01035370.1 578 56% 0
transcribed RNA sequence
TSA: Bufotes viridis Unigene104222_Bufo_viridis GDRL01074928.1 479 47% 3.00E-166
transcribed RNA sequence
TSA: Hynobius chinensis comp6716_c1 seql trans- GAQK01103477.1 415 38% 4.00E-141
cribed RNA sequence
cryptochrome-1 [Xenopus TSA: Bombina bombina, contig c22651_g1_i2, HADQO01021572.1 1180 100% 0
laevis] transcribed RNA sequence
TSA: Rana catesbeiana contig-302143 transcribed GDDO001003453.1 1174 100% 0
RNA sequence
TSA: Polypedates megacephalus comp61682_c0 GEGH01000038.1 1174 100% 0
transcribed RNA sequence
TSA: Bombina variegata variegata, contig HADRO01012715.1 1174 100% 0

c15188 g1 i1, transcribed RNA sequence



TSA: Pelophylax nigromaculatus comp51682_c2
transcribed RNA sequence

TSA: Rhacophorus dennysi comp56514 _c1 transcri-
bed RNA sequence

TSA: Rhinella marina Rm23122d9381937t1 trans-
cribed RNA sequence

TSA: Bombina orientalis, contig c28403_g2_i1,
transcribed RNA sequence

TSA: Leptobrachium boringii comp34550 c0 trans-
cribed RNA sequence

TSA: Hynobius retardatus mRNA, contig:
compl183139 c0 _seg2, mRNA sequence

TSA: Tylototriton wenxianensis Tw_m.19227 trans-
cribed RNA sequence

TSA: Ambystoma mexicanum Amby-
mex_c1071668 g2 il transcribed RNA sequence
TSA: Dryophytes cinereus TR7961 14 _c3_g2_il
transcribed RNA sequence

TSA: Odorrana margaretae comp93145 cO0 transcri-
bed RNA sequence

TSA: Ambystoma maculatum ¢451714 g1 _i2 trans-
cribed RNA sequence

TSA: Rhacophorus omeimontis comp203387_c0
transcribed RNA sequence

TSA: Oreobates cruralis Unige-
nel46326 cO gl il Oreobates_cruralis transcribed
RNA sequence

TSA: Ambystoma laterale AT-
TiL_cds.comp24688_cl seql.m.5792 transcribed
RNA sequence

TSA: Rana clamitans Lithoba-
tes.clamitans_contig_4836 mRNA sequence

TSA: Bufotes viridis Unigene100616_Bufo_viridis
transcribed RNA sequence

TSA: Hynobius chinensis comp55787_c0_seql

GEGI101005372.1
GEGG01061150.1
GFMT01029465.1
HADTO01029591.1
GEGKO01045838.1
LE148515.1
GESS01043110.1
GFBMO010714201.1
GENE01035822.1
GEGJ01038093.1
GFMY01017149.1
GEGF01036638.1

GFNJ01018085.1

GFLO01003504.1

GAEG01004836.1
GDRLO01071324.1

GAQKO01098016.1

1172

1171

1169

1169

1160

1088

1071

885

845

835

805

768

715

631

447

420

366

100%

100%

100%

100%

100%

100%

99%

84%

65%

85%

77%

68%

67%

60%

41%

33%

32%

5.00E-121

1.00E-127

6.00E-143

8.00E-122

62
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TSA: Ambystoma tigrinum A- GFL101009102.1 355 35% 3.00E-117
Ti_cds.comp27842_c2_seql.m.15600 transcribed
RNA sequence
cryptochrome circadian regu- TSA: Polypedates megacephalus comp60877_c0 GEGH01018354.1 1009 100% 0
lator 2 S homeolog [Xenopus  transcribed RNA sequence
laevis]
TSA: Rhacophorus dennysi comp57075_c0 transcri- GEGG01018958.1 999 98% 0
bed RNA sequence
TSA: Bombina bombina, contig 22646 gl i3, HADQ01021560.1 984 98% 0
transcribed RNA sequence
TSA: Rhinella marina Rm16915d1282795t2 trans- GFMT01061620.1 981 94% 0
cribed RNA sequence
TSA: Odorrana margaretae comp93145_cO0 transcri- GEGJ01038093.1 975 96% 0
bed RNA sequence
TSA: Rana catesbeiana contig-60946 transcribed GDDO001000735.1 974 95% 0
RNA sequence
TSA: Ambystoma mexicanum Amby- GFBMO010714202.1 939 95% 0
mex_c1071668_g3_il transcribed RNA sequence
TSA: Hynobius retardatus mRNA, contig: LE148514.1 930 95% 0
compl183139 c0 seql, mRNA sequence
TSA: Bombina variegata variegata, contig HADRO01012715.1 835 89% 0
c15188 g1 i1, transcribed RNA sequence
TSA: Bombina orientalis, contig c28403 g2 i1, HADT01029591.1 835 89% 0
transcribed RNA sequence
TSA: Tylototriton wenxianensis Tw_m.19227 trans- GESS01043110.1 825 92% 0
cribed RNA sequence
TSA: Oreobates cruralis Unige- GFNJ01018085.1 775 2% 0
nel46326 cO0_gl il Oreobates_cruralis transcribed
RNA sequence
TSA: Ambystoma laterale AT- GFL001003504.1 659 65% 0
TiL_cds.comp24688 c1_seql.m.5792 transcribed
RNA sequence
TSA: Ambystoma maculatum c451714 gl i2 trans- GFMY01017149.1 634 64% 0
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TSA: Dryophytes cinereus TR804319 c0 g1 il GENEO01043011.1 618 84% 0
transcribed RNA sequence
TSA: Rhinella marina Rm22464d7460467t2 trans- GFMT01018198.1 613 86% 0
cribed RNA sequence
TSA: Leptobrachium boringii comp40268_cO0 trans- GEGKO01041188.1 596 92% 0
cribed RNA sequence
TSA: Rhacophorus omeimontis comp203387_c0 GEGF01036638.1 565 54% 0
transcribed RNA sequence
TSA: Bombina variegata scabra, contig c215_g2_i1, HADS01000188.1 532 52% 0
transcribed RNA sequence
TSA: Pelophylax nigromaculatus comp46923_c0 GEGI01058063.1 491 42% 1.00E-170
transcribed RNA sequence
TSA: Rana clamitans Lithoba- GAEG01006299.1 460 49% 3.00E-157
tes.clamitans_contig_6299 mRNA sequence
TSA: Hynobius chinensis comp55787_c0_seql GAQKO01098016.1 410 37% 1.00E-139
transcribed RNA sequence
TSA: Ambystoma tigrinum A- GFL101009102.1 392 38% 2.00E-132
Ti_cds.comp27842_c2_seql.m.15600 transcribed
RNA sequence
TSA: Rana clamitans Lithoba- GAEG01001042.1 322 37% 2.00E-99
tes.clamitans_contig_1042 mRNA sequence
TSA: Bufotes viridis Unigene100616_Bufo_viridis GDRL01071324.1 286 36% 4.00E-91
transcribed RNA sequence
cryptochrome 4 [Xenopus TSA: Dryophytes cinereus TR804319 c0_g1_i10 GENEO01043012.1 579 89% 0
tropicalis] transcribed RNA sequence
TSA: Rana catesbeiana contig-81 10 transcribed GDDO001006067.1 578 89% 0
RNA sequence
TSA: Rhacophorus dennysi comp56514 c1 transcri- GEGG01061150.1 577 89% 0
bed RNA sequence
TSA: Ambystoma maculatum c446684_g1 il trans- GFMY01065621.1 576 89% 0
cribed RNA sequence
TSA: Polypedates megacephalus comp61682_c0 GEGH01000038.1 575 89% 0

transcribed RNA sequence



TSA: Pelophylax nigromaculatus comp51682_c2
transcribed RNA sequence

TSA: Tylototriton wenxianensis Tw_m.19227 trans-
cribed RNA sequence

TSA: Bombina bombina, contig 22651 gl i2,
transcribed RNA sequence

TSA: Bombina variegata variegata, contig
c15188 g1 i1, transcribed RNA sequence

TSA: Bombina orientalis, contig ¢28403 g2 i1,
transcribed RNA sequence

TSA: Hynobius retardatus mRNA, contig:
compl81653 c0_seql, mRNA sequence

TSA: Polypedates megacephalus comp58400 c0
transcribed RNA sequence

TSA: Leptobrachium boringii comp34550 c0 trans-
cribed RNA sequence

TSA: Odorrana margaretae comp92855_c0 transcri-
bed RNA sequence

TSA: Rhinella marina Rm16915d1282795t2 trans-
cribed RNA sequence

TSA: Ambystoma mexicanum A-
MEXTC_0340000015558 transcribed RNA sequen-
ce

TSA: Ambystoma laterale AT-
TiL_cds.comp24688_cl seql.m.5792 transcribed
RNA sequence

TSA: Bombina variegata scabra, contig c215_g2_il,
transcribed RNA sequence

TSA: Rana clamitans Lithoba-
tes.clamitans_contig_4836 mRNA sequence

TSA: Hynobius chinensis comp55787_c0_seql
transcribed RNA sequence

TSA: Bufotes viridis Unigene93032_Bufo_viridis
transcribed RNA sequence

TSA: Rhacophorus omeimontis comp190470_c0

GEGI101005372.1
GESS01043110.1
HADQO01021572.1
HADRO01012715.1
HADTO01029591.1
LE143480.1
GEGH01033891.1
GEGK01045838.1
GEGJ01008314.1
GFMT01061620.1

GFZP01003862.1

GFL0O01003504.1

HADS01000188.1
GAEG01004836.1
GAQKO01098016.1
GDRL01063749.1

GEGF01018072.1

573

573

572

572

572

572

571

568

565

556

552

397

333

330

276

235

225

89%

87%

89%

89%

89%

95%

88%

89%

86%

95%

98%

66%

40%

39%

33%

26%

46%

4.00E-132

1.00E-106

3.00E-89

3.00E-87

3.00E-72

7.00E-67

65
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TSA: Ambystoma tigrinum A- GFL101009101.1 215 36% 1.00E-63
Ti_cds.comp27842_c0_seql.m.15598 transcribed
RNA sequence

cryptochrome DASH [Xeno-  TSA: Bombina variegata variegata, contig HADRO01003408.1 931 100% 0

pus laevis] €3971_g1 _i2, transcribed RNA sequence
TSA: Rana catesbeiana CCH-0004-C_S3793690 GFBS01155368.1 928 100% 0
transcribed RNA sequence
TSA: Polypedates megacephalus comp57652_c0 GEGH01068563.1 925 100% 0
transcribed RNA sequence
TSA: Dryophytes cinereus TR693797 c0 g1 il GENEO01005796.1 916 99% 0
transcribed RNA sequence
TSA: Ambystoma maculatum c¢452068 g1 i2 trans- GFMY01077095.1 902 100% 0
cribed RNA sequence
TSA: Hynobius chinensis comp10443_c0_seql GAQKO01031851.1 895 99% 0
transcribed RNA sequence
TSA: Rhinella marina Rm7139d4816037t9 transcri- GFMT01019882.1 895 98% 0
bed RNA sequence
TSA: Hynobius retardatus mRNA, contig: LE206047.1 894 99% 0
comp229999 c0 seql, mRNA sequence
TSA: Tylototriton wenxianensis Tw_m.104743 GESS01002028.1 893 100% 0
transcribed RNA sequence
TSA: Ambystoma mexicanum Amby- GFBMO010700958.1 889 100% 0
mex_c1069709 g1 il transcribed RNA sequence
TSA: Leptobrachium boringii comp39991 c0 trans- GEGKO01016386.1 886 98% 0
cribed RNA sequence
SA: Bombina orientalis, contig c14493 g1 i1, HADT01012028.1 793 86% 0
transcribed RNA sequence
TSA: Pelophylax nigromaculatus comp38773_c0 GEGI01030788.1 748 79% 0
transcribed RNA sequence
TSA: Rhacophorus dennysi comp43909_c0 transcri- GEGG01046252.1 543 58% 0
bed RNA sequence
TSA: Ambystoma laterale AT- GFLO001002927.1 489 53% 2.00E-170

TiL_cds.comp23022_c1 seql.m.5016 transcribed



RNA sequence

TSA: Bufotes viridis Unigene104856_Bufo_viridis
transcribed RNA sequence

TSA: Bombina bombina, contig c34029 _g1_i1,
transcribed RNA sequence

TSA: Oreobates cruralis Unige-
ne53867_c0_gl_il_Oreobates_cruralis transcribed
RNA sequence

TSA: Ambystoma tigrinum ATi_cds.compl

1938 _c1 seql.m.1558 transcribed RNA sequence
TSA: Ambystoma laterale AT-
TiL_cds.compl7065 c0 seql.m.2271 transcribed
RNA sequence

TSA: Ambystoma texanum

AT _cds.comp25061 cl1 seql.m.l 1281 transcribed
RNA sequence

TSA: Pseudacris regilla Pseuda-
cris.regilla_contig_26054 mRNA sequence

TSA: Bombina variegata scabra, contig
€9706_g1 i1, transcribed RNA sequence

TSA: Rhacophorus omeimontis comp158767_c0
transcribed RNA sequence

GDRL01075562.1
HADQO01040819.1

GFNJ01046791.1

GFL101000667.1

GFLO01000935.1

GFLJ01006804.1

GAEI01026054.1
HADS01008717.1

GEGF01022499.1

466

434

428

397

390

298

293

243

234

51%

46%

43%

43%

45%

30%

27%

26%

24%

4.00E-161

8.00E-149

5.00E-147

5.00E-135

2.00E-131

5.00E-97

5.00E-70

4.00E-76

1.00E-72

67
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4.3.3 Ocorréncia das enzimas em anfibios

Um apanhado geral para verificagdo de presenca e auséncia de fotoliases e

criptocromos nas espécies de anfibios avaliadas foi feito utilizando as Tabelas 2 e 3. Os

resultados gerais encontram-se na Tabela 4. De forma complementar, a Figura 4 demonstra

graficamente a porcentagem de espécies de anfibios que apresentam cada tipo de proteina,

bem como uma relagdo entre espécies e quantidade de proteinas da familia presentes.

Tabela 4 — Andlise de ocorréncia das proteinas da familia das fotoliases e criptocromos em espécies de

anfibios de diferentes familias, com base nos métodos utilizados. Quadro verde: proteina presente;

Quadro branco: proteina ausente; Quadros amarelos (letra a): uma mesma sequéncia pode ser mais de

um tipo de proteina.

Amphibian family  Species

CPD 6-4 CRY-

PHR PHR DASH CRY1l CRY2 CRY4

Hynobiidae H. chinensis

H. retardatus
Ambystomatidae A. mexicanum

A. maculatum

A. tigrinum

A. laterale

A. texanum
Salamandridae T. wenxianensis
Bombinatoridae B. bombina

B.orientalis

B. v. variegata

B.v. scabra
Pipidae X. laevis

X. tropicalis
Megophryidae L. boringii
Hylidae P. regilla

D. cinereus
Bufonidae B. viridis

R. marina
Hylodidae O. cruralis
Ranidae N. parkeri

L. clamitans

L. cateshiana
P. nigromaculatus
O. margaretae

Rhacophoridae

R. omeimontis
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R. dennysi
P. megacephalus

Figura 4 — Ocorréncia de fotoliases e criptocromos em anfibios. (A) Porcentagem de espécies

de anfibios que apresentam cada tipo de proteina. (B) Relacdo entre espécies e quantidade de

proteinas da familia presentes.

100.00 - 40.00 -
90.00 | 35.00
30.00 | -
_ $ 3000 -
< 70.00 - s
“:q’ 60.00 - 2 25.00 -
£ 50.00 | 8 2000 |
%)
g 40.00 1 W 15.00 -
w 3000 -
20,00 10.00 |
10.00 - .00
0.00 0.00 -
e & > N 0 N 1 2 3 4 5 6
& @ 0‘3:& c?:k 0‘3:\ Membros da familia PHR/CRY
Q Q)}x _VQ embros da familia (n)
& &

4.4 DISCUSSAO

Sequéncias anotadas de Xenopus laevis e X. tropicalis foram utilizadas para a
realizacdo de buscas in silico por sequéncias homdlogas em outras espécies de anfibios. Os
resultados das buscas permitiram o calculo da porcentagem de espécies de anfibios que
apresentam cada tipo de proteina da familia das fotoliases e criptocromos homdlogas as
sequéncias de Xenopus sp. Sequéncias homoélogas a CRY-DASH, CPD PHR, CRY1, CRY?2,
6-4 PHR e CRY4 de Xenopus sp. foram encontradas nas espécies de anfibios nas respectivas
porcentagens: 89, 82, 73, 61, 61 e 25%. Além disso, foi verificado que 38% das espécies
analisadas apresentavam quatro tipos de proteinas homdlogas a Xenopus sp, embora outras
espécies apresentaram um (3%), dois (14%), trés (17%), cinco (14%) ou seis (14%) tipos ao
mesmo tempo. E importante ressaltar que algumas sequéncias apresentaram valores de score e
de cobertura de sequéncia relativamente baixos em comparacdo com sequéncias de outras
espécies. Isto pode significar que houve uma maior divergéncia destas sequéncias com as
sequéncias consulta de Xenopus sp., ou que a sequéncia encontrada ndo corresponde
exatamente do mesmo tipo de proteina de Xenopus sp., ou que a sequéncia nao corresponde a

um membro da familia PHR/CRY, sendo um falso positivo. Adicionalmente, os resultados do
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BLASTP indicam fortemente que as sequéncias “uncharacterized protein LOC100144974” de
Xenopus tropicalis, e “PREDICTED; crypochrome-1-like” de Nanorana parkeri sdo na
verdade sequéncias de 6-4 PHR; e que as sequéncias “PREDICTED: cryl protein isoform
X1” e “Cryl protein” de Xenopus laevis sdo na verdade sequéncias de CRY4. Estas
sequéncias foram interpretadas e contabilizadas na Tabela 4 levando em consideragdo 0s
resultados do BLASTP a partir de Xenopus sp., € ndo 0s seus nomes, que podem ter sido

anotados erroneamente.

4.5 PERSPECTIVAS

E conhecido que os bancos de dados apresentam sequéncias com anotagdes incorretas,
em sua maioria baseadas apenas em analises de similaridade. Homologia entre proteinas
significa simplesmente que elas possuem uma origem evolutiva comum. Sequéncias similares
de proteinas frequentemente conduzem fungfes similares, mas similaridade entre proteinas
ndo garante a conservacdo da funcdo entre elas. Em alguns casos, pequenas diferencas nas
sequéncias podem causar mudancas radicais nas propriedades funcionais, tais como uma
mudanca na ac¢do enzimatica, ou mesmo perda ou ganho de atividade enzimatica (LEE et al.,
2007; HINZ e THE UNIPROT CONSORTIUM, 2010). Desta forma, predigdes in silico da
estrutura 3D e da funcdo a partir das sequéncias primérias de fotoliases e criptocromos de
anfibios serdo conduzidas. Além disso, analises filogenéticas e outras andlises estruturais dos
genes e proteinas serdo realizadas, com o intuito de dar suporte para as predi¢fes de estrutura
3D e funcdo das enzimas. Com estes objetivos cumpridos, comegcaremos nossa analise
principal: predizer a eficiéncia das fun¢fes desempenhadas pelas fotoliases e criptocromos de
anfibios. Andlises dos residuos cataliticos e mutacfes guiadas em aminoéacidos terdo papel
principal para atingir este objetivo. A seguir estdo apresentados em detalhes os métodos que

serdo utilizados.

4.5.1 Edicéo de sequéncia

Inicialmente, todas as sequéncias repetidas serdo removidas. Considerando que
sequéncias TSA sdo sequéncias de RNA primario e que serdo realizadas comparacgdes entre
estas sequéncias com sequéncias de proteinas obtidas a partir do BLASTP, regiGes ndo
codificantes das sequéncias TSA (RNA primario) serdo deletadas utilizando a ferramenta
Transdecoder  (https://github.com/TransDecoder/TransDecoder/wiki).  Serdo  realizados

alinhamentos e comparacdes destas sequéncias com sequéncias de DNA codificantes das
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sequéncias de consulta. As sequéncias de TSA editadas serdo alinhadas e convertidas para
sequéncias proteicas com auxilio do programa MEGA7 (KUMAR et al., 2016).

4.5.2 Andlise filogenética

Trés tipos de analises filogenéticas serdo conduzidos com todas as sequéncias juntas
nos respectivos softwares/ferramentas: Neighboor-Joinning (MEGA), Bayesiana (Beast ou
Mr. Bays) e Maxima Verossimilhanca (RaxML) (YANG e RANNALA, et al., 2012). As
sequéncias de TSA modeladas pelo Transdecoder serdo incorporadas por similaridade

juntamente com as sequéncias referéncia de proteinas (RSP).

4.5.3 Analise estrutural primaria de genes e proteinas

Anélises da estrutura de éxon e introns dos genes da familia PHR/CRY serdo
conduzidas a partir de sequéncias dos genomas completos de X. laevis, X. tropicalis e N.
parkeri, utilizando o servidor GSDS 2.0 (HU et al., 2014). Os nimeros de éxons e introns
serdo tabelados, bem como as posi¢des nucleotidicas de cada uma destas partes nos genes
(exemplo: Exon 1: nucleotideos 40-75) e o tamanho dos genes. Além disso, a arquitetura de
dominios e as regides conservadas serdo avaliadas nas sequéncias génicas e proteicas com o
auxilio dos servidores SMART e CDD-NCBI (MARCHLER-BAUER et al., 2014; LETUNIC
e BORK, 2017). O software Jalview 2 sera utilizado para gerar um diagrama de alinhamento
de sequéncias multiplas (WATERHOUSE et al., 2009), a fim de verificar a (1) conservacao
fisico-quimica dos aminoacidos, (2) a sequéncia consenso, além de (3) melhor caracterizar a
estrutura de dominios de cada proteina com o suporte das ferramentas SMART e CDD-NCBI.
Cada sequéncia referéncia de consulta (por exemplo, Xenopus laevis CPD PHR) e suas
respectivas sequéncias proteicas homdlogas obtidas com o BLASTP and TBLASTN serdo
alinhadas no software Jalview 2, assim como todas as sequéncias proteicas da familia inteira,
afim de verificar a similaridade entre sequéncias e residuos conservados.

O servidor Prot Param (Expasy) sera usado para estudar caracteres fisico-quimicos
basais de fotoliases e criptocromos de anfibios, a partir de suas sequéncias primarias
(GASTEIGER et al., 2005). A estabilidade das proteinas sera avaliada a partir de diferentes
variaveis tais como: ponto teorico isoelétrico (pl), peso molecular, férmula molecular, nimero
total de residuos positivos e negativos, indice de instabilidade (GURUPRASAD et al., 1990),
indice alifatico (IKAI, 1980) e hidropaticidade média (KYTE e DOOLITHE, 1982).
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4.5.4 Analise da estrutura secundaria
Elementos de estrutura secundaria das proteinas serdo determinados usando 0s
servidores online Phyre2 e I-TASSER (KELLEY et al., 2015; YANG et al., 2015).

4.5.5 Predicéo de modelo 3D

A estrutura 3D das proteinas serd modelada usando os servidores online I-TASSER e
SWISS-MODEL (YANG et al., 2015a; YANG et al., 2015b; WATERHOUSE et al., 2018). As
sequéncias primarias de aminodacidos serdo carregadas no formato FASTA nos servidores. Os
resultados gerardo modelos principais para cada entrada. O modelo que apresentar o melhor

ranqueamento sera selecionado.

4.5.6 Validacdo do modelo 3D

A visualizacdo sera realizada pelo software PyMOL (DELANO, 2002). Erros
estruturais rastreaveis serdo corrigidos e a carga global substituida no software Vega ZZ
(PEDRETTI et al., 2004). Os graficos de Ramachandran serdo calculados através do software
RAMPAGE Ramachandran Plot Assessment (LOVELL et al.,, 2003). O indice de
hidropaticidade sera calculado pelo software Marvin (http://www.chemaxon.com). A dindmica
molecular serd realizada pelos softwares GROMACS e VMD (HUMPHREY et al., 1996;
ABRAHAM et al., 2014). O formato do arquivo PDB sera analisado em algoritmo de
dindmica molecular de abordagens MD, e sera feita a otimizacdo da geometria, conforme
SAMRIZ e OFOGHI (2016).

4.5.7 Analise de simulacéo

Apdbs o téermino da simulacdo, os dados de saida serdo analisados de acordo com a
energia (energia cinética, potencial e total), desvio da raiz quadrada média (RMSD), raio de
rotacdo e formacao/deformacéo da ligacdo H (SAMRIZ e OFOGHI, 2016).

4.5.8 Predicdo de funcéo proteica

Caracteristicas da sequéncia e estrutura ajudam a predizer a funcdo de uma proteina.
Por exemplo, residuos que se ligam ao DNA compartilnam caracteristicas fisico-quimicas e
estruturais comuns na maioria das proteinas ligantes de DNA. No entanto, residuos funcionais
podem ndo ser perfeitamente conservados em proteinas de funcdo similar. Além disso,
pequenas alteragdes ou perturbagBes do ndcleo 3D de um sitio ativo de uma arquitetura

estruturada conservada de uma proteina deverdo gerar uma seria consequéncia no
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funcionamento desta macromolécula (LEE et al.,, 2007; HINZ e THE UNIPROT
CONSORTIUM, 2010). Desta foram analises funcionais posteriores sdo também necessarias
para uma melhor caracterizacdo enzimatica.

A funcdo das proteinas serdo preditas utilizando os servidores online I-TASSER e
ProFunc. O servidor I-TASSER é um dos sistemas online mais usados para predi¢do de
estrutura proteica e anotacdo de funcdo baseada na estrutura (YANG et al., 2015a; YANG et
al., 2015b). Iniciando a partir da sequéncia de aminoacidos, o I-TASSER constréi modelos
estruturais 3D e percepcdes bioldgicas da proteina alvo séo deduzidas através da combinacao
dos modelos estruturais com proteinas conhecidas nos bancos de dados funcionais. O banco
de dados funcional BioLiP sera utilizado como banco de dados base para predi¢Ges de fungéo
bioldgica (YANG et al., 2013; YANG et al., 2015a).

O servidor ProFunc (LASKOWSKI et al., 2005) seré utilizado de forma complementar
ao I-TASSER. A partir da adicdo de arquivo com proteina com estrutura 3D — no formato
PDB gerado pelo SWISS-MODEL e I-TASSER — no servidor online ProFunc é possivel
determinar a funcdo da proteina. O ProFunc combina buscas por BLAST e HMM com
analises baseadas no modelo 3D e analises de fissuras superficiais, para identificar proteinas
similares, que fornecam sinais da funcdo da proteina que estd sendo consultada
(LASKOWSKI et al., 2005; LEE et al., 2007).

4.5.9 Mutacdes guiadas

Trabalhos estruturais com macromoléculas podem ser melhor fundamentados com a
adicdo de analises mutacionais guiadas. A mutacdo de residuos pode ser informativa para
testar o papel e a importancia de um determinado residuo para o funcionamento de uma
enzima. Desta forma, residuos serdo mutados sob o auxilio do método SNAP, o qual
quantifica consequéncias funcionais de substituicdes de um unico aminoacido (BROMBERG
e ROST, 2008; BROMBERG et al., 2009).
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5 DISCUSSAO GERAL

Nesta dissertacdo, trés frentes foram utilizadas para avaliar a importancia do
fotorreparo de DNA em espécies de anfibios: (1) uma revisdo da literatura existente sobre o
impacto da radiacdo UV solar em anfibios, tendo como foco as respostas biologicas destes
animais aos danos de DNA induzidos, as quais incluem a capacidade de fotorreparo de DNA,
(2) Um estudo experimental controlado que avaliou a importancia do fotorreparo de DNA
para a manutencdo do desempenho alimentar de girinos especialistas florestais expostos a
radiacdo UVB; e (3) um estudo que tem como objetivo compreender as bases moleculares
subjacentes ao fotorreparo de DNA de anfibios, através de uma caracterizacdo computacional
dos genes e proteinas das enzimas fotoliases de diferentes espécies de anfibios.

A revisdo da literatura (primeira frente) destaca o papel da estabilidade gendmica no
funcionamento celular e sisttmico em anfibios, o qual pode ser comprometido pelos efeitos
genotdxicos da radiacdo UV solar. Justamente o efeito prejudicial mais relevante da exposi¢do
a luz solar, a inducdo de danos de DNA (SCHUCH et al., 2017), foi medido diretamente em
espécies de anfibios em apenas trés estudos. Como consequéncia, o fotorreparo de DNA, e
outras vias de atenuacdo dos efeitos genotdxicos da radiacdo UV, sdo pobremente
compreendidos nestes organismos.

A segunda frente enfatiza a susceptibilidade de espécies de anfibios especialistas
florestais a genotoxicidade induzida pela radiacdo solar e contribui para o entendimento do
processo de peso observado em girinos expostos a radiacdo UVB. Nosso modelo
experimental, Boana curupi é uma espécie restrita a pequenos fragmentos florestais
remanescentes de Mata Atlantica da porcéo sul, onde os raios UV praticamente ndo alcancam
seus sitios reprodutivos (LIPINSKI et al., 2016; LONDERO et al., 2018). Os resultados
sugerem que esta espécie é extremamente sensivel a radiacdo solar, possivelmente devido a
ineficiéncia do mecanismo de fotorreparo de DNA, uma vez que mesmo girinos irradiados
com radiacdo UVB e submetidos a um tratamento adicional de fotorreparo apresentaram
instabilidade gendmica, perda de peso e redugdo no consumo de alimento. Por outro lado,
girinos de Boana pulchella, expostos a uma maior dose de radiacdo UVB e submetidos ao
mesmo tratamento adicional de fotorreparo, conseguiram recuperar um pouco do peso
corporal (SCHUCH et al., 2015b). A reducdo do desempenho alimentar em girinos expostos a
radiacdo UVB foi registrado pela primeira vez na literatura através do nosso estudo com
Boana curupi.

A terceira frente destaca a importancia da compreensdo das bases moleculares

subjacentes ao fotorreparo de DNA e inicia uma caracterizagdo computacional dos genes e
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proteinas da familia das fotoliases e criptocromos de anfibios. Sequéncias homdlogas & CRY-
DASH, CPD PHR, CRY1, CRY2, 6-4 PHR e CRY4 de Xenopus sp. foram encontradas em 28
especies de anfibios nas respectivas porcentagens: 89, 82, 73, 61, 61 e 25%. Foi verificado
que 38% das espécies analisadas apresentam quatro tipos de proteinas homdlogas a Xenopus
sp, embora outras espécies apresentaram um (3%), dois (14%), trés (17%), cinco (14%) ou
seis (14%) tipos a0 mesmo tempo. E importante ressaltar que anélises estruturais e funcionais
deverdo ser realizadas para complementar os dados de similaridade. A precisao de técnicas in
silico tem avancado consideravelmente nos ultimos anos, de forma a predizer aspectos
evolutivos, estruturais e funcionais de moléculas com grau de fidedignidade alto, tendo como
base apenas sequéncias primarias (nucleotideos ou aminodcidos) (LEE et al., 2007; HINZ e
THE UNIPROT CONSORTIUM, 2010). Como perspectiva, a familia das fotoliases e
criptocromos de anfibios sera estudada utilizando as sequéncias obtidas, através de andlises
filogenéticas, estruturais e funcionais. Espera-se que a caracterizacdo in silico da familia das
fotoliases em espécies de anfibios seja referéncia para futuras pesquisas na area de reparo de
DNA de anfibios e lance luz a novas hipoteses, uma vez que varios aspectos da familia das
fotoliases e criptocromos ao longo da arvore da vida sdo controversos e desconhecidos ainda
(MULLER e CARELL, 2009).
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6 CONCLUSAO

Em teoria, o fotorreparo de DNA ¢ o principal e mais eficiente mecanismo para repa-
rar as lesbes de DNA induzidas pela radiagdo UV solar em anfibios, porém na pratica, existem
variacdes interespecificas na eficiéncia deste mecanismo. De fato, nosso modelo experimental
para girinos especialistas florestais apresentou, através de medidas de desempenho alimentar e
andlise citogenética, uma baixa eficiéncia do fotorreparo. Os efeitos da radiacdo UV solar em
anfibios tém sido relativamente bem estudados, no entanto, os danos de DNA, principal con-
sequéncia da irradiacdo de sistemas bioldgicos a UV, e seus mecanismos atenuadores tém
sido muito pobremente avaliados nestes organismos. Portanto, a contribuicdo da radiagédo UV
solar no declinio de anfibios e a importancia do fotorreparo de DNA para evitar os efeitos
genotoxicos da UV em espécies de anfibios pode se tornar mais evidente em um futuro pro-
ximo. Experimentos in vivo, in vitro e in silico (como demonstrado aqui) sdo bem-vindos para
uma melhor compreensdo deste mecanismo de reparo de DNA em espécies de anfibios. A
caracterizagdo computacional dos genes e proteinas da familia das fotoliases de anfibios am-
pliara a compreensdo das bases moleculares subjacentes ao fotorreparo de DNA nestes orga-

nismos.
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