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APRESENTACAO

Em consonancia com as regras do Programa de P6s-Graduagao em Ciéncias Bioldgicas,
esta tese € composta por um resumo geral do trabalho em portugués e em inglés, e dois
artigos de pesquisa cientifica, originais, contemplando os resultados obtidos ao longo do
desenvolvimento do doutorado. O primeiro artigo, que foi redigido e publicado na revista
RNA Biology (ISSN: 1555-8584/ Impact Factor JCR: 5,28), compreende resultados
referentes ao periodo de 2016 a 2018. Nele, sdo descritos os primeiros genes de stem-
bulge RNAs (sbRNAs) em Drosophila melanogaster, batizados de Dml ¢ Dm2. O
segundo artigo foi redigido e serd submetido para a mesma revista, apresentando os
resultados referentes ao periodo de 2018 a 2019. Por meio de anélises de espectrometria
de massas, sdo apresentados os resultados da interacdo entre os stem-bulge RNAs de
Drosophila melanogaster com proteinas da cromatina, juntamente com a comparacao da
expressdo dos genes de sbRNAs em individuos adultos, machos e fémeas, de D.
melanogaster.



RESUMO

Os RNAs ndo-codificantes de proteinas (ncRNAs) s@o descritos como
participantes de diversos processos celulares. Dentro deste grupo de ncRNAs estdo os Y
RNAs, sendo que os detectados em mamiferos sd@o descritos como essenciais para o
processo de iniciac@o da replicacdo do DNA. Recentemente, foi mostrado que os Y RNAs
descritos em Xenopus laevis e Danio rerio também sio essenciais para a iniciacdo da
replicacio do DNA, mas somente apds a segunda parte da fase de blastula, na
embriogénese. O termo “Y RNA” se deve ao fato destes terem sido encontrados no
citoplasma de células de mamiferos (cYtoplasmatic RNAs) e assim, serem diferenciados
dos RNAs encontrados no ndcleo (nUclear RNAs). Os Y RNAs foram primeiramente
descritos em 1981 como componentes das particulas de ribonucleoproteina, RNP,
complexadas com as proteinas Ro60 e La, detectados no soro de pacientes com Lupus
eritematoso sistémico ou com sindrome de Sjogren.

Os Y RNAs sdo transcritos pela RNA polimerase III e apresentam uma estrutura
secunddria caracteristica, na forma de haste-loop. Essa estrutura particular é formada
devido a uma complementaridade parcial nas extremidades 5" ¢ 3" dos Y RNAs, o que
leva a formacdo de uma estrutura de dupla fita, ligada por um loop de fita simples. Os
tamanhos dos Y RNAs podem variar de 70 a 115 nucleotideos. Além disso, podem ser
encontrados até quatro genes altamente conservados ao longo da evolucdo dos
vertebrados. Em humanos, sd@o expressos quatro genes: RNY1 (NR_004391), RNY3
(NR_004392), RNY4 (NR_004393) e RNY5 (NR_001571.2). Os quatro genes estdo
localizados no cromossomo 7, posi¢do 7q36, nao apresentam sequéncias intervenientes e
possuem 112, 101, 93 e 83 nucleotideos, respectivamente. Embora tenha sido descrito
juntamente com os demais, o gene RNY?2 foi removido da lista pois foi constatado que se
tratava de um subproduto da degradacio do hY1 RNA. E descrito que em roedores
também foram detectados os quatro genes, entretanto ocorre expressao de somente dois
destes genes, sendo eles Y1 e Y3. Em camundongos, somente os genes mY 1l
(NR_004419.1) de 111 nucleotideos e mY3 (NR_024202.2) de 101 nucleotideos sao
descritos e expressos.

Os Y RNAs ja foram descritos em diversos organismos, desde procariotos até
eucariotos. Em cultura de células de fibroblastos de pulmiao de hamster chinés, da

linhagem GMA32, foram detectados quatro genes de Y RNAs: chY1, chY3, chY4 e



chY5. Entretanto, apenas os chY1 e chY3 sdo expressos. Independentemente do fato de
que os genes chY4 e chY5 ndo sdo expressos, 0s mesmos ainda sdao capazes de promover
a iniciagdo da replicacdo do DNA do sistema in vitro de células humanas. Isso
provavelmente se deve ao fato de que esses chY RNAs possuem em sua regidao
denominada upper stem, os nucleotideos que foram descritos como indispensaveis para a
ativacdo da replicacao do DNA in vitro.

Os padrdes estruturais, de sequéncia e motivos, descritos para os Y RNAs, foram
utilizados para descrever genes homodlogos em invertebrados, que levou ao
estabelecimento de uma outra familia de ncRNA: os Stem-bulge RNAs (sbRNAs). Estes
ncRNAs, compdem uma familia de pequenos ncRNAs encontrados em invertebrados,
primeiramente descritos em Caenorhabditis elegans. Tanto os Y RNAs quanto os
sbRNAs estao fortemente relacionados a replicagdo do DNA cromossomal, atuando como
fatores essenciais para a iniciacao da replicacdo em humanos e outros vertebrados, além
de serem essenciais para a viabilidade de embrides em nematoides. Estudos comprovaram
que fragmentos de Y RNAs estdo altamente presentes em células, tecidos e fluidos
corporais de mamiferos, incluindo seres humanos, assim como em tumores.

Os Y RNAs de C. elegans (CeY RNA), de Branchiostoma floridae (BfY RNA) e
de Deinococcus radiodurans (DrY RNA) ndo possuem sequencias relativas ao dominio
minimo da haste superior dos Y RNA de vertebrados, e desse modo ndo sdo capazes de
apresentar a atividade essencial para o licenciamento da iniciacdo da replicacao em
sistemas in vitro de células humanas. Entretanto, em C. elegans, foram descritos os stem-
bulge RNAs (sbRNAs), moléculas homdlogas em estrutura e funcdo aos Y RNAs de
vertebrados.

Os sbRNAs de C. elegans sdo caracterizados por possuirem dois motivos
distintos, localizados no final das extremidades 5' e 3'. Estes motivos conservados tém o
potencial de formar uma cadeia dupla hélice apresentando a sequéncia conservada
(UUAUC), separada por uma tnica cadeia de RNA em loop que pode ter diferentes
tamanhos. Além desta sequéncia, constatou-se que as moléculas de sbRNA s6 atuam na
iniciacdo da replicac@o se apresentarem um trecho altamente conservado, denominado
dominio minimo, composto pela sequéncia GUG — CAC. Este dominio minimo estd
presente tanto nos Y RNAs quanto nos sbRNAs.

Até o ano de 2015 nao haviam indicios tanto de Y RNAs quanto sbRNAs em

insetos. A Unica excecdo era a sugestdo de um gene putativo de Y RNA, descrito in silico,



para Anopheles gambiae. Entdo, surgiu a descricdo do primeiro gene de sbRNA,
identificado e clonado a partir do genoma de Bombyx mori. Esse ncRNA ¢ homodlogo aos
sbRNAs de C. elegans e foi denominado de BmsbRNA.

Uma vez que ndo haviam registros de nenhum outro possivel sbRNA em insetos,
realizou-se a busca por estas moléculas em Drosophila melanogaster. Por meio de
ferramentas de bioinformatica e dinimica molecular, dois candidatos a SbRNAs foram
identificados no genoma deste inseto e suas estruturas avaliadas quanto a estabilidade.
Estes foram denominados Dm1 e Dm2, respectivamente. Em seguida, foram construidos
primers para experimentos de expressdo relativa, mostrando que os sbRNAs de D.
melanogaster sdo expressos tanto em linhagens celulares quanto em moscas adultas.
Além disso, foi constatado que estes genes sao mais expressos em moscas adultas do sexo
masculino. Experimentos funcionais foram realizados em um sistema de nucleos
isolados, a fim de verificar se os genes candidatos eram capazes de substituir Y RNAs
enddégenos, na fungdo de iniciagdo da replicacio do DNA. Foi constatado que apenas
Dml era funcional, tornando este o primeiro registro funcional de um sbRNA de insetos.
Adicionalmente, andlises de espectrometria de massas indicam que Dm1 esta associado
com proteinas relacionadas com a replicacao do DNA, o que corrobora com dados obtidos
no teste funcional, além da detecc@o de peptideos relacionados a resposta imune. Estes
peptideos sdo as cecropinas Al, que também estdo associadas com a infec¢do do BmNPV
ao bicho-da-seda Bombyx mori. Portanto, acredita-se que estas cecropinas também devam
interagir com o BmsbRNA, hipétese que serd investigada em experimentos futuros. Por
fim, os resultados para Dm2 indicam que esta molécula estd relacionada com proteinas
do citoesqueleto, em outras palavras, proteinas de cardter estrutural e por isso nao foi

detectada sua atividade de licenciamento da iniciag¢ao da replicacdo.

Palavras-chave: Stem-bulge RNAs, non-coding RNAs, Drosophila melanogaster, Dm1,
Dm?2, expressao relativa, replicacdo do DNA.
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ABSTRACT

Non-coding RNAs (ncRNAs) are described as participants in several cellular
processes. Within this group, there are Y RNAs, detected in mammals and described as
essentials for the initiation of the DNA replication process. Recently, it was shown that
the Y RNAs described in Xenopus laevis and Danio rerio are essential for the initiation
of DNA replication, but only after the second part of the blastula phase, in embryogenesis.
The term “Y RNA” is because they were found in the cytoplasm of mammalian cells
(cYtoplasmatic RNAs) and thus, differentiated from the RNAs found in the nucleus
(nUclear RNAs). Y RNAs were first described in 1981, as components of the
ribonucleoprotein particles (RNPs), complexed with Ro60 and La proteins, detected in
the serum of patients with systemic lupus erythematosus or Sjogren's syndrome.

Y RNAs are transcribed by the RNA polymerase III and have a characteristic
secondary structure in a stem-loop form. This particular structure is formed due to a
partial complementarity at the 5 'and 3' ends of the Y RNAs, which leads to the formation
of a double-stranded structure, connected by a single strand loop. The sizes of Y RNAs
can vary from 70 to 115 nucleotides. Also, up to four highly conserved genes can be
found throughout the evolution of vertebrates. In humans, four genes are expressed:
RNY1 (NR_004391), RNY3 (NR_004392), RNY4 (NR_004393) and RNYS5
(NR_001571.2). The four genes are located on chromosome 7, position 7q36, have no
intervening sequences and have 112, 101, 93 and 83 nucleotides, respectively. Although
it was described together with the others, the RNY2 gene was removed from the list
because it was found to be a by-product of hY1 RNA degradation. It is described that the
four genes were also detected in rodents, however, only two of these genes are expressed,
Y1 and Y3. In mice, only the 111 nucleotide mY1 (NR_004419.1) and 101 nucleotide
mY3 (NR_024202.2) genes are described and expressed.

Y RNAs have been described in several organisms, from prokaryotes to
eukaryotes. In GMA32 lineage, a culture of cells from Chinese hamsters, four Y RNA
genes were detected: chY1, chY3, chY4, and chY5. However, only chY1 and chY3 are
expressed. Regardless of the fact that the chY4 and chY5 genes are not expressed, they
are still capable of promoting the initiation of DNA replication in the human cell system

in vitro. This is probably due to the fact that these chY RNAs have in their region called
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the upper stem, the nucleotides that have been described as indispensable for the
activation of DNA replication in vitro.

The structural patterns, sequence, and motifs, previously described for Y RNAs,
were used to search for homologous genes in invertebrates, which led to the establishment
of another family of ncRNA: The stem-bulge RNAs (sbRNAs). These ncRNAs consist
of a family of small ncRNAs found in invertebrates, first described in Caenorhabditis
elegans. Both Y RNAs and sbRNAs are strongly related to chromosomal DNA
replication, acting as essential factors for the initiation of replication in humans and other
vertebrates. They also are described as being essential for the viability of embryos in
nematodes. Studies have shown that fragments of Y RNAs are highly present in cells,
tissues and body fluids of mammals, including humans, as well as tumors.

The Y RNAs of C. elegans (CeY RNA), Branchiostoma floridae (BfY RNA) and
Deinococcus radiodurans (DrY RNA) do not have sequences related to the minimal
domain of the upper stem of the vertebrate Y RNA and thus are not capable to present the
essential activity for licensing the initiation of replication in an in vitro human cell system.
However, in C. elegans, stem-bulge RNAs (sbRNAs), molecules homologous in structure
and function to vertebrate Y RNAs, have been described.

The sbRNAs from C. elegans are characterized by having two distinct motifs,
located at the end of the 5 'and 3' ends. These conserved motifs have the potential to form
a double helix strand presenting the conserved sequence (UUAUC), separated by a single
looped RNA strand that can be variable in size. In addition to this sequence, it was found
that sbRNA molecules only act in the initiation of DNA replication if they present a
highly conserved stretch, called the minimal domain, composed of the double-stranded
sequence GUG - CAC. This minimal domain is present in both Y RNAs and sbRNAs.

Until 2015, there was no evidence of either Y RNAs or sbRNAs in insects. The
only exception was the suggestion of a putative Y RNA gene, described in silico, for
Anopheles gambiae. Then, the first SbBRNA gene was identified and cloned from the
Bombyx mori genome. This ncRNA was shown to be homologous to the C. elegans
sbRNAs and was called BmsbRNA.

Since there were no records of any other possible sbRNA in insects, the search for
these molecules was carried out in Drosophila melanogaster. Using bioinformatics and
molecular dynamic tools, two candidates for sbBRNAs were identified in the genome of

this insect and its structures were evaluated for stability. These were called Dm1 and
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Dm?2, respectively. Then, primers were constructed for relative expression experiments,
showing that D. melanogaster sbRNAs are expressed in both cell lines and adult flies. In
addition, it was found that these genes are more expressed in adult male flies. Functional
experiments were carried out in a system of isolated nuclei, in order to verify whether the
candidate genes were capable of replacing endogenous Y RNAs, in the function of
initiating DNA replication. It was found that only Dm1 was functional, making this the
first functional record of an insect sbRNA. Also, mass spectrometry analyzes indicate
that Dm1 is associated with proteins related to DNA replication, which corroborates with
data obtained in the functional test. Moreover, it was detected peptides related to the
immune response. These peptides are cecropins Al, which are also associated with the
infection of BmNPV to the silkworm Bombyx mori. Therefore, it is believed that these
cecropins should also interact with BmsbRNA, a hypothesis that will be investigated in
future experiments. Finally, the results for Dm?2 indicate that this molecule is related to
proteins of the cytoskeleton, in other words, proteins with structural characteristics. This
result might explain why its licensing activity in the initiation of replication was not

detected.

Keywords: Stem-bulge RNAs, non-coding RNAs, Drosophila melanogaster, Dm1, Dm2,
relative expression, DNA replication.
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Artigo 1: Identification and characterization of

stem-bulge RNASs in Drosophila melanogaster.
(Publicado na revista RNA Biology - ISSN: 1555-8584/ Impact Factor JCR: 5,28)
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Identification and characterization of stem-bulge RNAs in Drosophila

melanogaster

Abstract

Non-coding Y RNAs and stem-bulge RNAs are homologous small RNAs in vertebrates
and nematodes, respectively. They share a conserved function in the replication of
chromosomal DNA in these two groups of organisms. However, functional homologues
have not been found in insects, despite their common early evolutionary history. Here, we
describe the identification and functional characterization of two sbRNAs in Drosophila
melanogaster, termed Dml and Dm2. The genes coding for these two RNAs were
identified by a computational search in the genome of D. melanogaster for conserved
sequence motifs present in nematode sbRNAs. The predicted secondary structures of Dm1
and Dm?2 partially resemble nematode sbRNAs and show stability in molecular dynamics
simulations. Both RNAs are phylogenetically closer related to nematode sbRNAs than to
vertebrate Y RNAs. Dm1, but not Dm2 sbRNA is abundantly expressed in D. melanogaster
S2 cells and adult flies. Only Dml, but not Dm2 can functionally replace Y RNAs in a
human cell-free DNA replication initiation system. Therefore, Dm1 is the first functional
sbRNA described in insects, allowing future investigations into the physiological roles of

sbRNAs in the genetically tractable model organism D. melanogaster.

Keywords: DNA replication; sbRNA; non-coding RNAs; Y RNA.

Subject classification codes: Bioinformatics; Cell Biology, RNomics; Small and large

Non-coding RNAs; Trancriptome.
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Introduction

Non-coding RNAs (ncRNAs) regulate many fundamental pathways in eukaryotic
organisms. Two families of ncRNAs play essential functional roles during chromosomal
DNA replication: Y RNAs in vertebrates and stem-bulge RNAs (sbRNAs) in nematodes
[1, 2]. Y RNAs have been shown to be essential for the initiation of chromosomal DNA
replication in a cell-free system, for DNA replication and cell proliferation in cultured
vertebrate cells and for early development and viability of Xenopus laevis and the
zebrafish, Danio rerio [3, 4, 5]. sbRNAs are able to functionally replace endogenous Y
RNAs in a human DNA replication initiation system. They are also essential for DNA
replication and cell proliferation in the nematode Caenorhabditis elegans, as well as its
development and viability [6].

Both Y and sbRNAs show homology in function and structure [1, 2, 7, 8].
Structurally, they comprise short stem-loop RNAs of around a hundred nucleotides in
length. The partially complementary 5° and 3’ ends hybridize to form a double-stranded
stem structure with a central single-stranded loop. Common to both Y and sbRNAs are
conserved nucleotide sequence elements in the stem structure. They comprise a short
helix of 7-10 base pairs flanked by G-C base pairs either end, and a highly conserved
double-stranded GUG-CAC tri-nucleotide motif near the center of this domain. This
domain is located in the upper stem of both ncRNA families, which opens up into the
central loop domain. Importantly, these conserved motifs are essential for the function of
these RN As during the initiation of chromosomal DNA replication in a cell-free system
because mutations in these elements abrogate their function [3, 6, 9, 10].

Despite the similarities, there are a few differences between Y and sbRNAs. On
the one hand, vertebrate Y RNAs contain a second helical motif with a bulged C residue

towards the terminus of the stem-loop, which bind orthologues of the Ro60 protein. In
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fact, Y RNAs were originally described as the RNA component of Ro-ribonucleotide
particles (Ro-RNPs), based on their association with Ro60 [11]. However, neither the Ro-
binding domain nor the Ro60 protein are essential for Y RNA function during DNA
replication [3, 9, 12], and they are not found in sbRNAs [1, 2, 6]. On the other hand,
sbRNAs contain a highly conserved UUAUC penta-nucleotide motif at the 5° end of the
central single-stranded domain, which appears to play an additional stimulatory role for
DNA replication [1, 2, 6].

In evolutionary terms, functional Y RNAs are found in all vertebrates investigated
so far, and sbRNAs in several nematodes including C. elegans and Caenorhabditis
briggsae [1, 6, 13, 14]. Yet there is a clear lack of information about the presence of these
RNAs in the large group of insects, which diverged from a common ancestor after the
nematodes. Computational searches have not provided evidence for a wide-scale
conservation of either RNA family in insects, including the major model organism
Drosophila melanogaster [8]. However, there are isolated descriptions of a candidate Y
RNA in Anopheles gambiae [8] and an sbRNA in the silkworm Bombyx mori [15],
suggesting that Y or sbRNAs might be conserved to some extent in insects. It is unknown
if these isolated examples play a functional role in DNA replication.

In this study, we conducted a computational search for sbBRNA genes in D.
melanogaster based on homology motifs present in nematode sbRNAs. We present the
first two candidate sbRNA genes in D. melanogaster, coding for two sbRNAs named
Dm1 and Dm?2. Both their predicted secondary structures resemble sbRNAs and show
stability in molecular dynamics simulations. Dm1 is more abundantly expressed than
DM2 in D. melanogaster S2 cells and in adult flies. Only Dm1 can functionally replace
Y RNAs in a human cell-free DNA replication initiation system. Therefore, Dm1 is the

first functional sbRNA described in insects, allowing future investigations into the
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physiological roles of sbRNAs in the genetically tractable model organism D.

melanogaster.

Results

Identification of sbRNA candidate genes in Drosophila melanogaster
To identify candidate sbRNA genes in the genome of fruit fly Drosophila melanogaster,
we searched for sequences with predicted transcription start and stop sites containing
conserved nucleotide motifs present in nematode sbRNAs (see Materials and Methods).
The search resulted in two candidate sbRNA genes, named Dml and Dm?2, which
transcribe into RNA molecules of 85 and 89 nucleotides, respectively (Figure S1 and S2).
We then assessed the predicted secondary structures of these two candidate
sbRNAs using the mFold algorithm (Fig. 1). Dm1 provided a single structure, while Dm2
provided seven alternative structures. The difference of free energy between the predicted
structures of Dm2 was approximately 0.1 Kcal, suggesting that this molecule alternates
between the seven related conformations. The most stable predicted secondary structures
of Dm1 and Dm2 show an overall stem-bulge shape (Fig. 1) that is highly similar to
vertebrate Y RNAs and nematode sbRNAs [2]. Both Dm1 and Dm?2 contain a double-
stranded stem, subdivided into small domains by internal loops and bulges, and a central
single-stranded loop (Fig. 1). They lack a terminal helix with a bulged C forming a
binding site for Ro60 protein, which is typically found in vertebrate Y RNAs. Both
candidates also contain a conserved double-stranded GUG-CAC motif present in both
nematode sbRNAs and vertebrate Y RNAs, which is essential for their function in

chromosomal replication [2]. Both Dm1 and Dm2 contain a UUUAC penta-nucleotide
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motif downstream of the GUG motif, similar to the UUAUC motif found in nematode
sbRNAs at this position. However, unlike nematode sbRNAs, Dm1 has a partially base-
paired UUUAC penta-nucleotide motif and a non-conserved bulged G next to the
trinucleotide motif (Fig. 1A). Dm2 has an unusually short double-stranded stem around
the trinucleotide motif and lacks flanking G-C base pairs (Fig. 1B), which are conserved
in both vertebrate Y RNAs and nematode sbRNAs.

We conclude that we have identified two candidate sbRNA genes in the genome
of D. melanogaster, which share several key elements with vertebrate Y RNAs and

nematode sbRNAs.

Figure 1. Predicted secondary structures of two putative Drosophila melanogaster sbRNAs. An
evolutionarily conserved trinucleotide domain present stem-bulge and Y RNAs that is
functionally essential for DNA replication activity is highlighted in red/blue, a variable region in
yellow, and a second conserved sequence present in sbRNAs in orange. Predicted secondary

structure for Dm1(A) and Dm2 (B).
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Molecular Dynamics

Computational simulations of the molecular dynamics of small sbRNAs and Y RNAs
allow predictions about 3D structure stability and rigidity (Fig. S3-S8). We therefore
performed these computational simulations on the D. melanogaster candidate sbRNAs
Dm1 and Dm2 in comparison to small reference vertebrate Y RNAs (Fig. 2, 3, S1 and
S2). The 3D structures of Dm1 and Dm2 reached thermodynamic equilibrium after 15 ns
and 30 ns, respectively (Figure 2). However, both Dm1 and Dm2 were much more stable
than the reference Y RNAs. The stability is evaluated as a function of the oscillation. The
smaller the oscillation, the greater the stability. The oscillation of Dm1 and Dm?2 are the
ones closest to a straight line after 30ns of simulation (Fig 2b). The radius of gyration of
all RNAs was constant over time for all RNAs analyzed, indicating that these structures
maintained their folded configuration over the course of the simulation (Fig 2a). Together,
these results suggest that the proposed three-dimensional structures of both Dm1 and

Dm?2 are stable.
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rmsf (Angstrémy)

Figure 2. Parameters of computational molecular dynamics simulations. Root mean square
deviation (A) and Radius of gyration (B) obtained from the MD simulation from different Y
RNAs and sbRNAs. 3D representations of D. melanogaster Dm1 and Dm2 RNAs, Y3 RNA from
C. griseus, H. sapiens and M. musculus and Y5 RNA from M. mulatta were used for this analysis

(see Fig. S3-S8, corresponding .pdb files).

We next performed an analysis of individual nucleotide dynamics of Dm1 and
Dm?2, focusing on the conserved GUG-CAC trinucleotide motifs. The analysis of the root
mean square fluctuation (rmsf) for C;” atoms of each nucleotide suggests that the stem
region containing the conserved GUG-CAC motif is a region of high mobility in Dm1
(Fig 3A). This region is much more stable in Dm2 (Fig. 3B), whose behavior was similar
to the reference Y RNAs (Fig. S3). We expected the pairing of this functional triplet in
Dml to have up to eight hydrogen bonds. However, the average number of hydrogen
bonds in this region was 2.4 £+ 1.41 during the simulation, while Dm2 had 1.7 + 1.22, less
than half of that expected (Fig. S4). Although Dm1 presents a higher average number of
H-bonds than Dm2, their number of H-bonds equalized at the end of the simulation
(equilibrium region). The reduced numbers of hydrogen bonds suggest that this region

has high mobility, in contrast to known sbRNAs [15].
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Figure 3. Parameters of computational molecular dynamics simulations. Root mean square
fluctuation (rmsf) of C1’ from D. melanogaster Dml (A) and Dm2 (B) RNAs. Red boxes
highlight the rmsf of the GUG triplet and blue boxes of the CAC triplet.

The GUG-CAC motif of Dm1 has a greater flexibility compared to other Y RNAs.
The most likely explanations for this behavior are: (1) the loop proximity may have
promoted instability in the region; or (2) the long period of simulation (50 ns) may have
expanded the imperfections in the force field parameters throughout the simulation.

Previous analyses of the conserved upper stem domain of human Y1 RNA by
circular dichroism and solution state NMR indicated that this domain assumes an overall
A-form RNA helix, but central bases including the GUG-CAC motif are destabilized and
may actually dynamically flip out of the helix [10]. Our molecular dynamics simulations
suggest that Dm1, but not Dm2, might show a similar feature of localized high flexibility.
Importantly, mutations within the GUG-CAC motif in Y1 RNA led to both structural
disturbances and loss of function during the initiation step of chromosomal DNA
replication in human cell nuclei [3, 9, 10]. It is therefore possible that Dm1 RNA might
be a functional homologue of vertebrate Y RNAs as it contains this essential motif and
associated structural features.

In the next set of experiments, we turned to phylogenetic and functional analyses
of the Dm1 and Dm2 candidate sbRNAs in relation to vertebrate Y and nematode

SbRNAs.

Phylogenetic analysis
Vertebrate Y RNAs and nematode sbRNAs share structural and functional homologies
[1, 2]. Therefore, we performed a phylogenetic analysis of Dm1 and Dm2 in comparison

to Y and sbRNAs (Fig. 4). We included a group of 5S rRNA sequences from insect,
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nematode and vertebrate organisms into the analysis and calculated the phylogenetic tree
with these 5S rRNAs as the root. As expected, the 5S rRNAs form a separate clade from
the Y and sbRNAs (Fig. 4). Vertebrate Y RNAs separated into the four distinct major
clades of Y1, Y3, Y4 and Y5, and a heterogenous outgroup of teleost and some amphibian
Y RNAs, consistent with earlier reports [7, 8]. Nematode sbRNAs form a distinct clade
from the vertebrate Y RNAs (Fig. 4). This clade is more closely related to Y5 (and
Chinese hamster Y4 as an outlier), than to the three other Y RNA clades. Interestingly,
Dm1 RNA forms an outgroup of this nematode sbRNA clade together with an sbRNA
candidate of the silkworm Bombyx mori described earlier [15] and C. elegans CeN72
sbRNA. Dm2 is an isolated outlier between sbRNAs and 5S rRNA. Taken together, these
data strongly suggest that these small insect candidate sbRNAs are more closely related

to nematode sbRNAs than to vertebrate Y RNAs.
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Figure 4. Global Phylogenetic Tree of Y RNAs and sbRNAs. 5S Ribosomal RNA family (Black).
sbRNA family (Blue). Y5 RNA family (Red). Y4 RNA family (Purple). Y3 RNA family
(Orange). Y1 RNA family (Green). The evolutionary history was inferred by using the Maximum
Likelihood method based on the Tamura-Nei model [30]. The bootstrap consensus tree inferred
from 10000 replicates is taken to represent the evolutionary history of the taxa analyzed [31].
Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are
collapsed. Initial tree(s) for the heuristic search were obtained automatically by applying

Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
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Maximum Composite Likelihood (MCL) approach, and then selecting the topology with superior
log likelihood value. The analysis involved 77 nucleotide sequences. All positions containing
gaps and missing data were eliminated. There was a total of 18 positions in the final dataset.

Evolutionary analyses were conducted in MEGA7 [23].

These phylogenetic data suggest that insect SbBRNAs and nematode sbRNAs may
have evolved in their respective lineages from a common ancestor and may therefore
share some common functionality. From these data, however, it is unclear whether
vertebrate Y RNAs, nematode or insect sbRNAs have also evolved from a common
ancestor, or whether they are the product of a convergent evolution into a partially shared
functionality [2]. To address this issue, phylogenetic work would need to be conducted
with a substantially larger number of functionally and structurally related sbRNA
homologues from other insects and arthropods, and from crustacean, mollusk and even
more distantly related groups of organisms. As these data are currently unavailable, future
work aimed at identifying such additional distant homologues would be an important goal

in the field.

Expression of Dm1 and Dm2 sbRNAs

Y RNAs and sbRNAs are abundantly expressed in vertebrates and nematodes,
respectively, at levels approximately ten times below those of ribosomal 5S RNAs [3].
However, individual expression levels vary substantially between different types of Y
and sbRNAs within a cell type or tissue, and between different cell types and different
tissues of the same organism [2, 3, 6, 16, 17]. Next, we determined the relative expression
levels of Dm1 and Dm2 sbRNAs in D. melanogaster S2 cells and adult flies (Fig. 5). In
S2 cells, the expression of the Dm1 and Dm2 genes was approximately 250-fold and

1,000-fold lower than the 5S gene, respectively. In adult flies, Dm1 and Dm2 sbRNA
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Relative Expression (%)

expression was 66-fold and 900-fold lower than the 5S gene, respectively.
We conclude that the relative expression level of Dm1 sbRNA in D. melanogaster
is similar to sbRNAs in nematodes and Y RNAs in vertebrates, whereas Dm2 sbRNA is

expressed at one to two orders of magnitude below that, if at all.

1,75 A

1,5 1

1,25 A

0,75 A1

0,25

Dm1l Dm2 Dm1l Dm2

S2 Cells Adult Flies

Figure 5. Expression of Dm1 and Dm2 sbRNAs, relative to 5S rRNA. Total RNA was prepared
from Drosophila melanogaster S2 cells and adult flies, and quantified by qRT-PCR. Percentages
of relative expression are shown as mean values + standard deviations of n = 4 independent

experiments.

Functional homologies to human Y RNA
Vertebrate Y RNAs and nematode sbRNAs have essential functions in chromosomal

DNA replication [2]. Depletion of Y RNAs and sbRNAs in vivo by RNA interference or
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antisense morpholino oligonucleotides leads to an inhibition of DNA replication and cell
proliferation, and to death during early development [3, 4, 6]. In a cell-free system derived
from human cells, Y RNAs are required specifically in late G1 phase nuclei for the
initiation of chromosomal DNA replication, but not for subsequent elongation synthesis
[3, 5]. Importantly, non-human vertebrate Y RNAs and several nematode sbRNAs can
functionally substitute for human Y RNAs in this system [6, 9], indicating that they are
functionally redundant and homologous. To address whether Drosophila Dm1 and Dm2
sbRNAs were functionally homologous to these RNAs, we tested whether they could
functionally substitute for vertebrate Y RNAs in this system (Fig. 6).

We synthesised Dm1 and Dm2 sbRNAs in vitro from synthetic templates and
purified the full-length RNAs (Fig. 6A). We then tested these RNAs in the human cell-
free DNA replication initiation system (Fig. 6B). Incubation of late G1 phase template
nuclei in a control extract from proliferating HeLLa cells resulted in a significant initiation
of chromosomal DNA replication in about 35% of these nuclei. This is above the
background of about 5% of contaminating S phase nuclei replicating in the absence of
extract, as described previously [3, 18]. Degradation of the endogenous human Y RNAs
resulted in an inhibition of replication initiation, reducing the percentages of replicating
nuclei to near-background values (Fig. 6B), as described previously [3]. Significantly,
addition of Dm1 restored the initiation function of the Y RNA-depleted extract, whereas
addition of Dm2 did not (Fig. 6B). We therefore conclude that Dm1 sbRNA, but not Dm2
sbRNA, is a functional homologue of human Y RNAs in this DNA replication initiation

system.
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Figure 6. DNA replication initiation function. (A) Synthesis of Dm1 and Dm2 sbRNAs. The
indicated RNAs were synthesised by in vitro transcription and visualised after denaturing
polyacrylamide gel electrophoresis. Molecular sizes of single-stranded DNA oligonucleotide
markers are indicated. (B) RNA-dependent initiation of chromosomal DNA replication in a
human cell-free system. Human late G1 phase template nuclei were incubated in the absence or
presence of control or Y RNA-depleted human cytosolic extracts supplemented with 100 ng of
purified Dm1 or Dm2 sbRNAs, as indicated. Percentages of replicating template nuclei are shown
for each reaction as mean values + standard deviations of n = 5 independent experiments. Brackets
indicate results of t-tests (unpaired, two-tailed with unequal variance) of control against the

experimental samples (** p = 0.007; n.s., not significant).

Discussion

In this study, we identified by a computational search for conserved sequence motifs
present in nematode sbRNAs two short candidate RNAs in the genome of the fruit fly
Drosophila melanogaster, which we termed Dm1 and Dm?2. Both RNAs have predicted

secondary structures partially resembling nematode sbRNAs and both show stability in
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molecular dynamics simulations. These candidate RNAs are phylogenetically closer to
nematode sbRNAs than to the homologous vertebrate Y RNAs. However, we found that
only Dm1, but not Dm2, is abundantly expressed and can functionally replace Y RNAs
in a human cell-free DNA replication initiation system.

Taken together, our results support the conclusion that Dm1 is a genuine stem-
bulge RNA expressed in D. melanogaster, which is functionally related to nematode
sbRNAs and vertebrate Y RNAs. A different short sbRNA candidate gene has previously
been described in another insect, the silkworm Bombyx mori [15]. However, it is yet
unknown whether this BmsbRNA has an activity during DNA replication and would thus
be functionally homologous to Dm1 sbRNA, vertebrate Y RNAs, or other nematode
sbRNAs. Therefore, Dm1 sbRNA would be the first functional sbRNA described in
insects. This discovery should stimulate future work into identifying and characterizing
additional functional sbRNA or Y RNA homologues in insects, and to study their
physiological roles during development and tissue maintenance in whole organisms.

In contrast, the Dm2 sbRNA gene is only very weakly expressed in D.
melanogaster (if at all). Dm2 shares fewer conserved elements with vertebrate Y RNAs
and nematode sbRNAs than Dm1. In the evolutionary tree, Dm2 remains isolated between
other sbRNAs and the 5S rRNA outgroup. This correlates with the observation that Dm2
did not show any significant activity in initiating DNA replication in vitro. These
observations suggest that Dm2 may not be a genuine sbRNA or Y RNA homologue and
may have a different physiological role. Interestingly, the overall structure of Dm2 is not
inconsistent with the possibility that it could be a miRNA precursor [6, 19, 20]. We will
address this possibility separately in a future communication.

In conclusion, we have shown that small non-coding stem-loop RNAs with

conserved structural elements and a homologous function in DNA replication are not only
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present in nematodes and vertebrates, but also in insects. This finding should stimulate
further work into the evolution of these RNAs and into elucidating molecular mechanisms
underlying their physiological function using the powerful genetic tools available in D.

melanogaster.

Materials and Methods

Search for sbRNA gene sequences

The search for sequences similar to sbRNAs was carried out in the genome of Drosophila
melanogaster (genome id: 47), using BLASTn [21], starting from fragments of conserved
sequences for sbRNAs containing potential start and stop points of transcription.
Sequences found were submitted to mFold web server [22], using default parameters, in
order to obtain their secondary structure. This secondary structure was compared with the

standard model for sbRNAs, described for Caernohabditis elegans [1].

Phylogenetic analysis

The phylogenetic tree was constructed using sequences for Y RNAs [8] and sbRNAs
related to DNA replication [1, 6, 7]. This analysis was carried out with MEGAT:
Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets [23], using a

bootstrap-neighborhood analysis with 10000 steps and 5S genes as outgroup.

Molecular Dynamics
RNA secondary structures were constructed with Varna Applet [24] and used for
graphical representation. The 3D representations were generated by RNA Composer

server [25], and wused for molecular dynamics simulations (MD). These 3D
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representations are supplied as .pdb files (supplementary figures S3-S8, Supplementary
Material online).

The MD simulations were carried out and analyzed in the programs
NAMD?2 [26] and VMD [27] using Charmm C35b2/C36a2 force field [28]. For this
procedure, the spatial coordinates of the RNAs were virtually immersed in a periodic box
containing TIP3 water and sufficient amount of sodium counter ions to neutralize the
system charges. The box size was at least 15 A away from the outer surface of the RNA.
The simulations were carried out in steps. In the first one, all atoms of the system were
minimized by 20,000 steps of Conjugated Gradient (CG). In the second step, water and
ions were equilibrated by 60 ps. In the third step, all atoms of the system were minimized
again by another 20,000 steps of CG. In the fourth and final step, all atoms of the system
were equilibrated during 50 ns using 1 atm pressure, 300 K temperature, and a constant
number of atoms (NPT ensemble). The other simulation parameters were adjusted
according to the protocol established by [29]. The simulations took place in 20 nodes of
an Intel Xeon E5-2695v2 Ivy Bridge, 2.4 GHZ (480 cores) processors of the St Dumont

cluster at LNCC, Brazil.

Relative quantification of Drosophila RNAs by qRT-PCR

Total RNA was extracted from D. melanogaster cell cultures and adult wild-type flies.
D. melanogaster S2 cells (provided by Dr. Alain Debec, Institut Jacques Monod, Paris,
France), derived from the embryo of Drosophila melanogaster, were maintained in
Shields and Sang M3 insect culture media (Sigma-Aldrich), supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Gibco) and antibiotics at a temperature of
26°C. For RNA extraction, the media was discarded, followed by extraction with TRIzol

LS (Invitrogen). D. melanogaster flies were acquired from the State University of
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Maringd, Maringd - Parand, Brazil. For whole organism RNA extraction, adult flies were
macerated in liquid nitrogen, followed by extraction with TRIzol LS (Invitrogen).

Total RNA sample concentrations were quantified by nanodrop
spectroscopy using NanoDrop2000 (Thermo-Fisher) and standardized for a total of 2000
ng of RNA for the treatment with DNAse I (Biolabs). The reverse transcriptase kit used
to synthesize the first cDNA was iScript (Bio-Rad). The qPCR reactions were carried out
by the following kit: Power SYBR Green PCR Master Mix (Thermo Fisher), with 40
cycles and annealing temperature of 58°C, in the LightCycler® 96 System (Roche)

equipment. The primer sequences used were:

* Dml: 5 GGGGTGGGTGTACCCGGAAA-3' and
5S’AAAACGAGGAGGAACTATGAGGG-3’

e Dm2: GGCCATGGTTAGCGACGCG and
S’AAAAAAGACTATGACCCCCGCC-3’

e 58 rRNA: 5 GCCAACGACCATACCACGC-3’ and

S’AAAAAGTTGTGGACGAGGCCAA-3’

The relative amount of expression (Ar) was calculated (Equation 1). Each sample was

carried out in duplicates and calculations were based on 4 independent experiments.

Ar = 2(—ACT) — 2—(C3.‘ of the sample — Ct of 55 gene) (1)

RNA synthesis in vitro
Dm1 and Dm2 sbRNAs were synthesized in vitro by bacteriophage SP6 RNA polymerase

from two annealed complementary synthetic DNA oligonucleotides (Sigma-Aldrich Co.
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LLC), as described previously [10]. Sequences of the four DNA oligonucleotides with

added SP6 promoter sequences (underlined) are as follows:

Dml forward

S’ATTTAGGTGACACTATAGGGGGTGGGTGTACCCGGAAAGTGGTGTT

TACACGTCCCGTCCATGAGTAATCTGCGCACTTTCCCTCATAGTTCCT

CCTCGTTTT-3’

Dml reverse

S’AAAACGAGGAGGAACTATGAGGGAAAGTGCGCAGATTACTCATGG

ACGGGACGTGTAAACACCACTTTCCGGGTACACCCACCCCCCTATAG

TGTCACCTAAAT-3’

Dm?2 forward

S’ATTTAGGTGACACTATAGGGCCATGGTTAGCGACGCGGTGGTGTTT

ACCCACATGTAGGCATATGCATATGCTGATTTCCACCAAGGCGGGGG

TCATAGTCTTTTTT-3’

Dm?2 reverse

S’AAAAAAGACTATGACCCCCGCCTTGGTGGAAATCAGCATATGCAT

ATGCCTACATGTGGGTAAACACCACCGCGTCGCTAACCATGGCCCCT

ATAGTGTCACCTAAAT-3’

Transcription produced the following synthetic RNAs:

Dml sbRNA

5’GGGGUGGGUGUACCCGGAAAGUGGUGUUUACACGUCCCGUCCAU

GAGUAAUCUGCGCACUUUCCCUCAUAGUUCCUCCUCGUUUU-3’

Dm?2 sbRNA

5’GGCCAUGGUUAGCGACGCGGUGGUGUUUACCCACAUGUAGGCAU
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AUGCAUAUGCUGAUUUCCACCAAGGCGGGGGUCAUAGUCUUUUUU-

3’

Following in vitro synthesis, template DNA was degraded by DNAse I treatment
and the newly transcribed RNA was purified by phenol/chloroform extraction and ethanol
precipitation. The RNA was then visualised by electrophoresis on denaturing

polyacrylamide gels containing 8M urea, as described previously [3, 4].

DNA replication reactions
Human HeLaS3 and EJ30 cells were grown as proliferating monolayers, and template
nuclei were prepared from mimosine-arrested late G1 phase EJ30 cells as described
previously [18].

DNA replication initiation reactions were performed as detailed previously [3,
18]. These contained late G1 phase template nuclei prepared from mimosine-arrested
human EJ30 cells, a cytosolic extract from proliferating HelLaS3 cells, in vitro-
synthesised RNAs, and a buffered mix of ribo- and deoxyribonucleoside triphosphates.
The mix included digoxigenin-dUTP as a tracer for newly synthesised DNA. Inclusion
of creatine phosphate/phosphocreatine kinase provided an energy regenerating system.
Endogenous human Y RNAs were depleted from the HeLa cell extract by endogenous
RNAseH activity targeted by antisense DNA oligonucleotides, as detailed previously [3].

After a 3-hour reaction time, nuclei were fixed and sedimented on polylysine-
coated glass coverslips. Digoxigenin-labelled DNA, the product of the replication
reactions, was detected by anti-digoxigenin fluorescein-conjugated Fa., fragments
(Roche), and total DNA was stained with propidium iodide, as described previously [3,
18]. Confocal fluorescence microscopy was performed on a Leica SP1 microscope using

40x lens magnification; individual channels were recorded simultaneously. The
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percentages of replicating nuclei were determined from randomly chosen microscopic

fields. At least 200 nuclei were scored per reaction.
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Dml

>AE014298.5 Drosophila melanogaster chromosome X

AATAGGAAATCTTAAATTTAGAAACGATGTGCGAACCTATTAATGCCATTACTTGGACCGCAGCTGTTTG
CCTGGGTGATGGGGTGGGTGTACCCGGAAAGTGGTGTTTACACGTCCCGTCCATGAGTAATCTGCGCACT
TTCCCTCATAGTTCCTCCTCGTTTTCCCAGTTTCATTTTATTTGATTTGTTCGTTATTTGTTTGTTTGTT

Transcript:
GGGGUGGGUGUACCCGGAAAGUGGUGUUUACACGUCCCGUCCAUGAGUAAUCUGCGCACUUUCCCUCAUA
GUUCCUCCUCGUUUU

Figure S1. The Drosophila melanogaster stem-bulge RNA 1 gene and its regulatory
sequences in the genome. A putative TATA box-like sequence in the predicted upstream
RNA Polymerase III promoter region is shown in green. The nucleotide sequence
predicted to be transcribed is represented in bold. The sequence motif conserved with
nematode sbRNAs is highlighted in yellow. The poly-T tail, were the transcription ends,
is highlighted in aqua-blue. The Dm1 gene is located between the position 16633124 —
16633208 of the D. melanogaster chromosome X.
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Dm?2

>AE014296.5 Drosophila melanogaster chromosome 3L

TTTGTCCGTATGTCCGTTGTCCGGCTGAAAATATTCCAAACAATGTAGACAAGAAGTGCTCAGGCCGGGC
GGAGTTTTTGTGGCCATGGTTAGCGACGCGGTGGTGTTTACCCACATGTAGGCATATGCATATGCTGATT
TCCACCAAGGCGGGGGTCATAGTCTTTTTTCTTTTTTTGAGGGGGGTTTGTGGTGGAGGAGTGGGCCGTC

Transcript:
GGCCAUGGUUAGCGACGCGGUGGUGUUUACCCACAUGUAGGCAUAUGCAUAUGCUGAUUUCCACCAAGGC
GGGGGUCAUAGUCUUUUUU

Figure S2. The Drosophila melanogaster stem-bulge RNA 2 gene and its regulatory
sequences in the genome. A putative TATA box-like sequence in the predicted upstream
RNA Polymerase III promoter region is shown in green. The nucleotide sequence
predicted to be transcribed is represented in bold. The sequence motif conserved with
nematode sbRNAs is highlighted in yellow. The poly-T tail, were the transcription ends,
is highlighted in aqua-blue. The Dm2 gene is located between the position 12435720 —
12435808 of the D. melanogaster chromosome 3L.
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Figure S3. Molecular dynamics simulations. Root mean square fluctuation (rmsf) of C1’

from Y RNAs used as reference. 3D representations of Y3 RNA from Cricetulus

griseus (A), Homo sapiens (B) and Mus musculus (D) and Y5 RNA from Macaca

mulatta (C) were used for this analysis (see supplementary figures S7-S10 for the

corresponding pdb files). Red boxes highlight the rmsf of the paired GUG triplet and

blue boxes of the paired CAC triplet.
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Legend to Figure S5.

3D representation of Dm1 RNA from Drosophila melanogaster in pdb file format.

Legend to Figure S6.

3D representation of Dm2 RNA from Drosophila melanogaster in pdb file format.

Legend to Figure S7.

3D representation of Y3 RNA from Cricetulus griseus in pdb file format.

Legend to Figure S8.

3D representation of Y3 RNA from Homo sapiens in pdb file format.

Legend to Figure S9.

3D representation of Y5 RNA from Macaca mulatta in pdb file format.

Legend to Figure S10.
3D representation of Y3 RNA from Mus musculus in pdb file format.
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CLUSTAL O(1.2.4) multiple sequence

CeN134_Caenorhabditis_elegans
CeN72_Caenorhabditis_elegans
CeN71_Caenorhabditis_elegans
CeN133_Caenorhabditis_elegans
CeN73-1_Caenorhabditis_elegans
CeN73-2_Caenorhabditis_elegans
CeN74-1_Caenorhabditis_elegans
CeN74-2_Caenorhabditis_elegans
CeN135_Caenorhabditis_elegans
CeN76_Caenorhabditis_elegans
CeN75_Caenorhabditis_elegans
CeN77_Caenorhabditis_elegans
Dm2_Drosophila_melanogaster
Dml_Drosophila_melanogaster
BmsbRNA_Bombyx_mori
xXY5_Xenopus_laevis
XtY5_Xenopus_tropicalis
CpY5_Cavia_porcellus
PtY5_Pan_troglodytes
hY5_Homo_sapiens
MmY5_Macaca_mulatta
chY5_Cricetulus_griseus
CfY5_Canis_familiaris
LaY5_Loxodonta_africana
MdY1l_Monodelphis_domestica
chYl Cricetulus_griseus
OcY1l_Oryctolagus_cuniculus
mY1l_Mus_musculus
RnY1l_Rattus_norvegicus
BtY1l_Bos_taurus
CpYl_Cavia_porcellus
hY1l_Homo_sapiens
PtYl_Pan_troglodytes

MmY1l_ Macaca_mulatta
CfY1l_Canis_familiaris
zY1l_Danio_rerio
zY3_Danio_rerio
xY3_Xenopus_laevis
XtY3_Xenopus_tropicalis
MdY3_Monodelphis_domestica
LaY3_Loxodonta_africana
RnY3_Rattus_norvegicus
chY3_Cricetulus_griseus
mY3_Mus_musculus
CfY3P_Canis_familiaris
BtY3_Bos_taurus
hY3_Homo_sapiens
PtY3_Pan_troglodytes
CpY3_Cavia_porcellus
MmY3_Macaca_mulatta
OcY3_Oryctolagus_cuniculus
xY4_Xenopus_laevis
chY4_Cricetulus_griseus
MdY4_Monodelphis_domestica
BtY4_Bos_taurus
hY4_Homo_sapiens
PtY4_Pan_troglodytes
MmY4_Macaca_mulata
OcY4_Oryctolagus_cuniculus
CfY4_Canis_familiaris
CpY4_Cavia_porcellus
LaY4_Loxodonta_africana

alignment

GGGTTATTTATTCTCTCG—————— ATTC———————
————CATCATCGGTCCGGTGTTGATGGGTTATTATCCTGTGG

——————— GGCTGGTCCGAAGGTAGTGAGTTATCTCAATTGATTGTTCACAGTCAGTTACA
——————— GGCTGGTCCGAAGGTAGTGAGTTATCTCAATTGATTGTTCACAGTCAGTTACA
——————— GGCTGGTCCGAAGGTAGTGAGTTATCTCAATTGATTGTTCACAGTCAGTTACA
——————— GGCTGGTCCGAAGGTAGTGAGTTATCTCAATTGATTGTTCACAGTCAGT-ACA
——————— GGCTGGTCCGAAGGTAGTGAGTTATCTCAATTGATTGTTCACAGTCAGTTACA

7777777 GGTTGGTCCGCGAG-TAGTGGTGTTTACAACTAATTGATCACAACCAGTTACA
7777777 GGTTGGTCCGAGAG-TAGTGGTGTTTACAACTAATTGATCACAACCAGTTACA
7777777 GGTTGGTCCGAGAG-TAGTGGTGTTTACAACTAATTGATCACAACCAGTTACA
7777777 GGCTGGTCCGAGTG-CAGTGGTGCTTACAATTAATTGATCACAGCCAGTTACA
7777777 GGCTGGTCCGAGTG-CAGTGGTGTTTACAATTAATTGATCACAGCCAGTTACA
7777777 GGCTGGTCCGAGTG-CAGTGGTGTTTACAACTAATTGATCACAACCAGTTACA
7777777 GGCTGGTCCGAGTG-CAGTGGTGTTTACAACTAATTGATCACAACCAGTTACA

——————— GGTTGGTCCGAAAGTTGTGGGTTATCCAAATCATTC-—AGTTAGTAT-——-CA
——————— GGTTGGTCTGATGTTAACGTGTTATTGGTAT-——-TAACTCTAG-——-—-—-TG
——————— GGCTGGTCCGATGGCAGTGGTTTACCAGAACTTATTGATATTAGTTT-———CA
——————— GGCTGGTCCGATGGTAGTGGGTTACCAGAACTTATTAACGTTAGTGT-———CA
——————— GGCTGGTCCGATGGTAGTGGGTTATCAGAACTTATTAACATTAGTGT-———CA
——————— GGCTGGTCCGATGGTAGTGGGTTATCAGAACTTATTAACATTAGTGT-———CA
——————— GGCTGGTCCGATGGTAGTGGGTTATCAGAACTTATTAACATTAGTGT-———CA
——————— GGCTGGTCCGATGGTAGTGGGTTATCAGAACTTATTAACATTAGTGT-———CA
——————— GGCTGGTCCGATGGTAGTGGGTTATCAGAACTTATTAACATTAGTGT-———CA
——————— GGCTGGTCCGATGGCAGTGGGTTATCAGAACTTATTAACATTAGTGT-———CA
——————— GGCTGGTCCGATGGCAGTGGGTTATCAGAACTTATTAACGTTAGTGT-———CA
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CeN134_Caenorhabditis_elegans
CeN72_Caenorhabditis_elegans
CeN71_Caenorhabditis_elegans
CeN133_Caenorhabditis_elegans
CeN73-1_Caenorhabditis_elegans
CeN73-2_Caenorhabditis_elegans
CeN74-1_Caenorhabditis_elegans
CeN74-2_Caenorhabditis_elegans
CeN135_Caenorhabditis_elegans
CeN76_Caenorhabditis_elegans
CeN75_Caenorhabditis_elegans
CeN77_Caenorhabditis_elegans
Dm2_Drosophila_melanogaster
Dml_Drosophila_melanogaster
BmsbRNA_Bombyx_mori
xY5_Xenopus_laevis
XtY5_Xenopus_tropicalis
CpY5_Cavia_porcellus
PtY5_Pan_troglodytes
hY5_Homo_sapiens
MmY5_Macaca_mulatta
chY5_Cricetulus_griseus
CfY5_Canis_familiaris
LaY5_Loxodonta_africana
MdY1l_Monodelphis_domestica
chYl Cricetulus_griseus
OcY1l_Oryctolagus_cuniculus
mY1l_Mus_musculus
RnY1l_Rattus_norvegicus
BtYl_Bos_taurus
CpYl_Cavia_porcellus

hY1l_ Homo_sapiens
PtYl_Pan_troglodytes

MmY1l_ Macaca_mulatta
CfY1l_Canis_familiaris
zY1l_Danio_rerio
zY3_Danio_rerio
xY3_Xenopus_laevis
XtY3_Xenopus_tropicalis
MdY3_Monodelphis_domestica
LaY3_Loxodonta_africana
RnY3_Rattus_norvegicus
chY3_Cricetulus_griseus
mY3_Mus_musculus
CfY3P_Canis_familiaris
BtY3_Bos_taurus
hY3_Homo_sapiens
PtY3_Pan_troglodytes
CpY3_Cavia_porcellus
MmY3_Macaca_mulatta
OcY3_Oryctolagus_cuniculus
xY4_Xenopus_laevis
chY4_Cricetulus_griseus
MdY4_Monodelphis_domestica
BtY4_Bos_taurus
hY4_Homo_sapiens
PtY4_Pan_troglodytes
MmY4_Macaca_mulata
OcY4_Oryctolagus_cuniculus
CfY4_Canis_familiaris
CpY4_Cavia_porcellus
LaY4_Loxodonta_africana

———AAATGCTCTTCACAATGCTTCACAGTGGT-———-TAATAATGCTTGTTTCTCCCATCA
77777777 TGCTTGTCGTCGC——————————-TGATCACATTCACCGTCCTCTACACATCA

AACCACCCCATAC
G AACTACCCATCCCATCA

GCCCGGTGTCCTTGTGATGCCAAACCCGTGTTCCTAACAGAATACAACCCCTTCCCATCG
GCCCGGTGTCCTTGTGATGCCAAACCCGTGTTCCTAACAGAATACAAACCCTTCCCATCG

——————————————————————————————— CCC---——-TT-CGGGGAATTTCCCATCG
——————————————————————————————— CCC---——-TT-CGG-GAATTTCTCATCG
——————————————————————————————— A-———————————————————CCCCATCG
——————————————————————————————— CCC--———-—————-—————CTCCCATCG
——————————————————————————————————————————————————— CCCCCATCG
——————————————————————————————— AAA----—-AAAAAAAAAACCCCCCATTG
———————————————————————————————————————————— ATATGCTGATTTCCAC
GAGT———————————————m——mmm A-—-——- ATCTGCGCACTTTCCC
———————————————————————————————————————————————————————— CGAT

TTCTCCC-CACCGTTG

T-———-GTCTCCCCCCACA-CCCG
T-———-GTCTCCCCCCACA-ACCG
T-———-GTCTCCCCCCACA-ACCG
T-———-GTCTCCCCCCACA-ACCG
T TCCCCCCACACCCTA
T TCCCCCCACAACCAT
T TCCCACCCACACCCG

TCTCTCTTTCCCTCCCTTCTCAC

TAC--ACTTCCCCCCTTCTCAC
TCTACTCTTTCCCCCCTTGTCAC
TCTACACTTTCCCCCCTTCTCAC
TCTACACTTTCCCCCCTTCTCAC
TCTACTCTTCCC-CCCTTCTCAC
TCTACTCTTTCCCCCCTTCTCAC
TCTACTCTTTCCCCCCTTCTCAC
TCTACTCTTTCCCCCCTTCTCAC
TCTACTCTTTCCCCCCTTCTCAC
TCTACTCTTTCCCCCCTTCTCAC
—————— CTCTCCCCTCTCCCAC
—————— CTCTCCCCTCTCCCAC
—————— CTTC-TCCCCTCCCAC
—————— CTTC-TCCCCTCCCAC
—————— CTTTCTCCGCTCCCAC
—————— CCTTCTCCACTCCCAC

CTTCTCCACTCCCAC

CTTCTCCACTCCCAC

CTTCTCCGCTCCCAC

CTTCTCCACTCCCAC

CTTCTCCACTCCCAC

CTTCTCCACTCCCAC

CTTCTCCACTCCCAC

CTTCTCCACTCCCAC

CTTCTCCACTCCCAC

HHHH S

CTTCTCCACTCCCAC

GATCGATCTCCTTGT

GATTGAACTCCTGTT

GACCGATCTCCTGA

GATTGAACTCCTGT

GATTGAACTCCTGT
GATCGAACTCCTCGT-—————————————————————
GATTGAACTCCTTGT-—————————————————————
GATCGAACTCCTTGT-—————————————————————
GATCGAACTCCTTGT-—————————————————————
GATCGAACTCCTTGT-—————————————————————
GATTGAACTCCTTGT-—————————————————————
GAACTCCTTGTTTCT-—————————————————————
——————— GTTAGTCT-—————————————————————
GACTTCTT-——-TGT-—————————————————————
GACTTCTT-—--TGT-—————————————————————
GATTTCTT-——-TGT-—————————————————————
GATTCCTT-—--TGT-—————————————————————
GATTTCTT----TGT

GATTTCTT-—--TGT

GATTTCTT----TGT

GATTTCTT-——-TGT

GATTTCTT----TGT

GATTTCTT----TGT

GATTTCTT-—--TGT

GATTTCTT----TGT

GATTTCTT----TGT

GATTTCTT----TGT

CTAA

ccGe
CAAC—————————mm
CTAA———————
CTAA———————
CTAA———————
CTAA———————
CTAA———————
CTAA———————
CTAA———————
CTAA———————

CTTCTATTTCACCCCAC
TATAGTACATATAGGCCCCTCAC
AAGTTAATATATTCCACCCCCAC
AG-TTGGTATACAACCCCCCA-C
AG-TTGGTATACAACCCCCCA-C
AG-TTGGTATACAACCCCCCA-C
AG-TTGGTATACAACCCCCCA-C
AG-TTGGTATACAACCCCCCA-C
AG-TTGGTATACAACCCCCCA-C
AG-TTGGTATACCACCCCCCCAC
AG-TTGGTATACAACCCCCCCAC
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CeN134_Caenorhabditis_elegans
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CeN73-2_Caenorhabditis_elegans
CeN74-1_Caenorhabditis_elegans
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CeN135_Caenorhabditis_elegans
CeN76_Caenorhabditis_elegans
CeN75_Caenorhabditis_elegans
CeN77_Caenorhabditis_elegans
Dm2_Drosophila_melanogaster
Dml_Drosophila_melanogaster
BmsbRNA_Bombyx_mori
XY5_Xenopus_laevis
XtY5_Xenopus_tropicalis
CpY5_Cavia_porcellus
PtY5_Pan_troglodytes
hY5_Homo_sapiens
MmY5_Macaca_mulatta
chY5_Cricetulus_griseus
CfY5_Canis_familiaris
LaY5_Loxodonta_africana
MdY1l_Monodelphis_domestica
chYl Cricetulus_griseus
OcY1l_Oryctolagus_cuniculus
mY1l_Mus_musculus
RnY1l_Rattus_norvegicus
BtY1l_Bos_taurus
CpYl_Cavia_porcellus

hYl_ Homo_sapiens
PtYl_Pan_troglodytes

MmY1l_ Macaca_mulatta
CfY1l_Canis_familiaris
zY1l_Danio_rerio
zY3_Danio_rerio
xY3_Xenopus_laevis
XtY3_Xenopus_tropicalis
MdY3_Monodelphis_domestica
LaY3_Loxodonta_africana
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BtY3_Bos_taurus
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MmY3_Macaca_mulatta
OcY3_Oryctolagus_cuniculus
xY4_Xenopus_laevis
chY4_Cricetulus_griseus
MdY4_Monodelphis_domestica
BtY4_Bos_taurus
hY4_Homo_sapiens
PtY4_Pan_troglodytes
MmY4_Macaca_mulata
OcY4_Oryctolagus_cuniculus
CfY4_Canis_familiaris
CpY4_Cavia_porcellus
LaY4_Loxodonta_africana

Figure S11. Sequence alignment of 62 stem-bulge RNA and Y RNA genes using

Clustal Omega v. 1.2.4.

ACAA-CAACTTGACCGAATT———————— 94
TCAC-AAATTTGACCGATGTT——————— 100
GAAC-TAACTTGACTACCGGAATT--—- 75
ACAT-CAACTTGATCGAAAAACATTTITT 96
ACAC-CAACTTGACCGTTGTT-——-——-—- 134
ACAC-CAACTTGACCGTTGT————-———— 132
GCAT-CAACTTGACCGTTGCGT-————— 80
GCAC-CAACTTGACCGTTGCT——————— 78
GCAA-CAACTTGACTTCC—————————— 68
GCAC-CAACTTGACCGTTCCTGTT-—-- 78
ACAC-CAACTTGACCGATGA-——————— 64
ACAA-CAACTTGACCGGCGT————-———— 80
CAAGGCGGGGGTCATAGTCTTTITTIT--- 89
TCAT-AGTT---CCTCCTCGTTTT-—--- 85
GTCT-TCAAAAGATTCTTCTAGTTITT-- 57
CCAT-TGACTAACGA-———————————— 69
CCAT-TGACTAACG—————————————— 67
TGCT-TGACTAACTGAGTGTTTT————— 84
CGCT-TGACTAGCTTGCTGTTTT————— 85
CGCT-TGACTAGCTTGCTGTTTT————— 84
CGCT-TGACTAGCTTGACGTTTT————— 84
—ACT-TGACTAGCTTGAGCTTTTT-——— 84
C-CT-TGACTGGCTTCGCGTTTT————— 83
ACCT-TGACTAGCTGTGCCTTTT-————— 84
TACT-GCACTCGACTAGTCTTT-—————— 112
TACT-GCACTTGACTAGTCTTTT-————— 111
TACT-GCACTAGACTAGTCTTT-—————— 111
TACT-GCACTTGACTAGTCTTT-—————— 111
TACT-GCACTTGACTAGTCTT-——————— 110
TACT-GCACTTGACTAGTCTTIT-————— 111
TACT-GCACTTGACTAGTCTTIT-————— 111
TACT-GCACTTGACTAGTCTTIT-————— 112
TACT-GCACTTGACTAGTCTTIT-————— 112
TACT-GCACTTGACTAGTCTTIT-————— 112
TACT-GCACTTGACTAGTCTTIT-————— 112
CGCT-GAACTTGACCAGCCTTT-————— 106
CGCT-AAACTTGACCAGTCTTIT-————— 66
TGCT-TCCCTTGACTAGCCT-——————— 98
TGCT-GCCCTTGACTAGTCT-——————— 98
TGCT-TCACTTGACTAGTCTTIT-————— 101
TGCT-TCACTAGACCGGTCTTT-—————— 103
TGCT-TCACTTGACCAGCCTTT-—————— 101
TGCT-TCACTTGACCAGCCTTTT-————— 102
TGCT-TCACTTGACCAGCCTTT-—————— 101
TGCT-TCACTTGACCGGCCTTT-—————— 101
TGCT-TCACTTGACTAGCCTTT-—————— 101
TGCT-TCACTTGACTAGCCTTT-—————— 101
TGCT-TCACTTGACTAGCCTTT-—————— 101
TGCT-TCACTTGACTAGCCTTT-—————— 101
TGCT-TCACTTGACCAGCCTTT-—————— 101
TGCT-TCACTTGACCAGTCTTT-—————— 101
TGCT-GACCTTGACTGGCCA-———————— 88
TGAT-AAGTTTGACTGGCTTTITT-———— 91
TGCT-AAATTTGACTGGCCTT——————— 96
TGCT-AAATTTGACTGGCTTT——————— 94
TGCT-AAATTTGACTGGCTTT——————— 94
TGCT-AAATTTGACTGGCTTT——————— 94
TGCT-AAATTTGACTGGCTTT——————— 94
TGCT-AAATTTGACTGGCTTT——————— 94
TGCT-AGATTTGACTGGCTTT——————— 94
TGCT-AAATTTGACTGGCTTT——————— 95
TGCT-GAATTTGACTGGCTTT——————— 95
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Stem-bulge RNAs from Drosophila melanogaster and their interaction

with chromatin proteins

Abstract

Non-coding RNAs are molecules responsible for several metabolic activities, except
protein-coding. Among them, the Y RNAs were first detected in patients with
autoimmune diseases, such as Erythematous Lupus and Sjogren syndrome. The group of
Y RNA is present in both prokaryotes and eukaryotes. They are related to the initiation
of DNA replication, in eukaryotes, more specifically in vertebrates. However, prokaryote
Y RNAs do not have this function, performing the degradation of mature RNAs. In
parallel, another group performs the initiation of DNA replication, in invertebrates, the
stem-bulge RNAs. They are homologous to Y RNAs in structure and function. Stem-
bulge RNAs present a “UUAUC” sequence, evolutionarily conserved. Until 2015, there
was no register of any sbRNA gene in insects. The first expressed gene was described for
the silkworm, Bombyx mori. Furthermore, two genes, Dm1 and Dm2, were found in the
fruit fly Drosophila melanogaster. While Dm1 presented functional activity in the
initiation of DNA replication, this function could not be observed for Dm2. With this in
mind, the literature does not contain further information about sbRNAs in insects. So, we
aimed to observe if there was any differential expression of Dm1 and Dm2 in male and
female adult flies. Additionally, we used mass spectrometry to investigate which
cytoplasmic proteins were interacting with the three insect sbRNAs, previously
synthesized and bound to agarose beads. This investigation could Our data shows that
male flies express Dm1 and Dm?2 at a higher rate than females. Moreover, we found out
that Dm1 bound with proteins related with replicative and immune activities, such as

cecropins Al. Dm2 bound with proteins related to structure maintenance, but no
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replicative proteins. This is supported by results previously described for these two

SbRNAs.

Keywords: DNA replication; sbRNA; non-coding RNAs; Y RNA, Drosophila

melanogaster, Bombyx mori, Mass Spectrometry.
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Introduction

Non-coding RNAs (ncRNA) are described as molecules with metabolic functions
different from protein codification (Kowalski & Krude., 2015). Among then, there are
mid-sized molecules, ranging between 70 and 115 nucleotides, with none to four
expressing genes, named Y RNAs (Mosig et al., 2007; Perreault et al., 2007). The “Y
RNA” name derives from cYtoplasmic RNAs, local of their first detection in mammalian
cells (Lerner et al., 1981). The presence of Y RNAs was first observed in humans, they
were detected as ribonucleoproteins (RNPs), complexed with Ro60 and La proteins, in
blood serum from patients with Erythematous Lupus and Sjogren syndrome (Hendrick et
al., 1981; Lerner et al., 1981). Later, they were described as participants in the initiation
of DNA replication, with all four genes replacing each other in this function (Christov et
al., 2006; Krude et al., 2009; Gardiner et al., 2009).

Recently, homologous genes were described for Chinese hamster, named chY,
chY3, chY4 and chY5 and presenting great identity to the four human genes (hY1, hY3,
hY4, and hY5). However, only chY1 and chY3 genes were shown to be expressed, even
with all four being able to replace endogenous RNAs in the initiation of replication (Lima
Neto et al., 2016). The Y RNAs have been investigated and detected in several organisms,
from prokaryotes (Chen et al., 2014) to eukaryotes (Perreault et al., 2007). Y RNAs are
transcribed by RNA Polymerase III and present a characteristic secondary structure, with
a stem-loop shape (Maraia et al., 1996; Teunissen et al., 2000; Christov et al., 2006;
Kowalski & Krude, 2015). Additionally, Y RNAs have an unpaired C residue in the Y
RNAs lower-stem, a binding site for the Ro60 protein (Lerner et al., 1981). While the
literature suggests that vertebrate Y RNAs can participate in the initiation of DNA
replication. This information is not valid for invertebrate Y RNAs, such as the ones found

in Caenorhabditis elegans (CeY RNA), Branchiostoma floridae (BfY RNA) and
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Deinococcus radiodurans (DrY RNA) (Gardiner et al., 2009). With this in mind, some
authors claim that another group of non-coding RNAs plays this role in invertebrates, this
group is known as stem-bulge RN As (sbRNAs) (Boria et al., 2010; Perreault et al., 2007;
Kowalski et al., 2015; Duarte Junior et al., 2015; 2019). Both sbRNAs and Y RNAs have
similarities, such as the RNA Polymerase III transcription motif, the stem-loop secondary
structure and a conserved minimal domain of double-stranded nucleotides (GUG-CAC),
which is minimal for their functioning as essentials to licensing of the initiation of DNA
replication (Christov et al., 2006; Gardiner et al., 2009; Wang et al., 2014; Kowalski et
al., 2015). However, there are differences between them. The sbRNAs contain a
conserved sequence (UUAUC) and do not show the unpaired C residue, present in the Y
RNAs (Boria et al.,, 2010). The sbRNAs are still neglected, compared with other
ncRNAs, and were first detected in nematodes (Deng et al., 2006). Recently, some
sbRNA genes were shown to be expressed in insects, such as the BmsbRNA from the
silkworm Bombyx mori (Duarte Junior et al., 2015) and the Dml and Dm2 from
Drosophila melanogaster (Duarte Junior et al., 2019). However, Dm1 is the only sbRNA,
from insects, capable of replacing endogenous Y RNAs in the initiation of DNA
replication in a human cell-free system (Duarte Junior et al., 2019). The sbRNAs lack
further information regarding their functional roles and location, while Y RNAs have
been observed in the bloodstream (Dhahbi et al., 2014), in vesicles from immune cells
and in several other extracellular vesicles, from humans and murines to retroviruses
(Nolte-’t Hoen et al., 2012; Driedonks & Nolte-‘t Hoen, 2019).

Therefore, to unravel the functional roles of the insect SbRNAs, we intended to
observe the interaction between these molecules and cytoplasmic proteins. Using mass
spectrometry, we searched for possible functions base on the proteins bound, inferring

the roles played by these sbRNAs. We bound and co-precipitated two synthetic sbRNAs
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from D. melanogaster (Dm1 and Dm?2) to agarose beads and total protein extracts from
S2 embryonary cell cultures. The proteins that bound to these sbRNAs show
unprecedented results, suggesting that the Dm1 sbRNA binds with proteins related to
immune responses and replicative proteins and Dm2 binds with structure maintenance
proteins. Furthermore, we checked the differential expression of both Dm1 and Dm?2
between male and female flies of D. melanogaster. We found out that male flies have the
highest expression of both sbRNAs. We also observed that the sum of Dm1 and Dm?2
expressions is higher in males than females, suggesting that their expression might be

related with proliferative events, such as spermatogenesis, that occurs in testis.

Results

Relative expression of DmsbRNA in males and females

The expression of Drosophila sbRNAs (Dml and Dm2) has already been
observed in cell cultures and adult insects. The literature suggests that Dm1 is more
expressed than Dm2, with that one being more frequent in flies than S2 cells (Duarte
Junior et al., 2019). However, there is no further information if there are any differences
in their expression between males and females (Figure 1). In order to access this question,
we used RT-qPCR to compare the expression rates in male and female adult flies.
Experiments showed that both Dm1 and Dm2 were more expressed in males. However,
only Dm2 expression was statistically different, between males and females. When
compared with 5S expression, Dm1 gene was 204-fold lower (0.49 %), while Dm2
expressed 192-fold lower (0.52 %), approximately. In females, expression rates were 294-

fold lower (0,34%) and 357-fold lower, for Dm1 and Dm2, respectively.
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Expressao de Dm1 e Dm2 em machos e fémeas
0.70 n.s.

*
Dm1l Dm2

B Machos M Fémeas

Expressao relativa ao gene 5S (%)

Figure 1. Relative expression of Dm1 and Dm2 sbRNAs in male and female adult flies. The
expression rates are relative to 5SS rRNA expression, quantified by RT-qPCR. Brackets show
results of one-way ANOVA with Tukey’s Test (* = P<0,05; n.s. = non-significant). Samples were
analyzed in triplicates and data are shown as mean values * standard deviations of three

independent experiments.

Protein-RNA interaction assays

Insect stem-bulge RNAs (Dml, Dm2, and BmsbRNA) were successfully
synthesized by SP6 polymerase. After DNAse I treatment, synthetic insect sboRNAs were
coupled with pre-treated beads, forming an RNA-bead complex (Figure 2A). The
formation of RNA-bead complexes was verified by agarose gel electrophoresis (Figure
2B), where uncoupled RNA migrates through the gel and the RNA-bead complex is

restrained to their respective wells (Figure 2B, odd lanes).
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Synthetic RNA Bead

#

RNA-beads complex

Figure 2. Schematic interpretation of synthetic stem-bulge RNAs from D. melanogaster
complex. (A) RNA-beads complex, composed of synthetic sbRNAs from Drosophila
melanogaster (Dm1 and Dm2) and adipic acid dihydrazide agarose beads. (B) Agarose
electrophoresis showing the complexes (odd lanes) and free synthetic RNAs (even lanes). The
RNAs are Dm1 (lanes 1 and 2), Dm2 (lanes 3 and 4), and BmsbRNA (lanes 5 and 6). The “M”
lane represents the 100 bp ladder (Invitrogen).

Following that confirmation, pre-depleted (with RNA-free beads) samples of total
proteins, from the respective organisms, were incubated with the respective RNA-beads
complexes. The proteins, bound with the RNA-beads complex, were washed, separated
and digested with trypsin. The digested samples were treated and loaded in mass
spectrometer. The results were analysed for each sample, with no common proteins
among then (Table S1).

The experiments with Dm1 sbRNA suggest that it bound with three proteins: two

cecropins Al (Uniprot IDs: P81688 and P81685) and an uncharacterized protein (Uniprot
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ID: B4P7W4). We detected cecropins Al from D. sechellia and D. mauritana. However,
both species belongs to the melanogaster group (Ramos-Onsins & Aguadé, 1998; Clark
et al., 2007). Besides, cecropin Al from D. sechellia has a valine residue in the 50t
position of its chain, compared to isoleucine in cecropin Al from D. melanogaster
(Uniprot ID: COHKQ7). Binding experiments with Dm2 resulted in four proteins:
[P05681p (Uniprot ID: Q4QPYS5), GEO12070p1 (Uniprot ID: Q9VKKDY), Trichohyalin

(Uniprot ID: AOA1W4VAIS), Protein hu-li tai shao (Uniprot ID: Q02645).

Discussion

In this study, we investigated if the expression rates vary between male and female
Drosophila flies. RT-qPCR assays indicate that both Dm1 and Dm2 are more expressed
in male flies, with expression rates of 0.49 % and 0.52%, respectively. We also checked
that the total expression (sum of Dm1 and Dm?2) is also higher in males, approximately
1.01 % for Dml, and 0.62 % for Dm2. This might be a reflex of the elevated cell
proliferation that occurs in gonads, especially in testis with ongoing spermatogenesis.
This event is very present in male insects, after the metamorphosis, since it precedes
mating (Hoy, 2013).

In the meantime, RNA/protein binding experiments identified some proteins
interacting with our synthetic sbRNAs from insects. Dm1 was observed binding with
immune-related peptides, named cecropins Al, and an uncharacterized protein, described
as a participant in several replicative events such as heterochromatin processing and
regulation of transcription. Cecropins consist of a group of antimicrobial peptides acts in
the innate immune systems, especially against bacterial and fungal infections. This
function is related to their structures, composed of two amphipathic a-helices, responsible

for penetrating cellular membranes of bacteria (Samakovlis et al., 1990; Chen et al.,
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2018). It was verified that cecropins were effective against most fungi, present in
Drosophila’s environment (Ekengren & Hultmark, 1999), which supports the theory that,
maybe, S2 cells were secreting cecropins as a reflex to some undetected latent
contamination of the cell culture. The uncharacterized protein (B4P7W4) is described
acting in negative regulation of transcription, germ-line cyst formation, pole cell
development and migration and regulation of heterochromatin (Clark et al., 2007). This
protein is detected in polar granules, small RNA/protein complexes with no membranes,
that are aggregated in the primordial germ cells of many higher eukaryotes (Schisa et al.,
2001). Although Dm1 sbRNA is the only insect gene that has been observed acting
licensing of the initiation of DNA replication (Duarte Junior et al., 2019), our results
support that previous affirmation (associated with this uncharacterized protein) and
suggests that this molecule can perform even more metabolic functions, depending what
protein it complexes with. Therefore, we might assume that Dm1 might play a role in
immune responses (when associated with cecropins) and in DNA replication (when
associated with the uncharacterized proteins and data published by Duarte Junior et al.,
2019).

Dm?2 sbRNA was found interacting with four proteins, which biological function
was structural maintenance of cuticles, organization of sarcomere, ovarian and testicular
fusomes, and adult somatic muscle development. The proteins IPO5681p and
GEO12070p1 are described as inhibitors for protein phosphatases (Leach et al., 2002)
and regulator of transduction signals, an event that occurs in olfaction (Sato & Touhara,
2008). The third protein, Trichohyalin, is reported as a structural constituent of the cuticle
(Clark et al., 2007). The last one, Protein hu-li tai shao, is the most intriguing for Dm?2
results. This protein, whose name means “Too little nursing”, is involved in several

biological activities. It is related to actin filament binding, required in developing egg
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chambers, interacting with other developmental proteins that transport nurse cells/oocytes
(Yue & Sprandling, 1992). Also, this protein acts in oogenesis, ovarian and testicular
fusome organization (assembly, arrangement or disassembly of constituent parts of the
fusome, organelle derived from the spectrosome), sarcomere organization and adult
somatic muscle development (Matthews et al., 2015). The results shown for Dm2 might
suggest the reasons why it could not substitute endogenous Y RNAs in the initiation of
DNA replication in a cell-free system (Duarte Junior et al., 2019) since the proteins bound

to Dm2 show functions and profiles different than the proteins bound to Dm1.

Y RNAs were initially discovered in association with Ro60 and La proteins,
forming ribonucleoprotein complexes (RNPs) (Hendrick et al., 1981; Lerner et al., 1981).
Also, Y RNAs are already known for their association with diverse proteins (Zhang et al.,
2011; Kowalski et al., 2015), but the information obtained from our results is unknown
for sbRNAs. Here, we show the first data of interaction between sbRNAs from D.
melanogaster with proteins from cytoplasm of S2 cell cultures. Furthermore, our data
support the idea that Dm1 is related to the initiation of DNA replication, once it was found
bound with proteins with the same functional profile. Regarding Dm2, we might have
found a clue that it might perform structural maintenance activity and why it was not
capable of playing the same function as the Dm1, in a cell-free system (Duarte Junior et

al., 2019).

Materials and Methods

Relative expression of DmsbRNA in males and females
Adult flies, of the Drosophila melanogaster species, were acquired from the State
University of Maringd, Maringd - Parand, Brazil. They were separated by gender and

macerated in liquid nitrogen, followed by extraction with TRIzol LS (Invitrogen).
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Total RNA sample concentrations were quantified with NanoDrop2000 (Thermo-
Fisher) equipment and standardized for a total of 5000 ng of RNA to be treated with
DNAse I (Biolabs). The reverse transcriptase kit used to synthesize the first cDNA was
the Quantinova Reverse Transcription kit (Qiagen). For the RT-qPCR reactions, we used
the Fast SYBR Green PCR Master Mix (Thermo Fisher), with 40 cycles and annealing
temperature of 58°C, in the Rotor-Gene Q (Qiagen) equipment. The primer sequences
and methodology were according to described in the literature (Duarte Junior et al., 2019).

Our experiments were conducted in triplicates, based in 3 independent experiments (n=3).

Cell cultures and protein extraction

Protein samples were extracted from different cellular cultures. The cytoplasmic
proteins were extracted from S2 embryonic cells (fruit fly - Drosophila melanogaster).
S2 cells were maintained with Shields and Sang M3 insect culture media (Sigma-
Aldrich), supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco) and
antibiotics at a temperature of 26°C. This cellular strain was kindly provided by Dr. Alain

Debec (Institut Jacques Monod, Paris, France).

Protein-RNA interaction assays

Stem-bulge RNA genes from Drosophila melanogaster Dml (NCBI ID:
MN654365) and Dm2 (NCBI ID: MN661249) were cloned in TOPO-TA (Duarte Junior
et al., 2019) and used as templates in conventional PCR amplification. PCR amplicons
were used as templates in the in vitro reaction, carried by bacteriophage SP6 RNA
polymerase, as previously described (Wang et al., 2014). RNA samples, synthesized by
SP6 Polymerase, were treated with DNAse I (Biolabs) and purified by phenol/chloroform

extraction and ethanol precipitation. To verify the quality of the treated RNAs, samples
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were analysed in agarose gel electrophoresis. The RNAs were oxidized and covalently
coupled to adipic acid dihydrazide agarose beads (Invitrogen). The coupling reaction was
quenched with sodium cyanoborohydride and, then, the RNA-coupled beads were
washed with RNA Binding Buffer (20 mM K-Hepes pH 7,8; 100 mM K-Ac; 2 mM
MgClo; 1 mM DTT). After the protein-RNA-bead complex was obtained, samples were
washed with RNA Binding Buffer 3 times and heated, without SDS, for 5 minutes at
95°C. The supernatant was reserved for the Mass Spectrometry protocol. All the protocol
was carried out using RNAse free water (Sigma) for the solutions and was followed as

previously described (Zhang et al., 2011), with the adjustments indicated above.

Mass Spectrometry experiments

The proteins previously eluted, were submitted to treatment and digestion with
trypsin (Promega), according to the protocol established by Villén & Gygi (2008), with
modifications by Laboratério de Espectrometria de Massas LNBio (LNBio:

https://Inbio.cnpem.br/facilities/mass-spectrometry/sample-preparation/).

LC-MS/MS analyses with tryptic peptides solutions, derived from proteins bound
to RNA-bead complex, were performed on an M-Class Waters nano-LC coupled to a
Waters Xexo G2-si mass spectrometer (TOF geometry) using MS® acquisition mode. The
UPLC system was equipped with a desalination column (trap column Waters Symmetry
38 C18; 20 mm x 180 id um; 5 um particle size) followed by an analytical column (C18
Waters BEH130; 100 mm x 100 id pm; 1.7 um particle size). Injected samples were
desalted on the trap column for 3 min, with a 5 uL min-1 flow of 97:3 H,O/MeCN with
0.1% (v/v) formic acid. The following step was the elution, performed by directing the
flow into the analytical column, using 1.0 uL min-1 flow with a gradient of 97:3 to

30:70% H>O/MeCN with 0.1% (v/v) formic acid, for a total analysis time of 15 min.
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Then, the RAW files were processed using ProteinLynx Global Server version 3.0.3
(Waters). Each organism had its protein database downloaded in Uniprot

(https://www.uniprot.org/). The samples were analysed in the mass spectrometer

(Waters) from the Complexo de Centrais de Apoio a Pesquisa from the Universidade

Estadual de Maringd — COMCAP/UEM.
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Table S1: Proteins bound to non-coding RNAs and identified by Mass Spectroscopy.

sbRNA  Protein ID Protein Name Protein Protein Main Functions
Bound Average Mass Cover (%)
Dml P81688 Cecropin-Al D. 67.568.872 87.30 - Antibacterial humoral response;
sechellia - Innate immune response.
Dml P81685 Cecropin-Al D. 67.709.575 42.86 - Antibacterial humoral response;
mauritiana - Innate immune response.
Dml1 B4P7W4 Uncharacterized 87.125.052 54.93 - Germ-line cyst formation;
protein - Negative regulation of transcription (DNA-
templated);
- Pole cell development;
- Pole cell migration;
- Positive regulation of heterochromatin assembly.
Dm2 Q4QPY5 1P05681p 148.490.155 63.28 - Protein phosphatase inhibitor;
- Regulation of signal transduction.
Dm2 QI9VKK9 GEO12070p1 147.349.116 63.78 - Protein phosphatase inhibitor;
- Regulation of signal transduction.
Dm2 AOATW4VAIS Trichohyalin 572.175.352 21.40 - Structural constituent of cuticle.
Dm2 Q02645 Protein hu-li tai shao 1.288.518.459 7.09 - Actin filament binding;

“too little nursing”

- adult somatic muscle development;
- oogenesis;

- Ovarian and testicular fusome organization;

- Sarcomere organization.
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