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RESUMO

A biologia sintética tem sido caracterizada por abordagens interdisciplinares voltadas para o
desenho e/ou reprogramacdo de sistemas biol6gicos. Fomenta a sintese de genomas
completos ou reduzidos e o desenvolvimento de novas tecnologias de edicdo e de controle
de expressdo de genes que permitam o implemento de caracteristicas desejadas. Desse
contexto tém emergido os circuitos genéticos bioldgicos sintéticos que, baseados na algebra
binaria dos circuitos eletrbnicos, colocam partes genéticas sob um controle de entrada e
saida (input-output) para a geracdo de interruptores (switches), portas légicas e redes
genéticas sintéticas. Um elemento chave para tais circuitos sédo as enzimas recombinases
do grupo das serina integrases, que sao capazes de reconhecer sitios attB/attP e inverter a
sequéncia de DNA inserida entre eles de forma unidirecional. Assim, essas enzimas podem
ser utilizadas como ferramentas para ativar e desativar a expressdao génica a partir da
inversao de partes biolégicas, como promotores, terminadores ou sequéncias codificadoras.
Contudo, o numero dessas proteinas completamente caracterizadas para aplicacbes em
plantas é ainda reduzido. E, portanto, de interesse o incremento do nimero de integrases
funcionais para permitir a constru¢cdo de circuitos genéticos vegetais voltados para a
aquisicao de multiplas caracteristicas vantajosas. Desta forma, o objetivo deste estudo foi
avaliar a funcionalidade de seis serina integrases (2, 4, 5, 7, 9 e 13) na ativacdo de
interruptores genéticos unidirecionais em protoplastos de Arabidopsis thaliana. A construcéo
dos interruptores envolveu desenho e sintese de um sistema de plasmideos repérteres e
plasmideos para expressdo das integrases. Os repdrteres possuem a sequéncia
codificadora do gene gfp ou a sequéncia promotora CaMV 35S invertidas e flanqueadas
pelo sitio de reconhecimento das integrases. A saida do sistema € a fluorescéncia da
proteina GFP. Ensaios baseados em cotransformacdo transiente foram realizados para
validar a capacidade das serina integrases ativarem os interruptores pela inversao das
partes genéticas. As células fluorescentes positivas resultantes foram avaliadas por
microscopia e por citometria de fluxo. Para ativacdo da sequéncia codificadora de gfp, as
integrases 13, 9 e 4 promoveram as maiores propor¢cdes de células GFP positivas. As ja
estabelecidas phiC31 e Bxbl, e a integrase 7 promoveram proporcdo intermediaria e a
integrase 2, baixa. Sob acéo da integrase 5, ndo foi observada fluorescéncia. Para ativacao
do promotor, as integrases 2 e 4 levaram as maiores porcentagens de células com o
repérter GFP. Andlise molecular por PCR indicou que todas as integrases rotacionaram as
partes genéticas, mesmo a integrase 5, que ndo apresentou resultado de ativacdo por
medicdo da fluorescéncia do GFP. Analises por sequenciamento evidenciaram a formacao
dos sitios resultantes da recombinacao, attL/attR, e a correta orientagdo do promotor e da
sequéncia codificadora do gfp para todas as integrases. Ensaio de viabilidade celular
mostrou que as integrases nao tém atividade citotdxica. Os resultados obtidos
demonstraram a funcionalidade das integrases testadas em um sistema de interruptor
vegetal e podem embasar o desenvolvimento de circuitos genéticos sintéticos mais
finamente regulados para controlar a expresséo génica em plantas.

PALAVRAS-CHAVE: Serina integrases. Interruptores genéticos. Circuitos genéticos
sintéticos. Biologia sintética em plantas.



ABSTRACT

Synthetic biology has been characterized by interdisciplinary approaches aiming the design
and/or reprogramming of biological systems. It promotes the synthesis of complete or
reduced genomes and the development of new gene editing and gene expression control
technologies that enable the implementation of desired characteristics. From this context
synthetic biological genetic circuits have emerged that, based on the binary algebra of
electronic circuits, place genetic parts under an input-output control for the generation of
switches, logic gates and synthetic genetic networks. A key element in such circuits are the
recombinases serine integrase enzymes, which are capable of recognizing attB/attP sites
and unidirectionally reversing the DNA sequence inserted between them. Thus, these
enzymes can be used as tools to activate and deactivate gene expression by inverting
biological parts, such as promoters, terminators or coding sequences. However, the number
of these fully characterized proteins for plant applications is still small. Therefore, it is of
interest to increase the number of functional integrases to allow the construction of plant
genetic circuits for the acquisition of multiple advantageous traits. Thus, the aim of this study
was to evaluate the functionality of six serine integrases (2, 4, 5, 7, 9 and 13) in the activation
of unidirectional genetic switches in Arabidopsis thaliana protoplasts. The construction of the
switches involved design and synthesis of a system of reporter plasmids and integrase
expression plasmids. Reporters have the gfp coding sequence (CDS) or the CaMV 35S
promoter sequence inverted and flanked by the integrase recognition sites. The system
output is GFP protein fluorescence. Transient cotransformation assays were performed to
validate the ability of serine integrases to activate switches by inverting the genetic parts.
The resulting positive fluorescent cells were evaluated by microscopy and flow cytometry.
For gfp CDS activation, integrases 13, 9 and 4 promoted the highest proportions of GFP
positive cells. The already established phiC31 and Bxbl, and integrase 7 promoted
intermediate proportions, whilst integrase 2 resulted in lowest proportions of GFP positive
cells. Under the action of integrase 5, no fluorescence was observed. For promoter
activation, integrases 2 and 4 led to the highest percentages of cells with the GFP reporter.
Molecular analysis by PCR indicated that all integrases rotated the genetic parts, including
even integrase 5, which showed no activation result by measuring GFP fluorescence.
Sequence analysis showed the formation of the resulting sites of recombination, attL/attR,
and the correct orientation of the promoter and the gfp CDS for all integrases. Cell viability
assays also showed that integrases are not cytotoxic. Taking together, the results obtained
demonstrated the functionality of the tested integrases in a plant switch system and may
support the development of finely tuned regulated synthetic genetic circuits to control gene
expression in plants.

KEYWORDS: Serine integrases. Genetic switches. Synthetic genetic circuits. Plant synthetic
biology.
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1 INTRODUCAO

1.1 BIOLOGIA SINTETICA

A biologia sintética constitui uma area interdisciplinar que engloba ciéncias
biolégicas, da computacdo, biotecnologia, matematica, engenharias, fisica e
guimica. As intersecdes acontecem para contribuir no desenho ou redesenho de
organismos vivos, que passariam a executar aperfeicoadas ou novas tarefas. A area
esta sendo formada tanto por estudos que buscam construir uma célula sintética,
recriando todos seus elementos minimos de funcionamento, como por trabalhos que
objetivam sintetizar ou editar genomas e definir novas rotas de atuacdo ou
processos biologicos. Os niveis de alteracdes podem ser multiplos, o que acaba por
vezes ampliando a denominacéo de area para biologia de sistemas. As proposi¢coes
permitem expandir conhecimentos das ciéncias basicas, como por exemplo,
entender essencialidade de genes ou grupos génicos, e das ciéncias aplicadas,
deletando ou inserindo caracteristicas indesejadas ou desejadas, respectivamente,
ou montando redes com respostas controladas, como nos circuitos eletrénicos. Essa
evolucédo da tecnologia do DNA recombinante foi possivel com o avango técnico e
barateamento da execucao dos processos, mas muito do que se almeja encontra-se

ainda em etapas iniciais.
1.2 PRINCIPAIS ABORDAGENS QUE COMPOEM A BIOLOGIA SINTETICA
1.2.1 Célula sintética, genomas minimos e ferramentas de edicdo génica

O termo biologia sintética desperta a impressdo de uma area que busca
sintetizar a vida. No entanto, quanto mais o0 conhecimento biolégico dos organismos
avanca, mais se reconhece sua diversidade e complexidade, dificultando o alcance
desse objetivo. Ainda assim, a busca pela compreensdo de formas e
funcionamentos da vida tem levado a estudos que procuram compreender 0s
processos biologicos essenciais que permitam o desenvolvimento de organismos

sintéticos.
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A reflex@o deixada pelo fisico e ganhador do prémio Nobel, Richard Feynman,
costuma ser empregada como justificativa desta busca. Em 1988, quando faleceu,
em seu quadro negro na instituicdo onde lecionava, encontravam-se duas
afirmacoes: "What | cannot create, | do not understand.”, e "Know how to solve every
problem that has been solved", ou seja, 0 que nédo posso criar, ndo posso entender;
e, saiba como resolver todos os problemas que foram resolvidos (Figura 1). As
afirmativas podem suscitar 0 questionamento: uma vez desvendados o
funcionamento de genes e proteinas, de redes metabdlicas e comunicacdes

celulares, seria possivel, entéo, recria-los?

What ' () ot 000, \ Wk ermt < DA sp
\OAQ’ M /,{MU(Q{M_MA() rau.EAﬂAL AMlqu Pk

© £ = viree
4 —{r R ulr?
B £ =1 Ve

5 Cadtech Archives

Figura 1 — Quadro negro do fisico Richard Feynman. Anotagfes encontradas no quadro negro da
Caltech, instituicdo onde Richard Feynman era professor, quando faleceu em 1988. As frases "What |
cannot create, | do not understand.”, e "Know how to solve every problem that has been solved."
provocam a reflexdo se, de fato, para a compreensé@o da vida é necessario saber como recria-la.
(Fonte: archives-dc.library.caltech.edu/islandora/object/ct1%3A483, consultado em 15 de outubro de
2019).

Em 2010, Craig Venter e colaboradores desenvolveram a primeira célula
comandada por um genoma totalmente sintético (GIBSON et al., 2010). Esse estudo
apresentou a sintese do genoma completo da bactéria Mycoplasma mycoides, com
1,08 Mb. O genoma sintético foi transplantado com sucesso para a bactéria
recipiente M. capricolum, que, por sua vez, teve seu genoma proprio removido. Nao
houve modificagbes que resultassem em diferenca fenotipica com relagdo ao

genoma natural de M. mycoides. O organismo controlado completamente pelo


http://archives-dc.library.caltech.edu/islandora/object/ct1%3A483
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genoma transplantado foi denominado JCVI-syn1.0. Embora se trate apenas do
genoma sintético e ndo de toda a célula, o trabalho representou importante avanco
cientifico por consolidar progressos significativos ja apresentados em estudos
prévios desse grupo de pesquisa referentes a técnicas de sequenciamento de
genomas, sintese de DNA, montagem de partes genéticas e transferéncia de
grandes sequéncias de DNA entre organismos (FLEISCHMANN et al.,, 1995;
FRASER et al., 1995; GIBSON et al., 2008; VENTER et al., 2001). Além deste tipo
de trabalho, de um modo geral, o avanco das técnicas de biologia molecular desde o
DNA recombinante e PCR, adicionalmente a publicacdo de genomas completos e a
expansao e barateamento de sinteses e sequenciamentos de DNA, contribuiram
diretamente para o desenvolver progressivo da biologia sintética.

O proximo passo foi dado na direcdo de aplicar essa estratégia de controle
celular por genomas sintéticos a um organismo eucarioto. Um outro grupo formado
por cientistas de diversas instituicdes iniciou um extenso projeto para a sintese dos
16 cromossomos da levedura Saccharomyces cerevisiae, formando o consorcio
Synthetic Yeast 2.0 (Tabela 1). Em 2014 foi feita a primeira publicacdo com a
sintese total de um cromossomo funcional, o cromossomo Ill, chamado de synlll
(ANNALURU et al., 2014). Para algumas verificacdes e possiveis otimizacdes da
técnica, algumas mudancas foram desenhadas na sequéncia a ser sintetizada, como
a substituicdo dos codons de parada TAG por TAA e delecdes de tRNAs, introns,
regides subteloméricas, elementos de transposicdo e dos loci sexuais silenciados
HML e HMR. Outra alteracéo consistiu na inclusédo de sitios loxPsym da enzima Cre
recombinase flanqueando genes considerados ndo essenciais para a levedura,
identificados com base nos dados disponiveis na literatura. A analise, nomeada de
SCRaMbLE (do inglés, synthetic chromosome rearrangement and modification by
loxpsym-mediated evolution), teve como intuito remover esses genes e avaliar
possiveis efeitos desta considerada evolucdo induzida, bem como possibilitar
reducbes do genoma. A remocao dos genes previamente identificados como nao
essenciais, no entanto, foi letal para a levedura.

A sintese de outros cinco cromossomos da levedura ja foi também concluida
e publicada em edicéo especial sobre o projeto no periédico Science, em marco de
2017 (MITCHELL et al., 2017; SHEN et al., 2017; WU, Y. et al., 2017; XIE et al.,
2017; ZHANG, W. et al., 2017). O projeto Sc2.0 ainda segue em andamento,
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Tabela 1. Networks, repositérios e softwares voltados para Biologia Sintética.

Plataforma

Descricao

Link/Publicacdo

Synthetic Yeast 2.0

GP-write

Build-A-Cell

BaSyC

iIGEM

BioBricks

Open WetWare

Cello

SBOL

SynBioBeta

INCT-BioSyn

EBRC

Consorcio internacional de pesquisadores para
a sintese dos 16 cromossos da levedura
Saccharomyces cerevisiae .

Genome Project-write - projeto formado por
pesquisadores de diferentes areas e
instituicdes com o objetivo de viabilizar formas
mais eficientes e de menor custo para a
sintese e teste de genomas sintéticos
grandes.

Busca a formacdo de uma comunidade
cientifica para a colaboragdo em projetos de
contrugao de células sintéticas.

Grupo formado por varios laboratérios da
Holanda com o intuito de construir uma célula
sintética com abordagem bottom-up.

Fundacdo que promowve competicdo mundial
entre estudantes de graduagdo e pos-
graduacédo para projetos aplicados de biologia
sintética. Também compuseram um importante
repositério  pablico de partes genéticas
dispostas em plasmideos padronizados.

Fundacéo para beneficio publico que diwlga e
conecta iniciativas de biologia sintética, como
plataformas e programas. Também tem sido
responsavel pelas dltimas edicbes da
conferéncia de biologia sintética SBXO0.

Plataforma para compartilhamento de
informacdes entre grupos/laboratérios.

Programa on-line para desenho de circuitos
biolégicos sintéticos formados por portas
l6égicas booleanas.

Plataforna on-line com simbolos padronizados
para construgcdo de circuitos genéticos in
silico.

Rede que busca integrar pesquisadores,
empreendedores e investidores interessados
em pesquisas e aplicagdes biolégicas, além
de publicar boletins informativos e organizar
encontros periédicos.

Instituto Nacional de Ciéncia e Tecnologia que
reune pesquisadores de diferentes instituices
brasileiras com projetos wltados para o
desenwolvimento da Biologia sintética no pais.

Grupo formado por membros de iniciativas
publicas e privadas que busca roteirizar
objetivos de interesse na &rea de engenharia
biolégica e articular com programas de
pesquisas afins.

www.syntheticyeast.org

engineeringbiologycenter.org

buildacell.io

basyc.nl

parts.igem.org

biobricks.org

openwetware.org

cellocad.org

DOI: 10.1126/science.aac7341

sbolstandard.org

synbiobeta.com

inctbiosyn.com

ebrc.org
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buscando aperfeicoar formas de verificagdo e solucdo de problemas (LIN et al.,
2019). A iniciativa estimulou também a formagdo de um outro grupo de
pesquisadores interessados em escrever genomas sintéticos de diferentes
organismos eucariotos mais complexos, como linhagens celulares humanas, plantas
e outros organismos de interesse. O projeto foi denominado GP-write (Tabela 1),
com especial denominagcdo para o ramo humano, chamado HGP-write (Human
Genome Project-write).

Em prosseguimento aos estudos de sintese de genomas bacterianos, o grupo
de Craig Venter desenvolveu também uma bactéria controlada por um genoma
sintético minimo. Por conhecimentos prévios envolvendo genémica comparativa e
testes de mutagénese de transposon, selecionaram genes considerados néo
essenciais para serem excluidos do genoma de M. mycoides. Assim como no estudo
de reducéo de genoma em levedura, a remocdo dos genes selecionados foi letal
para a bactéria. No entanto, com testes adicionais de mutagénese por transposon, o
grupo selecionou um conjunto de genes denominados quasi-essenciais para
restabelecimento no genoma, considerados ndo completamente imprescindiveis
para a sobrevivéncia da bactéria, mas necessarios para um crescimento robusto. O
genoma minimo passou entdo por mais trés passos de reconstrucdo até que se
chegou a JCVI-syn3.0, o organismo controlado pelo menor genoma capaz de se
reproduzir de forma autbnoma nas condicdes laboratoriais empregadas, com 531 kb
e uma reducao de 901 genes (da JCVI-synl1.0) para 473 (HUTCHISON et al., 2016).

A sintese de genomas de microrganismos almejava atingir o genoma da
bactéria modelo Escherichia coli, amplamente utilizada na pesquisa. Seu genoma,
muito maior (aproximadamente 4,5 Mb) que o dos micoplasmas, representava um
desafio para a sintese utilizando técnicas como a do transplante do genoma
completo sintetizado para uma bactéria recipiente. Recentemente, o genoma
sintético desse organismo foi desenvolvido com uma técnica de substituicdo do
genoma natural (uma linhagem com 4 Mb) pelo sintético, por partes, até o completo
sintético ser formado (FREDENS et al., 2019). Além da sintese, esse trabalho
também implementou recodificacbes no genoma. Os cddons de serina TCG e TCA
foram substituidos apenas pelos cédons AGC e AGT e o codon de parada TAG,
apenas por TAA nas sequéncias génicas codificadoras. Essas alteracdes reduziram
0 numero de cdédons codificadores de aminoacidos de 61 para 59 e reduziu um stop

cédon do genoma. Essa recodificacdo visou reduzir o numero de RNAs
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transportadores, bem como facilitar o desenvolvimento de futuras aplicacdes
(FREDENS et al., 2019).

Assim, os estudos de construcdes de genomas sintéticos possibilitam
entendimentos da ciéncia béasica relacionados a funcionalidades e essencialidade de
genes, individualmente ou em grupos, podendo melhorar compreensdes acerca do
comportamento celular. Podem também ser trabalhados como uma ferramenta que
permita a otimizacdo de organismos para crescimento controlado e aplicacdes
biotecnoldgicas.

Além da sintese de genomas, outras iniciativas vém buscando avancar sobre
processos que permitam a montagem de uma célula sintética elementar, como um
esboco, constituindo a abordagem bottom-up. Esses trabalhos tém essencialmente
tratado de avancos voltados para compartimentalizagdo e metabolismo. A
capacidade de formar membranas lipidicas estaveis tem avancado com o
desenvolvimento de técnicas da microfluidica na producédo de vesiculas unilamelares
pequenas, médias ou grandes, além da integracdo de proteinas que interferem na
conformacao de membrana e proteinas de citoesqueleto e transmembrana, incluindo
ATP sintase (DESHPANDE et al., 2016; LITSCHEL et al., 2018; WEISS et al., 2018).
Vislumbra-se ainda a compartimentalizacdo de vias sintéticas, como por exemplo, a
que permite a fixacdo de CO: induzida por luz solar e que utiliza membranas
tilacoides naturais para formar uma estrutura sintética semelhante a um cloroplasto
(MILLER et al., 2020; SCHWANDER et al., 2016). Algumas iniciativas voltadas para
a construcao de células sintéticas estdo apresentadas na Tabela 1.

Assim como desde a proposicdo das teorias de Oparin e Haldane para a
origem da vida, na década de 1920, acompanhadas do posterior experimento de
Miller e Urey, em 1953, ndo se avancou substancialmente no entendimento de como
a vida surgiu na Terra, a construcao da célula sintética também se encontra apenas
na combinacdo rudimentar de alguns elementos primordiais, estando ainda distante
da formacédo de uma unidade estavel e autbhoma de controle, desenvolvimento e
replicacdo. No entanto, a area da biologia sintética tem se desenhado néo s6 sobre
essa busca, mas também naquela que tem como intencdo reprogramar ou editar 0s
organismos. De forma interdisciplinar entre areas como biologia, ciéncia da
computacdo e engenharias, essas alteracfes de alguns genes, produtos ou vias,
seja para pesquisas basicas ou para aplicacfes, constituem outra vertente de

trabalho, denominada top-down.
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Recentemente, inUmeros estudos top-down baseiam-se na engenharia de
edicdo génica de organismos através do uso de nucleases capazes de clivar o DNA
e da obtencdo de alteracBes decorrentes dos mecanismos de reparo celular. Apés a
clivagem bifilamentar da molécula de DNA o reparo pode ocorrer pela via NHEJ (non
homologous end joining), que une as extremidades cortadas gerando mutacdes do
tipo INDEL (insercéao ou delecao), ou pela HDR (homology directed repair), que faz
uma recombinacao utilizando uma sequéncia homodloga ou uma sequéncia de
interesse flanqueada por bracos de homologia como template.

O diferencial dessas metodologias esta na capacidade de direcionamento
dessas enzimas para o locus génico desejado. Em 2001, o grupo de Carroll e
Chandrasegaran criou uma proteina quimérica formada por trés dominios de ligacao
ao DNA de nucleases dedo de zinco (zinc finger nucleases - ZFN) e um dominio de
clivagem nao especifico de uma enzima de restricdo, a Fokl. Cada ZFN se liga a
nucleotideos alvo e sdo necessarias duas proteinas quiméricas posicionadas de
forma espelhada, uma em cada fita, para o corte duplo da molécula de DNA (Eigura
2a; BIBIKOVA et al., 2001). Apesar de esforcos de bioinformatica que avancaram
sobre a possibilidade de desenhar ZFNs funcionais para alvos génicos desejados
(SANDER et al., 2009; WRIGHT et al., 2006), as proteinas de dedo de zinco ainda
configuravam um ferramenta dificil para uso difundido. Além de exigir construcéo
laboriosa, com uma complexa montagem que deveria ser feita para os dois lados da
fita proximos ao local de clivagem, nem sempre as proteinas desenhadas in silico se
mostravam funcionais in vivo (ISALAN, 2012).

Em 2009 foi decifrado como ocorre a ligagdo de proteinas de bactérias
patogénicas de plantas do género Xanthomonas com as sequéncias de DNA alvo.
Elas interferem na expressdo de genes do hospedeiro contribuindo para a infeccéo
bacteriana. Por esta acdo sdo chamadas efetores tipo ativadores da transcricédo ou,
no inglés, transcription activator—like effectors (TAL effectors ou TALE). Seu dominio
de ligacdo ao DNA é formado por iguais sequéncias repetidas de 34 aminoacidos,
exceto por dois deles nas posicées 12 e 13, cuja variacao se relaciona com ligacédo a
um nucleotideo alvo especifico da seguinte forma: NI = A; HD — C; NN - G; NG - T
(BOCH et al., 2009; MOSCOU; BOGDANOVE, 2009). A partir de entdo, seguindo a
mesma logica de construcdo das ZFNs, essas proteinas TALE tiveram seu dominio
de ligagdo desenhado para alvos especificos do DNA, sendo fusionadas ao dominio

de clivagem da nuclease Fokl, formando a ferramenta de edicdo génica TALEN
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(TALE nucleases). O funcionamento também acontece com duas construcdes
flanqueando o alvo de modo que os dominios de nucleasse da Fokl formem um
dimero funcional para que a clivagem da dupla fita ocorra (Eigura 2b; CHRISTIAN et
al., 2010). O trabalho para a montagem do TALEN era também muito dispendioso,
mas técnicas com boa efetividade foram desenvolvidas para a construcdo de
vetores, 0 que conseguiu estabelecer o TALEN como uma ferramenta eficiente de
edicao de genes (CERMAK et al., 2011). Aplicagbes foram desenvolvidas baseadas
nessa ferramenta, como por exemplo, a edicdo em bovinos leiteiros pela insercao de
um alelo variante do gene H, alelo PC (observado em gado sem chifre), fazendo
com que esses nascessem sem chifres, evitando o sacrificante processo de
descorna (CARLSON et al., 2016).

Outros trabalhos utilizando TALEN continuaram sendo desenvolvidos,
chegando-se inclusive a kits para insercdo de genes via recombinacdo homoéloga.
No entanto, a iminente tecnologia de edicdo CRISPR/Cas9 expande-se rapidamente
entre pesquisas e aplicacbes. Excetuando-se pela clivagem de um DNA alvo, as
caracteristicas de funcionamento diferem agora daquelas descritas para ZFNs e
TALEN, sendo oriundas de um sistema de defesa de procariotos. Em 1987 um
trabalho registrou o primeiro relato, em E. coli, da presenca de sequéncias de 32
nucleotideos repetidas de forma regular com outras sequéncias pequenas
espacando essas repeticdes (ISHINO et al., 1987). Posteriormente, outros trabalhos
identificaram clusters com esse mesmo perfil no genoma de diversas bactérias e
também em archeas (MOJICA et al., 1995; VAN BELKUM et al., 1998). Esse locus
foi chamado de CRISPR (do inglés, clustered regularly interspaced short palindromic
repeats, ou, repeticbes palindrébmicas curtas agrupadas e regularmente espacadas)
e também foram identificados genes codificadores de proteinas associadas a esse
cluster (CRISPR associated genes, ou genes cas) (JANSEN et al.,, 2002). Com a
identificacdo adicional de que as sequéncias espacadoras do cluster CRISPR eram
oriundas de plasmideos ou bacteriéfagos, foi sugerida a funcdo de defesa de
procariotos contra virus (BOLOTIN et al., 2005; MOJICA et al., 2005; POURCEL,;
SALVIGNOL; VERGNAUD, 2005). Assim, nos anos subsequentes compreendeu-se
gue quando um bacteriéfago infecta uma bactéria introduzindo seu genoma,
proteinas Cas processam esse material genético e inserem um fragmento na regido
identificada como espacadora no cluster CRISPR. Quando a bactéria com essa

porcéo de genoma incorporado é infectada novamente por virus de mesma espécie,
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b. TALEN

c. CRISPR/Cas9
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Figura 2 — Esquema comparativo dos sistemas de edi¢cdo génica. a. Ligagdo ao DNA por
dominios dedo de zinco fusionados a enzima Fokl, que apds dimerizag&o funcional, cliva o DNA. O
hibrido proteico forma as nucleases dedo de zinco (ZFNs). b. Efetores TAL fusionados a enzima Fokl
ligados a alvo génico especifico para clivagem do duplex de DNA. Formam a ferramenta TALEN c.
Proteina Cas9 ancorada a um RNA guia que por complementariedade de sequéncia e encontro dos
trés nucleotideos do PAM, liga o complexo ao alvo génico, onde acontece clivagem do DNA. Cas9 e
guia compdem o sistema CRISPR/Cas9. (Adaptada de genengnews.com/magazine/219/comparing-
genome-editing-technologies/, consultado em 22 de outubro de 2019).

esse locus é transcrito e 0 RNA processado em crRNA, tendo também um tracrRNA
(naquelas com sistema de defesa tipo Il) a ele complementar na regido referente a
sequéncia repetida. Juntos, ambos os RNAs, formam um guia para a proteina Cas9
(sistema tipo 1) até a sequéncia complementar do genoma daquele virus invasor. A
Cas9 ancora em parte da estrutura do RNA guia e quando a regido complementar
encontra o alvo e o motivo adjacente PAM, ela cliva a dupla fita do DNA (Eigura 2c;
DELTCHEVA et al., 2011). Desta forma passou-se a vislumbrar o uso desse sistema

como ferramenta biotecnolégica para clivar alvos especificos do genoma
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identificados em um RNA guia, gerando, portanto, uma nova ferramenta de edi¢cao
de genes.

Em 2012, o trabalho conduzido por Emmanuelle Charpentier e Jennifer
Doudna consolida o emprego do mecanismo de defesa bacteriano como uma
ferramenta aplicada. Validaram in vitro a funcionalidade de um sistema onde um
anico RNA quimérico (juncdo do crRNA e tracrRNA) com sequéncia complementar a
um DNA alvo (plasmidial ou oligonucleotideo duplex) é desenhado e guia uma
proteina Cas9, isolada de Streptococcus pyogenes. Uma vez localizado o alvo e o
motivo PAM por complementariedade, este é clivado pela Cas9 (JINEK et al., 2012).
No ano seguinte, os grupos de Feng Zhang e George Church, de forma
independente, demonstraram a funcionalidade deste sistema em células de
camundongo e humano, com alvos em loci endégenos, validando a tecnologia em
eucarioto, inclusive com reparo mediado por recombinacdo homéloga (CONG et al.,
2013; MALI et al., 2013).

Por apresentar vantagens como constru¢do mais simples, menor tamanho
gue ZFNs e TALEN, flexibilidade estrutural (pode-se ter uma Cas9 e desenhar
diferentes RNAs guia, tendo-se variados ensaios) e exibir boa eficiéncia em diversos
organismos testados, a ferramenta CRISPR/Cas9 difundiu-se rapidamente por uma
ampla diversidade de estudos e aplicacdes biotecnoldgicas. Como exemplo, podem
ser citados trabalhos com animais (COOPER et al.,, 2018; KALDS et al., 2019;
RICROCH, 2019; WU, G.; BAZER, 2019) e plantas (RAZZAQ et al., 2019; ZHANG,
YINGXIAO et al., 2019) editados e estudos relacionados a doencgas, como aqueles
envolvendo doencas de visdo (LEE et al., 2019) ou imunoterapias contra o cancer
(LIU, J. et al., 2019). Para plantas agrocultivaveis, a ferramenta traz grande potencial
para acelerar os processos de selecdo convencional e aperfeicoar o ganho de
caracteristicas relacionadas a resisténcias e aumento de produtividade. Muitos
trabalhos em diferentes culturas ja foram realizados, mas, de modo geral, ainda ha
problemas limitantes envolvendo o delivery do sistema CRISPR/Cas9 nas plantas de
grande interesse comercial, além dos tempos de regeneracéo e estabelecimentos de
organismos editados. Além disso, outro gargalo ainda em resolucdo sdo as
legislacbes que regulamentam esses vegetais editados. Cada pais tende a um
entendimento legal, havendo, sobretudo, discussdo de enquadramento como OGM

(organismos geneticamente modificados) ou n&o. Um avanco universal nesses
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marcos regulatorios poderia agilizar a disseminagdo desses organismos
redesenhados com sistemas CRISPR (ZHANG, YI et al., 2020).

A aplicacdo da ferramenta foi ainda expandida com a manipulacdo da
proteina Cas9 para a desativacdo de seu dominio de clivagem, tornando-a apenas
um elemento carreador de outras proteinas fusionadas ao alvo desejado, como
ativadores ou repressores da transcricdo (LAU; SUH, 2018), editores de base
(YANG, B.; YANG; CHEN, 2019), e o sistema prime editing, com uma transcriptase
reversa que insere pequenas modificagdes no gene alvo utilizando um molde de
RNA (ANZALONE et al., 2019). J& foram também desenvolvidos kits diagnosticos
baseados no sistema CRISPR (GOOTENBERG et al., 2018), incluindo o recém-
aprovado pela agéncia reguladora americana FDA (Food and Drug Administration)
para a deteccdo do virus SARS-CoV-2, causador da COVID-19 (SHERLOCK
BIOSCIENCES, 2020). Nesse caso a proteina Cas utilizada ndo € a Cas9 e sim
outras como a Casl3 e a Casl2a, que sdo capazes de clivar moléculas de RNA alvo
e permanecerem ativadas, clivando outras moléculas de RNA reporteres.

Apesar de todas essas possibilidades e de muito se vislumbrar com o0 uso da
Cas9, ha ainda adicionais pontos negativos a serem enfrentados, como as clivagens
fora do gene alvo, os chamados off-targets, e possiveis efeitos citotoxicos, como
demonstrado para alguns organismos. Esses problemas s&o pontos criticos para
permitir seu uso em humanos, em especial a clivagem de sequéncia ndo alvo, tendo
por isso gerado grande preocupacdo na comunidade cientifica mundial quando, no
final de 2018, um pesquisador chinés anunciou ter editado embrides de duas
meninas. Sendo assim, o desenvolvimento de ferramentas de controle de expressao
génica, eficientes e mais precisas, ainda € desejavel.

As edicOes de varios genes sao obtidas por estratégias multiplex, pelas quais
se pretende atingir diferentes locus concomitantemente (CAMPA et al., 2019). Além
disso, vislumbram-se configuracbes ainda mais complexas de programacao,
podendo mesclar edicdes que levem a perda de funcdo ou adicdo de genes,
regulacdes da expressao génica por ativacdes ou repressdes nos diferentes niveis
(transcricional, traducional, proteico), ou mesmo interferéncias em niveis metabdlicos
secundarios (PURNICK; WEISS, 2009). Esse controle de organismos vivos tem sido
colocado em paralelo ao controle de sistemas realizado por circuitos logicos
eletrbnicos. Esse comparativo implica também em uma busca metodoldgica que se

assemelha aquela empregada nas engenharias e ciéncias da computacdo e emerge
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mais uma vez com intersec¢des entre tais areas e as ciéncias bioldégicas moleculares,
posicionando a biologia sintética também como uma area que almeja essa
engenharia de circuitos genéticos sintéticos voltados para a aplicagdo de novas ou

reprogramadas redes genéticas funcionais em organismos Vvivos.

1.2.2 Portas légicas e circuitos genéticos sintéticos

Em 1961, Jacob e Monod identificaram a regulacéo e os genes envolvidos na
via de repressdo do operon lac em bactéria (JACOB; MONOD, 1961). Com esses
achados, tracaram alguns modelos tedricos de mecanismos de funcionamento
enziméatico, pontuando elementos que poderiam ser combinados em uma variedade
do que ja chamaram de circuitos, formados por relagcbes de feedbacks ou de
ativacOes e repressdes entre regides génicas codificadoras e regulatérias (MONOD;
JACOB, 1961). A partir dos achados e proposi¢cdes de Jacob e Monod, outros
pesquisadores comecaram a pensar na trama de redes genéticas envolvidas nos
metabolismos celulares e a encaixa-las em logicas matematicas e de circuitos
eletrénicos. Essa formalizacdo l6gica da biologia tedrica comeca a ser desenhada
baseada em algebra Booleana (binaria) para a compreensédo de sistemas genéticos
regulatérios. Foram desenvolvidas equacdes baseadas na presenca ou auséncia de
variaveis (genes, reguladores, promotores) no tempo e em condi¢cdes simuladas que
permitiam projetar, via calculos e matrizes, combinacfes necessarias em
determinadas situacfes hipotéticas (KAUFFMAN, 1969; SUGITA, 1975; THOMAS,
1973). Ja era explicita a intencdo de compactar os sistemas de regulacdo génica em
uma forma mais objetiva para facilitar possiveis manipula¢cdes e eventuais ajustes de
modelos apods experimentacées (THOMAS, 1973).

Novamente, com 0 avanco técnico da biologia molecular, chegando-se a
tecnologia do DNA recombinante e emersdo da engenharia genética, os primeiros
testes experimentais de redes genéticas sintéticas foram realizados. Essas primeiras
publicacdes, no inicio dos anos 2000, marcaram a fundacéo dos circuitos genéticos
sintéticos. O toggle switch?, demostrado em E. coli, promove uma regulacdo génica

biestavel e tem desenho semelhante ao switch natural do bacteriéfago A, que ocorre

1 Um switch, termo correspondente a interruptor, pode ser considerado uma unidade efetora que
detecta um sinal de entrada e promove uma resposta como saida. Pode ser aplicado aos
mecanismos bioldgicos naturais ou desenhado para que, em conjuntos determinados, componham
redes genéticas ou circuitos bioldgicos sintéticos.
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para definicAo de entrada em ciclo litico ou lisogénico (PTASHANE, 2004). O
sistema foi construido com dois promotores repressiveis, de tal modo que o produto
génico de cada um reprime o promotor do outro. Uma sequéncia codificadora da
proteina fluorescente GFP foi posicionada para uma expressao cistronica apés a
CDS (do inglés, coding sequence) de um dos repressores. A alternancia entre o
estado de observacdo e auséncia do sinal fluorescente foi alcangado com pulsos de
indutor para cada promotor alternadamente (GARDNER; CANTOR; COLLINS,
2000). Seguindo mecanismo semelhante ao supracitado, Elowitz & Leibler (2000)
criaram um sistema baseado em loops de feedback, mas com trés repressores, onde
0 produto génico de um promotor reprime o seguinte. O mecanismo foi baseado na
regulacao circadiana que ocorre em cianobactérias (ISHIURA et al., 1998). Um
cassete adicional para a expressao de GFP sob controle de um dos promotores
repressiveis também compunha o sistema, que foi chamado de repressilator. Na
presenca de um dos indutores o sistema deveria apresentar picos oscilatorios de
fluorescéncia. Apesar de terem sido observadas as variacbes temporais esperadas,
houve ruido no sistema, como diferencas de tempo e intensidades nas
manifestacdes desse parametro entre as bactérias testadas, sugerindo efeitos néo
previstos sobre o modelo planejado (ELOWITZ; LEIBLER, 2000).

Trabalhos posteriores buscaram reduzir esses ruidos aperfeicoando os toggle
switches e as redes de regulacdo oscilatérias com inclusdo de loops de feedback
positivos e negativos e maior detalhamento e aperfeicoamento dos modelos
matematicos (ATKINSON et al., 2003; GOH; KAHNG; CHO, 2008; STRICKER et al.,
2008). Apesar das previsdes de funcionamento dos circuitos sintéticos envolvendo
célculos matematicos, quando postos em pratica, resultados diferentes do esperado
ou com variacdes levavam a criacdo de hipdteses para os resultados observados,
correcOes do sistema e novos testes. Essa l6gica gerou certo padrao de workflow
nos trabalhos envolvendo circuitos genéticos sintéticos, compreendendo entao:
desenho, construcdo ou sintese, teste, busca de resolucdo dos problemas
observados (debugging), redesenho, nova construcdo e reentrada no processo com
novos testes. No entanto, essa logica metodologica pode ser lenta, além de muito
laboriosa. Buscando-se facilitar e ampliar esses trabalhos algumas iniciativas
criaram as bibliotecas de partes genéticas, com repositérios publicos compostos por
partes como promotores, sequéncias codificadoras, terminadores, sitios de ligacao
ribossomal, dentre outras (CAMERON; BASHOR; COLLINS, 2014).
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Esse uso de partes genéticas caracterizadas como pecas a serem montadas
em sistemas programados como jogos de montar do tipo “lego” fomentou a criacéo,
por exemplo, da fundacdo IGEM (International Genetically Engineered Machine).
Esse grupo desenvolveu uma competicdo que hoje envolve estudantes,
principalmente de graduacéo, de todo mundo. Essa iniciativa originou também um
importante repositorio de partes encontrado na plataforma on-line do programa
(Tabela 1). Tais partes registradas devem seguir o padrdo de montagem Biobricks
(Tabela 1), outra iniciativa que surge neste contexto e que apoia programas
relacionados a desenvolvimento e compartilhamento de informacdes. Entre eles esta
a plataforma OpenWetWare, onde pesquisadores podem compartilhar protocolos e
conhecimentos sobre seus achados (Tabela 1).

Os circuitos genéticos sintéticos avancaram em complexidade de desenho,
controle e regulacdo ao serem organizados como portas légicas, um principio da
algebra Booleana binaria amplamente empregado na engenharia eletronica. Essas
portas logicas seguem as tabelas verdades onde sdo mostrados os valores de
entrada (inputs) e de saida (output) do sistema, que serdo 0 ou 1. Ha padrbes de
portas logicas que irdo atender a diferentes funcdes, tais como YES (ou buffer), NOT
(ou inversora), AND, NAND, OR, NOR, XOR e XNOR, cujas estruturas e simbolos
podem ser visualizados na Figura 3.

Para o desenho de um circuito biolégico sintético, os componentes de entrada
devem ser organizados atendendo a tabela verdade para condicionar exatamente
determinada saida (MIYAMOTO et al., 2013). Por exemplo, para uma porta l6gica
AND, s0 havera uma saida positiva (1) se as duas entradas estiverem presentes (1 e
1). Transpondo para um exemplo composto por partes biolégicas, pode-se ter a
expressdo de um gene (output) sob um promotor induzivel cujo indutor precisa ser
composto por duas porcdes proteicas. Assim, apenas com a expressao das duas
partes (inputs), ha formacdo do indutor e consequente ativacdo do gene, o output
(Eigura 4; BROPHY; VOIGT, 2014). Para a composicdo dos circuitos, mais de uma
porta logica pode ser combinada, tornando o sistema mais complexo, sendo

determinado por maior nimero de elementos modulados.
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Figura 3 — Portas l6gicas com respectivos simbolos e tabelas verdade. As tabelas indicam a
auséncia (0) ou presenca (1) dos sinais de entrada (input) e saida (output) em cada condicao.
(Adaptada de Miyamoto et al., 2013).

Uma série de trabalhos passou a utilizar esse sistema de circuitos compostos
por portas logicas, combinando sinais de entrada para a obtencdo de determinados
resultados. Muitas sédo as pecas biologicas que tém sido combinadas para formar
essas interacdes genéticas sintéticas, como aquelas organizadas nas bibliotecas de
partes. Quanto mais partes sdo definidas e caracterizadas, maiores as
possibilidades de combina¢cGes. Buscando aumentar o nimero de pecas sensoras,
ou seja, capazes de captar um input, o grupo de Christopher Voigt fez uma busca
por repressores da familia TetR em genomas de procariotos e 16 pares de
repressores e correspondentes promotores foram selecionados (STANTON et al.,
2014). Posteriormente, o grupo expandiu as condicfes para desenhos de circuitos
biolégicos desenvolvendo um sistema operacional on-line chamado Cello (Tabela 1).
Utilizando linguagem de descricdo para circuitos eletrénicos, € possivel informar as
partes de composicao e o tipo de circuito desejado. O programa monta a sequéncia
de DNA, desenha o circuito baseado nos simbolos padronizados pela plataforma

SBOL Visual (Tabela 1) e simula seu funcionamento. Utilizando o Cello, testaram 60
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circuitos em E. coli, dos quais 45 responderam corretamente ao output esperado
(NIELSEN, A. A. K. et al.,, 2016). Fizeram também trabalhos de montagem de
circuitos compostos por elementos do sistema CRISPR/Cas e de controles de vias
metabdlicas, ambos com interagcBes com o genoma enddgeno de E. coli (MOSER et
al., 2018; NIELSEN, A. A.; VOIGT, 2014).

INPUT

OuTPUT

0

== oo |>
o= |o|m
oo

indutor

Figura 4 — Desenho esquemético de uma porta légica AND hipotética. Duas proteinas
caracterizam as entradas (inputs 1) para a formacdo de um indutor que ativa o promotor induzivel de
um terceiro cassete, levando a expressdo de uma proteina fluorescente que caracteriza a saida
(output 1) do sistema. (Adaptada de Brophy e Voigt, 2014).

O desenvolvimento de circuitos sintéticos que recebem sinais e emitem
respostas planejadas logo passou a ser alvo também de trabalhos na area de saude
humana. Por exemplo, para a deteccdo especifica de cancer de bexiga, Liu et al.
(2014) desenvolveram uma porta légica AND envolvendo CRISPR/Cas9. Os dois
modulos de input sdo compostos por um promotor especifico de cancer, que
promove a expressdao do RNA guia, e um promotor especifico de tecido de bexiga,
para expressdo da Cas9. O output luciferase s6 é formado na presenca das duas
condi¢cBes indutoras dos promotores das entradas. Também fizeram testes com os
genes alvo hBAX (apoptose), p21 (inibicdo de crescimento) e E-caderina (baixa
motilidade celular) como outputs, que efetivamente inibiram o crescimento de células
tumorais da bexiga, em cultivo in vitro.

Além de elementos regulatérios como promotores induziveis, proteinas
recombinases do grupo das serina integrases também surgem como importante
peca para ativar ou desativar partes genéticas. Posicionados o0s sitios de

reconhecimento dessas enzimas flanqueando uma sequéncia de interesse, esta
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pode ser rotacionada de modo a ligar ou desligar um sistema, podendo essas

enzimas integrarem a composi¢cao de portas ldgicas e circuitos genéticos sintéticos.

1.2.3 Recombinases serina integrases: estrutura, funcionamento e uso como

ferramentas de circuitos genéticos sintéticos

Recombinases sitio-especificas sdo proteinas que realizam a recombinacao
de determinada sequéncia de DNA por um mecanismo de reconhecimento de sitio,
gue sdo sequéncias nucleotidicas curtas e especificas. Esse processo pode
desencadear insergdo, excisdo ou inversdo de DNA dependendo do arranjo inicial
dos sitios. Foram descritas para funcfes biolégicas em geral relacionadas a virus,
bactérias, cianobactérias e leveduras, tais como inser¢cdo ou excisdo de genoma de
fago ou de elementos de transposicdo; excisdo para reducao de dimero plasmidial
ou cromossomal, ou para regulacdo da ativacdo génica ligada a desenvolvimento; e
inversdo para alternancia de expressao génica, como por exemplo, alteracédo de fase
fimbrial em E.coli (Tabela 2; GRINDLEY; WHITESON; RICE, 2006).

Essas recombinases podem ser distinguidas em dois grupos ou familias, das
tirosina ou das serina recombinases, que apresentam diferencas evolutivas e
estruturais. Uma das diferencas entre elas esta relacionada ao residuo do sitio
catalitico, uma tirosina ou uma serina, responsavel pela clivagem da molécula de
DNA necessaria para a recombinagdo, conforme reacdo quimica de
transesterificacdo detalhada na Figura 5 (GRINDLEY; WHITESON; RICE, 2006).

As serina recombinases compfem uma familia mais heterogénea. Um
conjunto de dados estruturais dessa familia pode ser obtido no apanhado realizado
por Stark (2014). A yd resolvase, envolvida na resolucéo de integracées de DNA em
decorréncia de transposicoes, foi a primeira melhor caracterizada (SANDERSON et
al., 1990; YANG, W.; STEITZ, 1995). O residuo catalitico de serina esta localizado
na regido N-terminal, comumente na posicdo 10, entretanto, ha variacdo na
organizacdo dos dominios, principalmente naqueles da regido C-terminal, sendo
alguns membros maiores. Algumas recombinases de fagos temperados, ou seja,
gue inserem seu genoma no da bactéria hospedeira para entrada em ciclo
lisogénico, pertencem a este grupo e sdo chamadas de grandes serina
recombinases (large serine recombinases), ou apenas, serina integrases (SMITH,;
THORPE, 2002).
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Tabela 2. Exemplos de func¢des biologicas das recombinases sitio-especificas

Recombinase

Funcé&o biologica

A Int e outras integrases de
bacteriofagos

Int de Tn916/Tn1545

Integracéo e excisédo do genoma de bacteri6fagos

Integracéo e exciséo para transposi¢ad de transpons circulares

TnpX de Tn4451*

SpoIVCA (CisA)*

XisF*

Intl Integracd@o e excisdo de cassetes de genes em integrons
(%]
D |Cre Exciséo para reducéo de dimero plasmidial do bacteriéfago P1
©
3% XerC/D Excisdo para reducdo de dimero no cromossomo de E. coli e de
£ muitos outros cromossomos bacterianos e de alguns plasmideos
§ Excis8o para resolugdo de cointegrados resultantes da transposi¢éo
= |Tnpl de Tn4430 P ¢ g posie
© de Tn 4430
:g FimB, Fim E Ipver§éo para altgrnéncia de expressdo génica (variacdo de fase
= fimbrial) em E. coli
Rei de R64 Irlvgrsao de segm_entos shufflon em plasmideo R64, produzindo
varias formas de pili
XisA, XisC Exciséo para ativacdo de regulacdo génica para desenvolvimento em
Anabaena
Flp Inversao para amplificagcdo de plasmideo 2-um de levedura
TnpR de Tn3/yd e transposons Exciséo para resolugdo de cointegrados resultantes de transposicéo
relacionados
Sin de Staphylococcus aureus  Exciséo para reducéo de dimero em plasmideos de estafilococos
ParA de RP4 Exciséo para reducéo de dimero em plasmideo RP4
Hin Inversdo para alternancia de expressao génica (variacdo de fase
a flagelar) em Salmonella
(2]
g . . Inversdo para alternancia de expresséo génica (proteinas de fibra da
5 |Gin, Cin >
c cauda) em bacteriéfagos Mu e P1
o) ~ . .
[&]
& |orfA de 15607/1S1535 Inte_gra(;,ao e exc_|sao para transposicdo do elemento 1S607 de
p Helicobacter pylori
c
= . . I 8 isa iof ,
S |int de phiC31/Bbva/phiRv1* nf[egragaf).e excisdo de bacteri6fagos, como os de Streptomyces e
2 micobactérias

Integracao e excisdo para transposi¢cdo de Tn4451 em Clostridium

Exciséo para ativacdo de regulacdo génica para desenvolvimento em
Bacillus subtilis

Exciséo para ativacdo de regulagdo génica para desenvolvimento em
Anabaena

* Membros da subfamilia grandes serina recombinases
(Adaptada de Grindley, Whiteson e Rice 2006)
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Figura 5 — Reacé&o de clivagem do DNA catalisada por tirosina ou serina recombinase. Quando
0 DNA é posicionado no sitio catalitico, a enzima cria um microambiente basico nas proximidades do
residuo de tirosina (a) ou serina (b) que tende a atrair seu hidrogénio (1). O oxigénio (2), buscando
uma estabilizacdo, realiza um ataque nucleofilico ao fésforo (3) da cadeia de DNA. Neste ambiente
instavel outro microambiente, 4cido, também propiciado pela enzima, tende a atrair 0 oxigénio (4) da
pentose, que é estabilizado pela formacéo da hidroxila (5), rompendo assim, a ligacdo fosfodiéster do
DNA. Para a reacdo contraria de religacdo da cadeia de DNA, um microambiente ambiente béasico
induz a ionizacdo da hidroxila (5), e este oxigénio (4) agora comporta-se como o nucledfilo que busca
a estabilidade pelo ataque ao fésforo (3). A ligacdo a enzima é também desestabilizada pelo
microambiente &cido, que doa préton (1) ao oxigénio (2) do residuo catalitico da enzima, rompendo
assim, a ligacdo ao DNA. ? — residuo(s) especifico(s) desconhecido(s). (Adaptada de Grindley,
Whiteson e Rice 2006).

As serina integrases fazem distincdo entre os processos de insercdo e
remocdo de sequéncias. Essa distincdo esta relacionada ao reconhecimento dos
sitios (attachment sites — att) attB, da bactéria, e attP, do fago (phage) e a formacéao
dos sitios attL (left) e attR (right) apds a insercdo do genoma viral (SMITH, 2014). Os
sitios resultantes ndo sdo mais clivados e recombinados, a menos que haja
interacdo com uma proteina acessoéria RDF (recombination directionality factor) para

mediar o retorno (Figura 6; OLORUNNIJI et al., 2017).
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Figura 6 — Recombinacdo mediada por serina integrase. A insercdo do genoma do bacteriéfago
(com sitio attP) no genoma da bactéria (com sitio attB) hospedeira € mediada por serina integrase
com resultante formacdo dos sitios attL e attR. A excisdo do genoma viral ocorre apenas com a
serina integrase mais a proteina acessoéria RDF. (Adaptada de Stark, 2017).

As proteinas RDF tém se mostrado de dificil identificacdo. Entre algumas ja
determinadas, vé-se poucas sequéncias homologas, variacdo de tamanho e loci
génicos muito diversificados (FOGG et al., 2017). Podem ser elencadas as seguintes
serina integrases com suas respectivas RDFs conhecidas: phiC31 — gp3 (FOGG et
al., 2018); Bxbl — gp47 (GHOSH; WASIL; HATFULL, 2006); phiRvl — Rv1584c
(BIBB; HATFULL, 2002); A118 — gp44 (MANDALI et al., 2017); TP901-1 — orf7
(BREUNER; BR@NDSTED; HAMMER, 1999); phiBT1 — gp38™ (ZHANG, L. et al,,
2013); SPBc — SprB (ABE et al., 2014); phiJoe — gp52 (FOGG et al., 2017).

Observacgdes indicam que as serina integrases sdo encontradas na forma de
dimeros compactados (Figura 7a) e, quando se associam ao sitio de
reconhecimento, adotam uma conformac¢do mais estendida, ficando cada integrase
posicionada em metade do sitio (GHOSH; PANNUNZIO; HATFULL, 2005). A
estrutura C-terminal dessas enzimas foi definida por dois trabalhos que obtiveram
cristais de integrase LI, de profago de Listeria innocua, ligada ao sitio attP (LI et al.,
2018; RUTHERFORD et al., 2013), e o dominio N-terminal completado por cristal
obtido previamente para yd resolvase (YANG, W.; STEITZ, 1995). Sdo compostas
por um dominio catalitico N-terminal (cat) e por um multidominio C-terminal formado
por uma alfa hélice aE que parte do cat e chega ao dominio de recombinag¢ao (RD),

gue é ligado por um linker a um dominio de fita de zinco (ZD), de onde emerge um
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motivo coiled coil (CC) protuberante (Figura 7; LI et al.,, 2018; VAN DUYNE;
RUTHERFORD, 2013).
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Figura 7 — Estrutura de uma serina integrase. a. Dimero de conformacé&o globular observado para
serina integrase ndo ligada a sitio de reconhecimento. b. Possiveis estruturas conformacionais do
dimero de integrase ligado aos sitios attP e attB com o dominio catalitico N terminal (cat) e os
multidominios C terminal com as porg¢des aE, dominio de recombinagdo (RD), dominio fita de zinco
(ZD) e o dominio coiled coil (CC). A sequéncia nucleotidica refere-se ao sitio de reconhecimento da
integrase A118, com o core marcado em vermelho. Estruturas obtidas por cristalografias da porgdo C
terminal da integrase LI, de Listeria, com a por¢&o N terminal completada por cristal obtido para a y®
resolvase ligadas aos sitios de reconhecimento no DNA. (Adaptada de Van Duyne e Rutherford,

2013).

Um dimero ligado a um sitio attP une-se a um segundo ligado a um sitio attB,
formando um tetramero em uma conformacdo na qual os sitios posicionam-se de
maneira justaposta, chamada de complexo sinaptico (Figura 8). Aproximadamente
na metade de um sitio, localiza-se a regido de clivagem, o sitio de cruzamento
(crossover site) ou core (Figura 7b). Cada uma das quatro serina integrases
promove a clivagem de uma fita do duplex do DNA nesta posi¢do, gerando uma
guebra bifilamentar na molécula e deixando um excedente de dois nucleotideos. Um
mecanismo de rotacdo de subunidade recombina metades dos sitios attB e attP e as

fitas sdo religadas, formando os novos sitios attL e attR (Figura 8; RUTHERFORD;
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VAN DUYNE, 2014). Esse mecanismo € definido para as serina recombinases de
modo geral e difere do observado nas tirosinas, em que ha quebra de uma fita de
cada molécula de DNA por vez e as religagbes formam juncdes do tipo Holiday,
sendo esta mais uma diferenca entre as duas familias de recombinases sitio-
especificas (MEINKE et al., 2016).

rotacéo de

subunidade

Figura 8 — Mecanismo de recombinacdo das serina integrases. Um dimero ligado a um sitio attP
forma um tetrdmero com outro dimero ligado a um attB em uma conforma¢do que une os sitios
chamada de complexo sinaptico. Os residuos de serina catalisam a quebra de dupla fita em cada
sitio, que é seguido por um movimento de rotacdo de subunidades. Duas integrases ligadas neste
caso a P’ e B’ rotacionam e recombinam a posi¢do dessas duas metades, formando os sitios attL e
attR. E feita a ligagdo das porges que resulta em recombinagio dos sitios e ha dissociagdo do
tetrAmero. O movimento € unidirecional na auséncia de uma proteina RDF. (Adaptada de Van Duyne
e Rutherford, 2013).

Por apresentarem outras caracteristicas como sitios de reconhecimento
pequenos (40 a 60 bp), auséncia de necessidade de sitios e proteinas acessorias
para dobras do DNA e recombinacdo ou determinadas conformacdes especificas do
DNA, e por seus resultados de recombinacdo serem unidirecionais (reacdo contraria
apenas em presenca de RDF), as serina integrases despontaram como ferramentas
biotecnolégicas. Dependendo do direcionamento dos sitios e se estdo localizados
em uma mesma molécula de DNA ou em moléculas diferentes, lineares ou
circulares, podem ser projetadas reacdes de insercao, delecdo ou inversao de uma
sequéncia especifica (Figura 9). O emprego dessas proteinas tem envolvido
aplicacdes tais como: remocdo de transgene ou insercdo de sequéncia desejada na

presenca do sitio, denominado, nesse caso, como sitio de ancoragem (docking site)



37

ou plataforma de aterrissagem (landing pad); mecanismos de troca de cassetes;
montagem de DNA (assembly); e ativacdo ou desativacdo de expressdo génica por
inversdo de sequéncia, possibilitando, nesse caso, a construcdo de interruptores
genéticos (MERRICK; ZHAO; ROSSER, 2018; STARK, 2017).
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Figura 9 — Integrac&o, excisdo, translocagdo e inversdo de sequéncias mediadas por serina
integrase. a. Integracdo de DNA circular em molécula linear. b. Excisdo de sequéncia de molécula
linear resultando em porgdo circular. c. Translocagéo entre sequéncias de moléculas lineares. Nos
trés casos os sitios de reconhecimento attB e attP estdo posicionados na mesma direcéo d. Inverséo
de sequéncia flanqueada pelos sitios attB e attP posicionados de forma oposta um ao outro. Nao ha
recombinacdo dos sitios attL e attR para attB e attP sem a presenca adicional de uma proteina RDF.
(Fonte: Merrick, Zhao and Rosser, 2018).

Essa possibilidade de aplicacdo que permite a ligacdo ou o desligamento da
expressdo génica por meio de rotacdo de sequéncias (Figura 9d) ganhou especial
interesse para a construcdo de portas e circuitos l6gicos. Apesar do paralelo ainda
pouco explorado com as funcdes computacionais ou eletrbnicas, em 1985, foi
montado um sistema plasmidial, testado em E. coli, com os sitios da tirosina
recombinase A Int posicionados em direcionamentos opostos, de forma que foi
possivel realizar a inversdo do promotor que flanqueavam e consequente ativacao
da expressdo génica, com ja mencionada mudanca de estado off para on
(PODHAJSKA; HASAN; SZYBALSKI, 1985). No entanto, tirosina recombinases, tais
como as enzimas Cre e Flp, apesar de hoje muito empregadas como ferramentas
genéticas, apresentam algumas desvantagens dependendo da intencéo de uso, pois
tém caracteristicas como recombinacao bidirecional e em muitos casos, necessidade
de sitios e proteinas acessorias.

Entdo, em 2013, Bonnet e colaboradores montaram seis portas logicas
utilizando plasmideos em E. coli com duas entradas ativadas pela expresséo
induzivel das serina integrases TP901-1 e Bxbl, e a saida mensurada pela

fluorescéncia da proteina reporter GFP. O controle das portas foi feito por



38

mecanismos de inversdo ou remocgao de promotores ou terminadores flanqueados
pelos sitios de reconhecimento das integrases. O fluxo da RNA polimerase para
permitir a transcricdo do gfp era controlado de acordo com os inputs dados para
atender a tabela verdade de cada porta projetada (BONNET et al., 2013). No mesmo
ano, outra publicacdo independente, de forma muito semelhante também
desenvolveu para E. coli 16 portas légicas com as integrases Bxbl e phiC31
controlando por inversdo, terminadores, promotores e também a CDS do gene
reporter gfp para obtencdo da saida de acordo com a tabela verdade de cada porta
desenhada (SIUTI; YAZBEK; LU, 2013). Em 2017, um estudo desenvolveu uma
série de circuitos utilizando recombinases, e que foram testados em linhagens de
células de mamifero. Dos 113 circuitos montados, 109 se apresentaram funcionais
em células T Jukart. As construgbes envolveram multiplos inputs, com 10
recombinases utilizadas, entre tirosinas, para remocdo de terminadores, e duas
serina integrases, para inversao de promotor e CDS, e os outputs mCherry e GFP.
Também testaram um circuito utilizando um sistema CRISPR/Cas9 de ativagao
transcricional, dCas9-VPR, cujos gRNA eram ativados por recombinases
(WEINBERG et al., 2017).

Para a expansao de aplicagcbes com maior acuracia, tornam-se necessarios
estudos amplos de validagdo de funcionalidade de serina integrases em diferentes
organismos, principalmente em eucariotos. Xu et al. (2013), objetivando uma
avaliacdo uniforme, testaram 15 serina integrases para atividades de delecéo ou
insercao por troca de cassete em células de mamiferos. Sete delas foram ativas em
sequéncias integradas no genoma e das demais oito, cinco foram ativas em DNA
extracromossomal. Foram verificados alguns erros de recombinacdo nos sitios.
Houve também alguns problemas de crescimento celular que podem ter sido em
decorréncia de toxicidade. Bxbl e phiC31 tiveram o melhor desempenho.
Posteriormente, também verificaram a atividade das mesmas integrases em S.
cerevisiae por ensaios de troca de cassete e 10 apresentaram atividade. Apesar de
nesses ensaios ndo terem observado dano de sitios apés recombinacdes, por
ensaio de diluicdo seriada, verificaram toxicidade para sete das enzimas analisadas
(XU, Z.; BROWN, 2016).

Além dos circuitos atendendo a portas logicas Booleanas, um segundo
conceito, também vindo da computacdo, € empregado na construcdo de redes

genéticas sintéticas utilizando recombinases, o de memodria. O mecanismo esta
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ligado a interruptores de ativagcdo ou desativacdo que podem ser montados por
recombinases em que, com uma entrada, uma “memoria” (saida conferido por um
gene) pode ser ativada ou pode gerar uma cascata de outras ativacdes e/ou
desativacbes, levando a vérios possiveis estados resultantes. Dependendo da
construcdo, essa memoria pode ser herdavel e reversivel ou irreversivel. Ham et al.
(2008), buscando empregar esses conceitos, montaram um sistema de inverséo
duplo e sobreposto. O desenho tem dois repérteres, GFP e RFP, posicionados em
sentido oposto e reverso com uma regido entre ambos onde foram incluidos os sitios
das recombinases Fim B e Hin (invertases tirosina e serina recombinase,
respectivamente) flanqueando dois promotores e um terminador. Dos cinco estados
possiveis esperados, trés foram alcancados, mas visualizados fracamente, sendo
confirmados por PCR. Ap6s o sequenciamento de isolados, ndo foi verificada
inversdo feita por Fim B. Apenas com o sequenciamento do PCR foi possivel
observar sua atividade de inversao prevista, mas a uma taxa de eficiéncia inferior a
de Hin, sendo também observada acdo cruzada. A inesperada baixa atividade de
Fim B comprometeu a eficiéncia do sistema e foi hipotetizado pelos autores ser
devido a hairpin formado pelos sitios posicionados de forma espelhada ou a
funcionamentos de Fim B ainda ndo conhecidos. Isso destaca a importancia da
identificacdo de recombinases para compor sistemas de inversao robusto para
montagem de interruptores.

Esses resultados reforcam a importancia da caracterizacdo funcional das
recombinases e a vantagem que as serina integrases podem conferir ao controle de
interruptores. Em 2014, buscando expandir o nUmero de serina integrases com o
objetivo de uso para construcdo de circuitos de memoria permanente, Yang e
colaboradores, por alinhamento de sequéncias conservadas com grandes serina
recombinases, como phiC31 e Bxbl, encontraram mais de 4000 potenciais novas
sequéncias. Com a busca pelos sitios de reconhecimento attB e attP, chegaram a 34
integrases e seus respectivos sitios. Testaram em E. coli 13 integrases, com até
60% de similaridade, para ativacdo de switches e consequente ativacdo do gene
reporter gfp. Onze integrases se mostraram funcionais e apenas trés delas (Ints 7, 8
e 11) reconheceram os sitios de outra integrasse, a Int 10. Também organizaram
trés integrases (Ints 2, 5 e 7) em uma reacdo em cascata onde uma ativa a outra,

obtendo o esperado resultado final de expressao do repérter (YANG, L. et al., 2014).
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1.3 BIOLOGIA SINTETICA EM PLANTAS

Os principios trazidos pela é&rea da biologia sintética envolvendo
biotecnologia, modelos matematicos e conceitos de engenharia para combinacdes
de elementos atrelados as aplicacdes experimentais de edicbes gendmicas e
execucao de redes genéticas interativas com outputs controlaveis e variados sao de
grande interesse também na area vegetal. Apdés a emersdo da tecnologia de
insercdo de transgenes para fornecimento de caracteristicas de interesse, pretende-
se avancar no desenvolvimento e refinamento de plantas agrocultivaveis capazes de
combinar fendtipos vantajosos. Os interesses sdo diversos, como aumento de
produtividade; resisténcias a mdultiplos patégenos, agentes de herbivoria e a
diferentes condicbes de estresse abidtico; transferéncia de caracteristicas como
formacdo de rizobio para fixacdo de nitrogénio para plantas ndo leguminosas ou
metabolismo de planta C4 para planta C3; biofabricas para producdo de compostos
heter6logos; e alteracdo de rotas metabdlicas endogenas para otimizacdo de
biocombustiveis como 6leos, lignocelulose e agucares sollveis. No entanto, em
comparacao com outros organismos, como bactérias, leveduras e modelos animais,
a biologia sintética em plantas encontra-se ainda em estagios iniciais, com muitos
desafios a serem superados, como por exemplo, aqueles relacionados as técnicas
de transformacéo, ao tempo de estabelecimento estavel das alteracbes genéticas
empregadas e ao funcionamento eficiente do sistema implementado para obtencao
das caracteristicas desejadas (BENNING; SWEETLOVE, 2016; DE LANGE;
KLAVINS; NEMHAUSER, 2018; SHIH; LIANG; LOQUE, 2016; WURTZEL et al.,
2019).

Uma abordagem tecnologica que poderia superar algumas dessas
dificuldades é o desenvolvimento de locais seguros onde todas as redes projetadas
poderiam ser inseridas, sendo transmitidas via ciclo celular e sem comprometer loci
génicos da planta. Essa ideia motivou a criagdo de cromossomos ou
minicromossomos sintéticos. Ja houve testes com estratégias parecidas com as
utilizadas para a geracdo de cromossomos artificiais de leveduras, com a inclusao
de sequéncia centromérica e de marcas de selecdo. Houve também redesenho de
cromossomo B de milho com transferéncia de regido telomérica e transgene para
transformé-lo em um minicromossomo com sitio de recombinase onde outras

sequéncias poderiam ser integradas. As estratégias, no entanto, enfrentaram
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dificuldades como caracteristicas centroméricas vegetais dificeis de sintetizar e com
sequéncias de fun¢bes desconhecidas, a auséncia de cromossomo B em diferentes
espécies, problemas de segregacdo meidtica, entre outras (BIRCHLER, 2015;
DAWE, 2020). Apesar disso, esta representa uma importante linha de estudo
almejada, inclusive, para geracdo de genomas vegetais sintéticos e minimos por
construcdes bottom-up. Mas h& ainda dificuldades adicionais as da construcdo
sintética, como a transferéncia de sequéncias grandes, tais como serao essas, para
as células vegetais. O nosso grupo apresentou projeto piloto ao GP-write propondo o
desenvolvimento de cromossomo sintético de A. thaliana com utilizacdo de serina
integrases para determinacdo de essencialidade de genes enddgenos e para
construcdo de circuitos genéticos para controles de expressdo génica. Em um
segundo momento, a construcdo seria também realizada em soja, visando uma
progressédo do sistema para engenharia de plantas cultivaveis.

Como mencionado previamente, para a composi¢ao de circuitos sintéticos de
interesse & importante caracterizar as partes a serem montadas. Neste sentido, o
grupo de Jim Haseloff tem trabalhado no desenvolvimento de um chassi vegetal
para tais testes. O modelo é a hepética Marchantia polymorpha, que apresenta
caracteristicas vantajosas como pequeno tamanho de genoma (aproximadamente
280 Mb), curto ciclo de vida, rapida propagacéo atraves de gema assexuada, baixos
niveis de redundancia génica e um método de transformacédo de esporos (BOEHM
et al., 2017). O grupo desenvolveu uma plataforma aberta de partes da planta,
chamada MarpoDB. (DELMANS; POLLAK; HASELOFF, 2017).

Buscando também uma via mais rapida para quantificacdo de partes para
circuitos vegetais, Schaumberg et al. (2016) fizeram uma série de analises via
transformacao transiente em protoplastos de A. thaliana e de sorgo. Testaram mais
de uma centena de combinacdes de partes para composicdo de promotores
sintéticos repressiveis ativados por dexametasona ou OHT com atividade
mensurada por um sistema de duplo output de luciferase.

Outra forma de ativacdo de circuitos que vem sendo aperfeicoada é aquela
com inducao por luz, ou via sistema optogenético. No entanto, seu uso para ativacao
de interruptores em plantas é desafiador devido aos diversos processos de
sinalizacdo mediados por luz nas vias metabdlicas vegetais, podendo ainda levar a
danos colaterais (ANDRES; BLOMEIER; ZURBRIGGEN, 2019). Mas dois sistemas

ja foram desenvolvidos. O primeiro utiliza luz vermelha para ativagéo via fitocromo B
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fusionado a um ativador transcricional e desativagéao por luz vermelho-distante (740
nm), que pode manter o sistema desativado mesmo sob luz branca (MULLER et al.,
2014). Apesar de nos organismos vegetais haver muitos fotorreceptores, eles
apresentam reduzida atividade com luzes do espectro do verde. Desta forma, no
segundo estudo, Chatelle et al (2018) desenvolveram um sistema de controle de
expressao responsivo a luz verde, testado tanto em células de mamiferos como em
protoplastos de A. thaliana e que foi baseado em um sistema transcricional
fotoreceptivo de bactérias, CarH.

Frente a uma determinada sinaliza¢do, ha também como objetivo desenvolver
plantas que possam ser utilizadas como biossensoras para monitoramento
ambiental. Antunes et al. (2006) inicialmente desenvolveram um circuito genético
sintético para promover a perda de coloragdo verde de A. thaliana. O sistema
interfere na expressao de até cinco genes envolvidos em vias de sintese da clorofila.
Posteriormente o grupo desenvolveu em tabaco um mecanismo de transducéao de
sinais formado por um receptor bacteriano quimérico ligado a partes do sistema
histidina quinase vegetal ativado por moléculas de TNT. A sinalizacdo ativa um
sistema transcricional que induz promotor que controla o circuito genético de perda
de clorofila. Futuramente, pretendem que o0 sensor vegetal seja responsivo, por
exemplo, a poluentes ou outros agentes quimicos (ANTUNES et al., 2011).

Buscando avancar na compreensao de mecanismos de comunicacao entre
plantas leguminosas e bactérias da rizosfera, Geddes et al. (2019) identificaram um
composto denominado rizopina, que € exsudado por bactérias rizobios nessa regido
da raiz. Montaram um mecanismo para a sintese de rizopina em plantas
transformadas da leguminosa Medicago truncatula e do cereal cevada, que por sua
vez era exudada pela raiz e ativava biossensor luminescente expressando GFP em
bactérias estabelecidas em uma regido de rizosfera dessas plantas. Avancos nessa
linha podem contribuir em mecanismos de ativacdo de sistemas bacterianos com
sinais oriundos de plantas, incluindo a fixacdo de nitrogénio em plantas onde esse
fendbmeno nao é observado.

Para a aplicacdo de engenharia de rotas sintéticas, fica evidente a
possibilidade de contribuicdo da modelagem matemética no trabalho de Foo et al.
(2018). Esses autores buscaram desenvolver um sistema para impedir a baixa
expressao de reguladores positivos de defesa da planta durante a infecdo por um

patdégeno. O sistema foi avaliado em A. thaliana sob ataque do fungo Botrytis
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cinerea. Utilizando resultado de transcriptoma, carregaram algoritmos com os fatores
de transcricao diferencialmente expressos apos a infec¢cdo. Encontraram nove redes
regulatérias contendo o fator de transcrichio CHE em baixa regulagdo. Por
modelagem e alguns dos dados experimentais identificaram uma rede regulatéria
entre 0s nove genes e propuseram um modelo de circuito que por loops de feedback
controlariam a expresséo do fator CHE, que teria expressdo normalizada e poderia
atuar contra o patégeno infeccioso.

Com relagcdo ao uso de recombinases sitio-especifica em plantas, alguns
trabalhos prévios foram reportados. Inicialmente, foram testadas recombinacdes com
as tirosina recombinases Cre e Flp. Apesar de resultados positivos, por
apresentarem reacdo reversivel, apdés algumas rodadas de insercdo foram
observadas recombinacdes indesejadas (XU, C.; YU, 2011). Entdo, outras pesquisas
introduziram as serina integrases phiC31 e Bxbl para excisdo ou integracdo de
sequéncias, demonstradas em A. thaliana, cevada, trigo, tabaco e arroz, com
permanéncia da recombinacdo em geracdes subsequentes. Essas aplicacbes
podem remover transgenes quando desejado ou marcas de selecdo de plantas
transformadas, ou, se usadas para insercdo, na presenca do sitio especifico da
integrase, tem-se uma plataforma de integracdo para determinado cassete de
expressdo (HIRAKAWA; MATSUNAGA, 2016; KAPUSI et al., 2012; KEMPE et al.,
2010; THOMSON et al., 2010, 2012). Estratégia de inversdo de sequéncia foi
utilizada por Rubtsova et al. (2008) para monitorar atividade da phiC31 transformada
em trigo. Entretanto, ndo foram identificados, até agora, trabalhos relatando o uso de
serina integrases em plantas para aplicacdo em sistemas de biologia sintética, como
regulacdo da expressdo génica em circuitos logicos ou producdo de memorias

permanente.
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2 JUSTIFICATIVA

Considerando os interesses de desenvolvimento de redes de expressao
génica em plantas e as vantagens oferecidas pelas serina integrases como
ferramentas de ativagdo ou desativacdo de sistemas sintéticos, fazem-se
necessarios estudos que avancem na compreensao da funcionalidade e acuracia
dessas proteinas na ainda pouco explorada area da biologia sintética vegetal.
Apesar de trabalhos anteriores caracterizando diferentes serina integrases, 0s
resultados foram muito variados entre os tipos celulares e organismos modelo
testados, incluindo auséncias de funcionalidade, problemas de toxicidade, acuracia e
ortogonalidade, sendo ainda phiC31 e Bxbl as integrases mais utilizadas. Para
construcdes de sistemas mais amplos, € imprescindivel que outras integrases sejam
bem caracterizadas, sobretudo para inversdo de partes genéticas em plantas. Por
iSS0, as integrases recém-descritas e avaliadas em bactéria por Yang et al. (2014)

tornam-se boas candidatas para avaliacdo de sua funcionalidade em eucariotos.
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3 OBJETIVO

3.1 OBJETIVO GERAL

Avaliar a funcionalidade de serina integrases para controle da expresséo

génica em células vegetais.

3.2 OBJETIVOS ESPECIFICOS

Desenhar e sintetizar um sistema de interruptor genético formado por dois

plasmideos, sendo um o reporter e 0 outro o de expressao da serina integrase;

Isolar protoplastos de A. thaliana para cotransformacéo transiente do sistema

de dois plasmideos para avaliacao da funcionalidade das serina integrases;

Caracterizar a funcionalidade do sistema de ativacdo do repérter (GFP) por:

o Observacdo por microscopia de fluorescéncia dos protoplastos
emitindo fluorescéncia de GFP para analise fenotipica da funcionalidade do
sistema;

o Mensuracdo da porcentagem populacional de células emitindo
fluorescéncia por citometria de fluxo;

o Avaliacdo da inversdo das sequéncias alvo — sequéncia codificadora
do gene gfp e sequéncia promotora CaMV 35S — e da formacéo esperada
dos sitios resultantes da recombinacdo, attL e attR, por PCR e

sequenciamento.
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4 DESENVOLVIMENTO

O projeto desenvolvido para a composicdo desta tese de doutorado esté
consolidado no manuscrito intitulado “Genetic switches designed for eukaryotic cells
and controlled by serine integrases”, que segue abaixo, ap0s a se¢do Referéncias
Bibliogréficas. O trabalho da autora da tese diz respeito aos ensaios realizados com
protoplastos de Arabidopsis thaliana, uma vez que o objetivo do presente estudo é
voltado para a investigacdo da funcionalidade de serina integrases em plantas. A
publicacdo conta ainda com dados gerados por outros colaboradores que fizeram a
mesma investigacdo, porém voltada para células de mamiferos. O artigo foi
publicado pelo periédico Communications Biology e pode ser acessado pelo
seguinte link: doi.org/10.1038/s42003-020-0971-8.
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Abstract

Recently, new serine integrases have been identified, increasing the possibility of
scaling up genomic modulation tools. Here, we describe the use of unidirectional
genetic switches to evaluate the functionality of six serine integrases in different
eukaryotic systems: the HEK 293T cell lineage, bovine fibroblasts and plant
protoplasts. Moreover, integrase activity was also tested in human cell types of
therapeutic interest: peripheral blood mononuclear cells (PBMCs), neural stem cells
(NSCs) and undifferentiated embryonic stem (ES) cells. The switches were
composed of plasmids designed to flip two different genetic parts driven by serine
integrases. Cell-based assays were evaluated by measurement of EGFP
fluorescence and by molecular analysis of attL/attR sites formation after integrase
functionality .Our results demonstrate that all the integrases were capable of inverting
the targeted DNA sequences, exhibiting distinct performances based on the cell type
or the switchable genetic sequence. These results should support the development

of tunable genetic circuits to regulate eukaryotic gene expression.
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Introduction

Recombinant DNA technology was a landmark for the development of cells that
are able to perform several tasks in different areas of research, such as therapy?,
diagnosis?, biosensing®, bioremediation*, and plant and animal genetic
improvement>’. Over the last decade, the desirable traits were mostly monogenic,
with transgene expression being mainly transcriptionally controlled by
tissue/development-specific or chemically/physically inducible promoters, acting as
activators or repressors separately or in loops®°. Currently, novel approaches in
synthetic biology are being used for the design of new molecular entities that would
lead to the creation and/or improvement of pathways, reprogramming organisms for
new tasks!®!l, This scenario demands the development of tools to finely tune
polygenic expression.

Large serine-type phage integrases have been described as useful genomic
tools for gene manipulation'>'’. These proteins belong to a superfamily of site-
specific serine recombinases, which differ in many aspects from their counterparts,
the tyrosine recombinases. The latter are bidirectional proteins, which is a major
drawback to their use to control gene expression due to the instability of the on/off
end product®. Instead, the phage-encoded serine integrases (Ints) are capable of
unidirectional recombination that leads to permanent DNA fragment inversion, which
ultimately could be used to modulate gene expression'®. To perform this function,
Ints recognize specific attachment sites, named attB and attP?°. When both sites are
placed in opposite directions flanking a genetic part (such as a promoter, coding
sequence and/or terminator), Ints perform a 180° flip of these genetic parts, which
can turn gene expression on/off. As a result of this recombination event, the
attachment sites are converted into different sequences, called attL and attR?!. This
recombination process can only be reversed in the presence of a cognate protein,
called recombination directionality factor (RDF)*3.

Ints have been previously used to build logic gates based on Boolean algebra to
regulate gene expression in prokaryotic organisms??23, In these reports, the authors
utilized Ints to rotate promoters or terminators, hence controlling RNA polymerase
flow in a way resembling an electronic transistor, now called a transcriptor??>. Most
importantly, GFP expression for every Int used was observed as predicted by the

truth table of each designed logic gate that was evaluated??23. Another strategy used
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to regulate prokaryotic gene expression was recombinase-based state machines, a
system in which several combinations of integrase inputs that inverted or excised
genetic parts produced different outputs?*. However, in eukaryotic organisms, there is
a scarcity of effective tools that allow broad and precise gene regulation, which is an
essential requirement for multiplex gene control. To date, only a limited number of
Ints have been successfully tested in eukaryotic cells, showing a restricted cell-type-
dependent functionality?®>-22. Nevertheless, most of these studies aimed to integrate
or excise a DNA fragment from the genome of a particular organism, rather than
using the Ints as regulators of gene expression®-3°. In a different approach,
Weinberg et al.?® used a combination of four tyrosine and two serine recombinases in
mammalian cells to develop a six-input/one-output Boolean logic lookup table.
However, the relatively small number of functional Ints characterized in eukaryotic
cells restricts the scale-up of the use of these proteins to build genetic circuits.

Recently, Yang et al.'® identified 34 putative Ints, showing functionality for 11 of
these Ints in prokaryotic cells. In an attempt to fill this existing gap in eukaryotic cells,
we built unidirectional genetic switches to evaluate the functionality of six out of these
11 Ints that have already been tested in prokaryotic cells. To this end, we chose
three different model systems: the human embryonic kidney cell lineage (HEK 293T),
bovine primary fibroblasts, and Arabidopsis thaliana protoplasts. In addition, as a
medically important proof of concept, unidirectional genetic switches using these Ints
were also evaluated in peripheral blood mononuclear cells (PBMCs), neural stem
cells (NSCs) differentiated from induced pluripotent stem cells, and undifferentiated
human embryonic stem cells (hES, BR-1 cell line).

Here we report that all tested Ints are functional genetic switch controllers,
activating the coding sequence or the promoter switches designed to be turned on in
the eukaryotic cells. The frequency of cells emitting the reporter fluorescence varies
among the tested integrases and cell types, and, in some cases, the switch activation
is proven by molecular tests. Additionally, Ints show accuracy in their site recognition
and recombination process, and are not cytotoxic for the cell models assayed. These
data put the evaluated Ints as suitable candidates to regulate gene expression in
wide synthetic genetic networks that now can be built for several eukaryotic

organisms.
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Results

Unidirectional genetic switches design

In our system, the HEK 293T lineage, bovine primary fibroblasts, and A.
thaliana protoplasts were chosen as human, nonhuman mammal and plant models,
respectively. Ints 2, 4, 5, 7, 9, and 13 evaluated in Escherichia coli by Yang et al.!8
were selected to be tested in eukaryotic switch systems. The phiC31 and Bxbl
integrases were also evaluated because they were shown to be functional in genetic
switches in human cells?® and plants®? (only phiC31). We designed unidirectional
genetic switches composed of two sets of synthesized plasmids. The first set
contains either a human or plant-optimized (A. thaliana) coding sequence of an Int
under the control of a strong species-specific constitutive promoter, named integrase
expression vectors (set 1, plE). The second set contains the reporter gene egfp in
the reverse complement orientation flanked by the recognition sites attB and attP of
the corresponding Int under distinct constitutive promoters, for either plant or animal
systems. The resulting plasmids were called switch GFP vectors (set 2, pSG) (Fig. 1;
Supplementary Fig. 1; Supplementary Methods). Therefore, eight plasmids were
generated for each vector set of the mammalian systems, and the same number was
generated for the plant system (Supplementary Table 1). One plasmid of set 1 and
one plasmid of set 2 were used to transiently cotransfect mammalian cells and
cotransform plant protoplasts (test condition). The negative control cells were
cotransfected/cotransformed with only one of the two plasmids plus a mock plasmid
to keep the DNA concentration constant. As a positive control (pGFP), the cells were
cotransfected/cotransformed with a plasmid containing egfp in forward orientation
under the same constitutive promoter as that in the plasmids from set 2 plus a mock
plasmid. HEK 293T control cells were not cotransfected with the mock plasmid. In
these transient assays many copies of both plasmids for each test or control
conditions are inserted in the cells, according to the concentrations described in the

Methods section.
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Fig. 1 Strategy overview of the eukaryotic genetic switch system. The human cell lineage HEK
293T, bovine fibroblasts and A. thaliana protoplasts were the selected model systems. The first step
involved the design of two plasmid sets: the integrase expression vectors to express Ints 2, 4, 5, 7, 9,
13, phiC31, or Bxbl and the switch GFP vectors with the attB and attP recognition sites of the
respective Int flanking an egfp coding sequence in a reverse complement (rc) orientation. Acting as a
schematic AND gate, combination of the corresponding plasmids of each of the vector sets results in
the second step in the process, the test, accomplished by cotransfection or cotransformation assays of
mammalian and plant cells, respectively. The third and last step led to the development of analytical
methods that include the inputs of an additional schematic AND gate. Microscopy/flow cytometry
analyses were used to detect EGFP fluorescence in cells resulting from the flipping action of the
integrase. PCR/sequencing was used in the analysis of the egfp coding sequence rotated to the
correct forward orientation flanked by the formed attL and attR sites. Both analytical inputs provide
evidence of the activated switch vector output. The PCRs used one primer pair to amplify the
complete attL site and the entire egfp coding sequence, now in the forward orientation (blue), and a
second primer pair to amplify the complete attR site and the egfp sequence (red).

The rationale for this system was that if a particular Int is functional, it would
switch the egfp coding sequence to the forward orientation, leading to egfp
expression and the formation of the attL and attR sites, referred to as the activated
switch vector (Fig. 1; Supplementary Fig. 1). The six Ints were chosen because their
attL sites formed after flipping did not lead to the formation of any ATG upstream of
the egfp ORF. Although there was not ATG formation in its attL, Int 10 was not
selected to be evaluated because its recognition sites were recognized by other
integrases when evaluated in bacterial cells!®. All assays were evaluated at 48 h for
mammalian cells and 24 h for A. thaliana protoplasts, corresponding to the maximum
EGFP-positive cell frequency.

No nuclear localization signal (NLS) was added to the Ints since previous
studies showed contradictory results regarding the addition of an NLS at the N-

and/or C-termini of these proteins'’2%, Additionally, in silico analysis demonstrated
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the existence of potential cryptic NLSs in the Ints evaluated in this study with various

scores, except for Int 5, for which no NLS was predicted (Supplementary Fig. 2).

Functional characterization of Ints as switch controllers

In the mammalian groups, EGFP-expressing cells were detected among HEK
293T cells cotransfected with plE + pSG vectors corresponding to Int 13, phiC31, or
Bxbl (Fig. 2a, b; Supplementary Figs. 3 and 4) and in bovine fibroblasts
cotransfected with plE + pSG vectors corresponding to Int 9, 13, or Bxb1 (Fig. 3a, b;
Supplementary Figs. 3 and 5). In addition, low levels of cells emitting EGFP
fluorescence could also be observed in tests activated by Ints 2, 4, and 5 in HEK
293T cells and by Ints 2 and phiC31 in bovine fibroblasts (Fig. 2b; Fig. 3b;
Supplementary Figs. 4 and Fig. 5). In general, flow cytometry analysis showed that

the abundance of EGFP-positive cells ranged from 0.03 to 16.02% for the tested
switches in these cell groups, indicating different levels of Int functionality (Fig. 2b;
Fig. 3b). In HEK 293T cells, Kruskal-Wallis statistics corroborated that the
percentages of EGFP-positive cells cotransfected with plE + pSG corresponding to
Ints 13, phiC31 and Bxbl resulted in significant differences compared with the
negative controls (p=1.71 x 10°, 1.10 x 104, and 1.50 x 10, respectively; Fig. 2b;
Supplementary Table 2). In bovine fibroblasts, in addition to Ints 9, 13, and Bxbl
(p=1.10 x 105, 2.04 x 10°%, and 9.18 x 107/, respectively), cells cotransfected with pIE
+ pSG corresponding to Ints 2, 5 and phiC31 were also significantly different from the
negative controls (p=1.87 x 106, 3.08 x 10, and 1.61 x 10, respectively; Fig. 3b;
Supplementary Table 2). Analyzing only the herein tested integrases, Int 13 led to the
highest number of EGFP-positive cells in both models evaluated. The positive cell
frequencies in the Int 13 tests were 33% and 16% compared to the positive controls
(pGFP) for HEK 293T cells and bovine fibroblasts, respectively.

To confirm Int functionality by targeted egfp sequence rotation and correct
attL/attR sites formation, PCR and sequencing analysis were performed. To this end,
two pairs of primers were used. One pair annealed to the promoter sequence
(forward) and to the attR site (reverse) (Fig. 1, blue color), and the other pair
annealed to the attL site (forward) and to a region next to the terminator sequence
(reverse) (Eig. 1, red color). Thus, PCR amplifications are expected in only activated

pSG vectors. Interestingly, although EGFP fluorescence was not detected through
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microscopy and flow cytometry analysis of cells tested with some of the Ints, the PCR
and sequencing analysis of DNA extracted from tested cells confirmed the predicted
attL/attR sites for Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxbl and that the egfp had
flipped to the forward orientation (Eig. 2c; Fig. 3c; Supplementary Figs. 6, 7, 8 and 9).

These results confirm that all the evaluated Ints were functional, however, their
efficiency may set a threshold for detection of EGFP fluorescence by flow cytometry
or microscopy analysis.

An important limiting factor to the use of Ints in genetic switches is their
potential cytotoxicity. Thus we measured the viability of mammalian cells after 48h of
the integrase activity using MTT assay. Neither HEK 293T cells nor fibroblasts

showed marked viability impairment comparing with control groups (Fig. 2d; Fig. 3d).

For A. thaliana protoplasts, EGFP-expressing cells were detected after
cotransformation with the plE + pSG vectors corresponding to Int 2, 4, 7, 9, 13,
phiC31, or Bxbl. (Fig. 4a, b; Supplementary Figs. 3 and 10). All Int tests led to a
statistically significant frequency of EGFP-positive cells compared to the respective
negative controls, although Int 5 led to a very low percentage of EGFP-expressing
cells (p-value for Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxbl groups were 2.57 x 10,
2.22 x 107, 2.28 x 10°%, 2.45 x 10°, 7.24 x 107, 2.01 x 108, 1.28 x 10°%, and 1.07 x
10, respectively; Fig. 4b; Supplementary Table 2). As observed for HEK 293T cells
and bovine fibroblasts, the flow cytometry data showed a variable number of cells
expressing EGFP. The frequency of EGFP-positive cells ranged from 0.1% for Int 5
to 24.2% for Int 13 (Supplementary Table 2). This highest value showed Int 13 to be
superior to phiC31 and Bxbl in the induction of EGFP activation. Notably, overall,
plant protoplasts resulted in higher numbers of EGFP-accumulating cells than the
mammalian systems tested, indicating robustness in the vegetal system (Fig. 2b, 3b,
and 4b; Supplementary Table 2). In this system, the pCaMV35S-GFP plasmid, with
known EGFP expression efficiency, was used as a positive control®¢. The cauliflower
mosaic virus (CaMV) 35S promoter of this plasmid (alignment with GenBank
V00140.1) has some single nucleotide polymorphisms (SNPs) compared to the
CaMV 35S promoter chosen for the plant switch vector syntheses (iGEM registry
BBa_ K1547006 and alignment with GenBank V00141.1). These SNPs, however, did
not result in statistically significant differences in the frequency of EGFP-expressing

cells (p=0.1277; Supplementary Fig. 11).
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Fig. 2 Functional characterization of the genetic switches in human cells. a Flow cytometry
distribution of HEK 293T cells at 48 h post transfection for Ints 13, phiC31 and Bxbl, the integrases
that led to the highest EGFP-expressing cell frequencies. The heat map indicates the scattering of
high cell concentrations (warm colors) to low cell concentrations (cool colors). The gate encompasses
the EGFP-expressing cell population. b Bar graph plots showing the total average percentage and
standard deviation of a cell population expressing EGFP in biological repeat assays (n=3) and circles
showing the technical duplicate or triplicate average of each assay on the y axis. The x axis contains
the different conditions. For each Int data group, different letters indicate significant differences
(p<0.05). ¢ Amplicons obtained through PCR analysis using two specific primer sets, the first set to
verify attL formation and the second set to verify attR (highlighted in Fig. 1). The expected amplicon
sizes in the Int test groups varied from 1021 to 1104 bp for attL and from 1058 to 1084 bp for attR. d
Bar graph plots showing the viable cells average (circles corresponding to technical replicates
averages) and standard deviation normalized with pGFP of OD measurements obtained after MTT
assays (n=3). DMSO corresponds to the impairment negative control. Negative control cells were
transfected with only one of the two vector sets, that is, integrase expression (plE) or switch GFP
(pSG) vectors. Positive control cells (pGFP) have an egfp sequence in the forward orientation under
the control of the EF1 alpha promoter. All the data are representative of two or three technical and
three biological replicates.
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Fig. 3 Functional characterization of the genetic switches in bovine cells. a Flow cytometry
distribution of bovine fibroblasts at 48 h post cotransfection for Ints 9, 13, and Bxbl, the integrases
that led to the highest EGFP-expressing cell frequencies. The heat map indicates the scattering of
high cell concentrations (warm colors) to low cell concentrations (cool colors). The gate encompasses
the EGFP-expressing cell population. b Bar graph plots showing the total average percentage and
standard deviation of a cell population expressing EGFP in biological repeat assays (n=3) and circles
showing the technical triplicate average of each assay on the y axis. The x axis contains the different
conditions. For each Int data group, different letters indicate significant differences (p<0.05). c
Amplicons obtained through PCR analysis using two specific primer sets, the first set to verify attL
formation and the second set to verify attR (highlighted in Fig. 1). The expected amplicon sizes in the
Int test groups varied from 1021 to 1104 bp for attL and from 1058 to 1084 bp for attR. d Bar graph
plots showing the viable cells average (circles corresponding to technical replicates averages) and
standard deviation normalized with pGFP of OD measurements obtained after MTT assays (n=3).
DMSO corresponds to the impairment negative control. Negative control cells were transfected with
only one of the two vector sets, that is, integrase expression (pIE) or switch GFP (pSG) vectors, plus a
mock plasmid. Positive control cells (pGFP) have an egfp sequence in the forward orientation under
the control of the EF1 alpha promoter. All the data are representative of three technical and three
biological replicates.
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Additionally, PCR and sequencing analysis, following the same strategy
previously described for the mammalian cells, showed attL/attR sites formation and
egfp flipping to the forward orientation for all Ints evaluated (Fig. 4c; Supplementary
Figs. 12 and 13), even for the Int 5 test condition, in which EGFP-positive cells were
detected at a very low level by flow cytometry analysis.

The cell viability in protoplasts after Ints activity was measured using
fluorescein diacetate (FDA) hydrolysis assay. Also, as observed in mammalian cells,
in protoplasts no marked cell impairment was observed after 24 h of the integrases
transformation (Eig. 4d).

Another important concern related to the use of Ints is the accuracy with which
the Ints mediate the site-specific recombination. Therefore, the individual sequence
clone reads, obtained from PCR amplicons, were aligned with the expected flipping
plasmid sequence, trimmed, and analyzed for all three cell model systems evaluated.
In addition to confirming Int functionality, DNA sequencing demonstrated minimal
errors in the recombined attL/attR sites, indicating that these proteins are not error
prone. For only Int 4 in the bovine fibroblast system and Int 7 in the protoplast
system, one covered SNP was observed at the attR sites. However, mutations were
also observed in the egfp sequence for most clones sequenced, suggesting that the
observed mutations may be due to PCR errors instead of imprecise Int recombination
(Supplementary Table 3; Supplementary Data 1, 2, 3).

Sequencing analyses also evidenced a one-base difference for the Int 9
attL/attR attachment sites compared to the original described by Yang et al.'®
(Supplementary Fig. 14). These data indicate that the adenine after the previously
marked attB core and a thymine after the attP should be part of the Int 9 crossover
site. However, this arrangement would lead to a one-base difference between the
attB/attP cores, making it impossible for dinucleotide overhang recombination to
occur after integrase subunit rotation®’. Thus, we found a possible arrangement with

the next CT dinucleotide as the core for the Int 9 attachment sites.


https://www.nature.com/articles/s42003-020-0971-8#Sec23

Int4 Int7 phiC31

1041 .
/G/Fé { EFPY
2 100y /

Chloroplast red intensity

pSG

pIE + pSG

GFP intensity
a a a
40 W plE . a . a a
o) SG I a e
=X P! H . a . . .
=~ 30 . pGFP : : s b
= mmm plE + pSG ° . H
] b
© 20 b b
-+ (] b
o
E 10 b
w d c c c c b c c c c b b c c c c
0 @ o @ O @ o @ o @ o @ o @ o @ o
Int 2 Int 4 Int5 Int 7 Int 9 Int 13 phiC31 Bxbl
c attL attR d
< < T " 2.00
IE - - - -
,,';G .-+ - .-+ -4+ = plE
pGFP -+ - - - -+ - 1.754 I DMSO
o 1650 bp !‘ T Gt 1650 bp e mmm mock
E 1000 bp . 1000bp - 1.50
<t 1650 bp e 1650 bp e
& 1000 - oo 1.25
) 1650 bp R »:‘-_"_, 1650 bp “_' ¥
E 10000p j g 1000 bp -_ 1.00

E 1000 bp

1650 bp
1000 bp

1650 bp [
1000 bp |

LR Ol
cell viability (fold of mock)

=]
g
v

o
n
o

68

) 1650 bp [ ' 1650 bp

o 1000bp 1000 bp "

£ e 0.25

] 1650 bp

8 iggg ES _ e _ G 00

= .

. 1650 bp [ e 1650 bp [ Vv B ) A 9 ,;’7 Yy & C,O &
o 1000bp o "' 1000 bp jg . N & 3 & & " O 4 o
g i SN & § &

Fig. 4 Functional characterization of the genetic switches in plant protoplasts. a Flow cytometry
distribution of protoplasts at 24 h post cotransformation for Ints 2, 4, 7, 9, 13, phiC31 and Bxb1, the
integrases that led to the highest EGFP-expressing cell frequencies. The heat map indicates the
scattering of high cell concentrations (warm colors) to low cell concentrations (cool colors). The gate
encompasses the EGFP-expressing cell population. b Bar graph plots showing the total average
percentage and standard deviation of a cell population expressing EGFP in biological repeat assays (n
in Supplementary Table 2) and circles showing the technical triplicate average of each assay on the y
axis. The x axis contains the different conditions. For each Int data group, different letters indicate
significant differences (p<0.05). ¢ Amplicons obtained through PCR analysis using two specific primer
sets, the first set to verify attL formation and the second set to verify attR (highlighted in Fig. 1). The
expected amplicon sizes in the Int test groups varied from 948 to 983 bp for attL and from 1136 to
1132 bp for attR. Negative control cells were transfected with only one of the two vector sets, that is,
integrase expression (plE) or switch GFP (pSG) vectors, plus a mock plasmid. Positive control cells
(pGFP) have an egfp sequence in the forward orientation under the control of the CaMV 35S
promoter. All the data are representative of three technical and three or more biological replicates. d
Bar graph plots showing the viable cells average (circles corresponding to technical replicates
averages) and standard deviation normalized with mock plasmid positive cells obtained after FDA
assays. DMSO corresponds to the impairment negative control. The cells were transfected with plE
vectors in technical triplicates and three biological replicates (except for Int 7, for which there was
three technical and two biological replicates).
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Promoter as switchable genetic part and Ints orthogonality

We wanted to evaluate whether a different genetic component could be used
as a switchable part and if these proteins were orthogonal. To this end, A. thaliana
protoplast was chosen as a model organism, since we observed a high number of
cells expressing EGFP in this system, indicating robust Int activity. Three Ints with
variable levels of efficiency were selected: Ints 2, 4, and 5. Although Int 13 led to the
highest egfp activation in protoplasts, it was not selected because there is an ATG
start codon in the attR site formed after recombination, what would remove the egfp
gene sequence frame; and because Yang et al.'® reported a constitutive promoter
activity for Int 13 attP site.

In this proposal, the switch GFP construct (set 2 plasmid) was redesigned,
placing the constitutive promoter, CaMV 35S, in the reverse complement orientation
flanked by the attB and attP sites of Ints 2, 4, and 5 in tandem, followed by the egfp
sequence in the forward orientation; this construct was named the switch promoter
vector (pSP) (Eig. 5a). Flow cytometry data showed 32.2, 38.6, and 12.5% EGFP-
positive cells in the protoplast population cotransformed with the pIE Int vectors 2, 4,
and 5 + pSP, respectively (Fig. 5b, c¢; Supplementary Figs. 3 and 15). Residual EGFP
accumulation on the pSP negative control cells was observed; however, all three Int
tests exhibited statistically significant differences compared to the negative control
groups (p=1.51 x 10-1!; Supplementary Table 4). Notably, a higher EGFP-positive cell
frequency was observed for the Int 2 test than for the flipping strategy with the switch
GFP vector.

PCR and sequencing analysis corroborated these results, showing attL/attR
sites formation and CaMV 35S flipping, driving the RNA polymerase to transcribe the
egfp gene (Fig. 5d; Supplementary Fig. 16). Because we used primer sets flanking
the recognition sites of Ints 2, 4, and 5 (Fig. 5a, activated switch promoter vector), we
could observe that each Int only recognized its own attB/attP sites (Supplementary
Fig. 17), with just one covered deletion observed at the formed attL site of Int 5
(Supplementary Table 5, Supplementary Data 4). These results indicate that Ints 2,
4, and 5 are accurate and orthogonal. In conclusion, the promoter sequence can also

be used to build genetic switches.


https://www.nature.com/articles/s42003-020-0971-8#Sec23

70

Activated Switch Promoter vector

— - e T

2 45 5 4 2

a

promoter - s
b pIE + pSP
i pSP Int4 Int5
a 107 ] 107
=
2 10°
£
B 10°
%‘ 10
=3
9 10°
S
= . .
O GFP intensity
c d
$60 a ab pIE Int 2 -+ - - - - -+ - .
I L] plEintal - - + - - - - - + -
= . b
g 0 ¢ pEmMts| - - - + - - - - - +
:20 o ¢ pSP - - - - + - - + + +
5 d ﬁ pGFP[ - -~ - - - * - - - -
ol ¢ a o KA pGFP plasmid e om m w s w o w e
o~ < n o [« 9 o o [
4 ) ) w w v %) (%2
E £ £ oy aaa —
& & & 4+ % 500 bp s -‘--_,
2 a a N3] 300 bp — — =]
£ £ = p— 5]
Wow ow
& e e 500 bp - - -
300 bp s S «

Fig. 5 Promoter as a switchable genetic part in plant protoplasts. a Schematic representation of
the CaMV 35S promoter as a switchable genetic part. In this case, the switch vector was redesigned
to contain the promoter in the reverse complement sequence orientation flanked by the attB and attP
sites of three different Ints (2, 4 and 5) in tandem; this construct was named the switch promoter
vector (pSP). The integrase expression vectors (plE) for each Int were cotransformed separately with
the pSP, and each resulting activated promoter vector is shown. b Flow cytometry distribution of
protoplasts at 24 h post cotransformation. The heat map indicates the scattering of high cell
concentrations (warm colors) to low cell concentrations (cool colors). The gate encompasses the
EGFP-expressing cell population. ¢ Bar graph plots showing the total average percentage and
standard deviation of a cell population expressing EGFP in biological repeat assays (n=3) and circles
showing the technical triplicate average of each assay on the y axis. The x axis contains the different
conditions. Different letters indicate significant differences (p<0.05). d Amplicons obtained through
PCR analysis using two specific primer sets. The first primer set (blue) was complementary to the pSP
vector backbone sequence (forward) and promoter sequence (reverse). Expected amplicon size: 429
bp. The second primer set (red) was complementary to the promoter sequence (forward) and egfp
coding sequence (reverse). Expected amplicon size: 438 bp (primers are colored and marked in letter
a). Negative control cells were cotransformed with one of the integrase expression vectors (plE) plus a
mock plasmid or with the switch promoter vector (pSP) plus a mock plasmid. Positive control cells
(pGFP) have a plasmid containing the egfp sequence under the control of the CaMV 35S promoter in
the forward orientation plus a mock plasmid. Expected amplicon size for pGFP: attL gel: 285 bp; attR
gel: 227 bp. These amplicons were smaller than those obtained under the test conditions due to the
absence of the Int attachment sites. All the data are representative of three technical and three
biological replicates.
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Ints activity in primary human T lymphocytes and stem cells

As a proof of concept, unidirectional genetic switches using integrase
expression (plE) and switch GFP (pSG) vectors were tested in human peripheral
blood mononuclear cells (PBMCs), the main source of T lymphocytes. These cells
were chosen due to their significance in several different areas of health research,
such as vaccine development, hematological malignancies, high-throughput
screening, and immunology. Recently, T lymphocytes have gained importance in
cancer immunotherapies®3° through their clinical use with or without genetic
manipulation. Considering the results obtained for HEK 293T cells, we selected Int
13, an integrase with highly detectable functionality, and Int 4, which showed a low
frequency of EGFP-expressing cells, to be tested with PBMCs; phiC31 and Bxbl
were also evaluated. Flow cytometry analysis showed that the Int 13 and Bxbl tests
resulted in the same EGFP-expressing cell frequency (7%) in PBMCs extracted from
three healthy independent donors (Fig. 6a, b; Supplementary Fig. 18). These results
indicate that Int 13 and Bxb1l were able to promote the inversion of the egfp coding
sequence to the forward orientation, leading to that high EGFP-expressing cells
frequency, equivalent to 87.5% of the result observed in the positive control
population (pGFP).

PCR and sequencing analysis performed using the same strategy previously
described for the other switch GFP assays corroborated these data and expanded
the data, showing that Ints 4 and phiC31 were also capable of flipping the egfp
coding sequence (Fig. 6¢; Supplementary Figs. 19 and 20). The DNA sequence
reads obtained were also aligned with the activated plasmid expected sequence, and
the covered mutations were counted. Only a few SNPs were observed at the formed

attL/attR sites (Supplementary Table 6, Supplementary Data 5).
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Fig. 6 Int activity in primary human T lymphocytes from PBMCs isolated from three
independent donors. a Flow cytometry distribution of PBMCs at 48 h post electroporation for GFP
switch tests with Int 13 and Bxbl, the integrases that led to the highest EGFP-expressing cell
frequencies. The heat map indicates the scattering of high cell concentrations (warm colors) to low cell
concentrations (cool colors). The gate encompasses the EGFP-expressing cell population. b Bar
graph plots showing the total average percentage and standard deviation of a cell population
expressing EGFP in biological repeat assays (n=3) and circles corresponding to single data points
from each donor material. The x axis contains the different conditions. In the PBMCs assays, Ints 2,
13, phiC31 and Bxb1l were evaluated. ¢ Amplicons obtained through PCR analysis using two specific
primer sets, the first set to verify attL formation and the second set to verify attR (highlighted in Fig. 1).
The expected amplicon sizes in the Int test groups varied from 1021 to 1104 bp for attL and from 1058
to 1084 bp for attR. Negative control cells were electroporated with only one of the two vector sets,
that is, integrase expression (plE) or switch GFP (pSG) vectors. Positive control cells (pGFP) have an
egfp sequence in the forward orientation under the control of the EF1 alpha promoter. All the data
were representative of three donors, corresponding to biological triplicates with single measurements.

Additionally, this study aimed to investigate Int functions in another human cell
type used as an efficient in vitro model in studies on several diseases and
embryogenesis. Switch systems using integrase expression vectors (plE Ints 2, 9, 13,
phiC31 and Bxb1) and the respective switch GFP (pSG) vectors were thus evaluated
in neural stem cells (NSCs), and undifferentiated human embryonic stem (hES) cells.
The plasticity of these cells has made them the focus of basic developmental
research and also of the challenging regenerative medicine field. As an example,
NSCs exhibit promise in the treatment of neurodegenerative diseases*®. The hES-

BR-1 cell line was the first hES cell line established from the Brazilian population and
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is a relevant model for stem cell assays*!. The flow cytometry measurements were
within a narrow range, with 2.0 to 3.9% EGFP-positive cells observed in the Int 2, 9
and 13 tests (Eig. 7), indicating that these Ints are functional in these relevant
disease modeling systems. PhiC31 and Bxbl tests exhibited the highest values,
showing activity in between 9.6 and 24.8% of EGFP-positive cells (Fig. 7).
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Fig. 7 Int activity in stem cells. Flow cytometry distribution of NSCs (a) and hES cells (b) at 48 h
post electroporation for GFP switch tests with Ints 2, 9, 13, phiC31, and Bxbl. The heat map indicates
the scattering of high cell concentrations (warm colors) to low cell concentrations (cool colors). The
gate encompasses the EGFP-expressing cell population. Bar graph plots showing the total average
percentage and standard deviation of NSCs (c¢) and hES cell (d) populations expressing EGFP in
biological repeat assays (n=3 for NSCs; n=2 for hES cells) and circles showing the technical triplicate
average of each assay on the y axis. The x axis contains the different conditions. In the stem cell
assays, Ints 2, 9, 13, phiC31, and Bxbl were evaluated. Negative control cells were transfected with
only one of the two vector sets, that is, integrase expression (plE) or switch GFP (pSG) vectors.
Positive control cells (pGFP) have an egfp sequence in the forward orientation. All the data are
representative of three technical and three (NSCs) or two (hES cells) biological replicates.
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Discussion

Although tools based on activators and repressors, including recently modified
CRISPR-Cas9 systems?*’, are used to regulate eukaryotic gene expression, there
remains a need for new technologies that are scalable and precise for multiplex gene
regulation control. In our study, through eukaryotic cell-based assays, we
demonstrated the widespread use of six Ints 2, 4, 5, 7, 9, and 13 as genetic switchers
in mammalian and plant cells. All the Ints tested were able to i) recognize their
respective predicted attB/attP sites, ii) generate the predicted attL/attR sites, and iii)
invert the egfp or promoter sequences. Furthermore, our results demonstrated that
these six Ints have different degrees of functionality depending on the eukaryotic cell
type or the genetic part to be flipped, potentially leading to a tunable system. Of the
six Ints evaluated, the flow cytometry analysis showed that Int 13 led to the highest
proportion of EGFP-expressing cells in all three eukaryotic model systems. Int 13
(NCBI No. WP_012095429.1) is a protein with 55.5 KDa in a range of 54.0 to 67.1
KDa among the eight integrases evaluated, and it was identified from a prophage
inside Bacillus cytotoxicus NVH 391-98'843, Int 9 for bovine fibroblasts and Int 4 and
Int 9 for plant protoplasts were set at the second position. PhiC31 and Bxbl,
characterized elsewhere, yielded the highest EGFP percentage values only for HEK
293T cells, slightly overcoming Int 13 activity. On the other hand, for bovine
fibroblasts, Bxb1l exhibited activity close to that of Int 9, and phiC31 showed low
activity. In protoplasts, these integrases promoted an intermediate effect, similar to
that of Int 7. Ints 9, 4, and 13 yielded higher percentages of EGFP-positive cells than
phiC31 and Bxbl in this plant model. Moreover, interestingly, in the study conducted
by Yang et al.*® in bacteria, Ints 2, 4, 5, 7, and 13 yielded 100% GFP-positive cell
populations and Int 9 yielded approximately 80%. In eukaryotic model systems,
different inherent factors of these highly complex organisms can be hypothesized to
interfere with integrase functionality, leading to different overall results. However, this
variability of Ints potency in eukaryotic systems can be used to design genetic circuits
with distinct functionalities and modulation proprieties.

Despite none of these Ints were previously evaluated as regulators of gene
expression in eukaryotic cells, two studies evaluated different Ints performing other
functions in yeast (Saccharomyces cerevisiae) and in two mammalian cell types?>2°.

These authors showed that ten out of 14 integrases were active in S. cerevisiae
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through recombinase exchange reactions and that seven out of 15 Ints promoted
site-specific deletions in both lineages of mammalian cells. They also showed that
seven Ints were cytotoxic in yeast and that all 15 were cytotoxic in mammalian cells
to some degree, and some of the Ints were error prone in the mammalian systems.
Here, the attL/attR sites were amplified and sequenced, and no mutations in these
sites were found for Ints 2 and 9 in any of the models tested. Regarding the other
Ints, only a few mutations were observed in some models. Additionally, our cell
viability assays indicated no limiting toxicities related to the integrases activity,
suggesting that the systems reported herein can be used in stable expression-based
experiments.

Taking into account the CaMV 35S promoter-based switch construction for
protoplasts, despite a residual leak observed in the switch promoter vector negative
control, Int 4 and Int 5 led to a result that was compatible with the switch GFP
system. Int 2, however, exhibited a much higher number of EGFP-positive cells when
the promoter was flipped than when the egfp sequence was. Moreover, this system
suggested that these three Ints are orthogonal, as previously demonstrated in
bacteria's.

Therefore, these proteins can be multiplexed in different combinations of
genetic switches or logic gates based on Boolean algebra to build genetic circuits.
Such applications would facilitate differential control of metabolic routes or synthetic
transgenic systems in livestock animals or crop plants, allowing precise and efficient
regulation of gene expression regarding, for example, abiotic/biotic conditions or
growth timing responses to activate or deactivate resistance, defense, or nutritional
improvement genes.

An important challenge to be considered in studies that aim to develop
biotechnological tools with wide applicability is proof of concept. Here, in addition to
the evaluation of Ints in model systems, unidirectional genetic switches were
evaluated in cells of great clinical relevance, such as primary T lymphocytes, and
stem cells3%4445 The therapies based on T lymphocytes and stem cells represent a
field of research with a demand for transcription systems with fine-tuning
capabilities*®, such as the Int-based systems described in this study. As for the model
systems HEK 293T cells, bovine fibroblasts, and plant protoplasts, our results in
PBMCs, NSCs and hES cells showed that the evaluated Ints were able to recognize

the attB/attP sites, precisely forming the attL/attR sites and performing the 180°
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rotation (flip) of the egfp coding sequence. Accordingly, not all the Ints tested led to
high frequencies of EGFP detection by flow cytometry and microscopy analysis,
indicating differential Int activity in these cells. These results are very relevant
because, first, we were able to show that these phage proteins are active in
eukaryotic cells used in a variety of biologically important studies, reinforcing the
robustness of the Int platform*’. Second, we can foresee the construction of genetic
circuits to improve the already successful cancer immunotherapy strategies and for a
wide range of potential applications of Ints in disease modeling in vitro and in
therapeutic-based approaches in human stem cells. One important contribution in
this context can be wusing Ints to refine specific temporal/space gene
activation/deactivation, minimizing potential undesired side effects.

The use of Ints can also be expanded to the study of essential genes in
eukaryotic organisms. Recently, Cre/Lox tyrosine integrases were utilized in a
SCRaMbLE analysis to identify nonessential genes from chromosome IIl of S.
cerevisiae®®. However, due to the use of only one integrase, all genes called
nonessential were extracted from the genome of this organism at the same time,
resulting in immediate loss of cell viability due to unknown genome redundancy?.
Our work led to a considerable increase in the number of functionally characterized
Ints that were available for use in eukaryotic cells. Now, these Ints can be
multiplexed to flank several endogenous genes in random combinations, making it
possible to knockout separate groups of genes. Ultimately, this multiplex strategy can
allow the investigation of functional gene redundancy on the genome-scale.
Furthermore, as different Ints have different degrees of functionality, these proteins
can be used in studies of vital multifamily genes, allowing modulation of gene
expression, or even to evaluate extrachromosomal toxic protein-coding genes. Due
to their accuracy, Ints can also be used to investigate the roles of specific domains of
selected genes or gene families, flanking predicted functional domains with their
attB/attP sites and triggering the flipping of these sequences to the nonfunctional
reverse orientation in a specific tissue or developmental stage. Finally, these proteins
can also be used as DNA barcodes to identify cell lineages in developmental and
evolutionary studies?®.

Importantly, in this study, six Ints were evaluated, so the number of functional

Ints in eukaryotic cells can be substantially increased by taking into account the pool
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of more than 4,000 integrases observed by Yang et al.'® in sequence databases with
predicted recognition sites for 34 of these proteins.

Furthermore, studies regarding nuclear localization and protein accumulation
could be performed, leading to improvement in Int functionality with the addition of
NLSs or removal/modification of putative degradation signals. Last, the results
presented in this work indicate that Ints 2, 4, 5, 7, 9, and 13 can further be used for a

myriad of biotechnological applications.

Methods

Integrases and plasmids. The serine integrases 2, 4, 5, 7, 9, 138, phiC31°° and
Bxb12? were codon optimized by an online codon optimization tool (IDT software) for
expression compatibility in the respective eukaryotic system: for mammalian cells,
the proteins were codon optimized for expression in Homo sapiens, and for
protoplasts, the proteins were codon optimized for expression in A. thaliana. Two
plasmid sets were synthetically constructed (Epoch Life Science Inc.) to compose the
genetic switch systems. The first plasmid set was constructed to express the Int gene
(integrase expression vectors (plE)). The second plasmid set, the switch vectors,
carried the reporter egfp gene (switch GFP vectors (pSG)) or its promoter (switch
promoter vector (pSP)) in reverse complement orientation, flanked by the attB site
and the reverse complement sequence of the attP site of the Int expressed by the
first plasmid. Addgene accession numbers of all vectors used in this study are
described in Supplementary Table 1. Vector's part sequences are also provided in

Supplementary Methods.

Mammalian system plasmids. For the integrase expression vectors, Ints 2, 4, 5, 7,
9, 13, phiC31 and Bxb1l were placed under the control of the ubiquitin promoter and
B-globin poly(A) signal terminator. The coding sequences of these integrases were
cloned into the pUB-GFP plasmid (Addgene, 11155), replacing the GFP-coding
sequence, which resulted in a set of integrase-expressing vectors called pUB-
HspINTX (X=2, 4, 5, 7, 9, 13, phiC31 or Bxb1l). For the switch GFP vectors, the egfp
coding sequence (Addgene, 11154) was cloned in reverse complement orientation,
flanked by the attB site and the reverse complement sequence of the attP site of the

individual Ints 2, 4, 5, 7, 9, 13, phiC31 and Bxbl. These cassettes were cloned into
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the pEF-GFP plasmid (Addgene, 11154), replacing the original egfp coding sequence
under the regulation of the EF1 alpha promoter and B-globin poly(A) signal
terminator. The resulting switch GFP vectors were named pEF-GFP(rc)X (X=2, 4, 5,
7, 9, 13, phiC31 or Bxbl) (Supplementary Fig. 1a). The GFP expression-positive
control pT3-Neo-EF1a-GFP (Addgene, 69134) was used for HEK 293T and PBMCs
assays,; the pEF-GFP plasmid (Addgene, 11154) was used for bovine fibroblast
assays; and the pT2-GFP (previously kindly provided®') was used for NSCs and hES

cell assays.

Plant system plasmids. In this system, the Ints 2, 4, 5, 7, 9, 13, phiC31 and Bxbl
CDS, under the control of the actin2 gene promoter®? and NOS terminator (pBIl426
plasmid®3), were cloned into the pUC57, pSB3K3 or pBluescript Il SK(-) vectors by
Epoch Life Science Inc. These plasmids resulted in a set of integrase expression
vectors, individually called pAct-AtINTX (X=2, 4, 5, 7, 9, 13, phiC31 or Bxbl). The
egfp® coding sequence in a reverse complement orientation, flanked by attB and the
reverse complement sequence of the attP attachment site of the Ints 2, 4, 5, 7, 9, 13,
phiC31 and Bxbl, was placed under the control of the CaMV 35S promoter (iGEM
registry BBa_K1547006) and the NOS terminator, constituting a set of switch GFP
vectors for plants. These cassettes were inserted into the plasmids pUC18 or
pBluescript SK(-) (Epoch Life Science Inc.), resulting in p35S-GFP(rc)X (X=2, 4, 5, 7,
9, 13, phiC31 or Bxbl) (Supplementary Fig. 1b). For the plant system, a second
switch vector was constructed. This vector consisted of the reverse complement of
the CaMV 35S promoter flanked by the attB and the reverse complement sequence
of the attP sites of the Ints 2, 4 and 5, sequentially positioned together (Fig. 5a). This
promoter cassette was synthesized (Epoch Life Science Inc.) and cloned, replacing
the CaMV 35S sequence in the positive control vector pCaMV35S-GFP?¢, The final

vector was called p35S(rc)2_4 5-GFP and was used as the switch promoter vector
(pSP).

HEK 293T maintenance and PBMCs isolation. The human embryonic kidney cell
lineage HEK 293T (a gift from Dr. Elio Vanin of St. Jude Children’s Research
Hospital) was cultivated in 75-cm? tissue culture flasks with 15 ml of Dulbecco’s
modified Eagle’s medium (DMEM; Gibco), 10% fetal bovine serum (FBS; HyClone)

and penicillin-streptomycin (10 U/ml; Gibco). The cells were detached and seeded
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every 2-3 days at below 80% confluence. For PBMCs, white blood cells from healthy
blood donors were collected using a leukocyte reduction filter (RS; Haemonetics) and
washed with phosphate-buffered saline (PBS). To isolate PBMCs, a density gradient
centrifugation was performed using Ficoll-Hypaque®-1077 (GE HealthCare)
(deceleration off; centrifugation for 20 min at 800 x g) followed by three washes with
PBS. The use of PBMCs from healthy donors was approved by an Institutional
Review Board (the Brazilian National Cancer Institute (INCA) Ethics Committee), and

donors signed review board-approved informed consent forms.

Human stem cell culture. Neural stem cells (NSCs) differentiated from induced
pluripotent stem cells (iPSCs)>* and pluripotent human embryonic stem cells (hES,
BR-1 cell line)** were used. All human stem cell experiments were approved by the
ethics committee of Copa D’Or Hospital (CAAE number 60944916.5.0000.5249,
approval number 1.791.182).The cells were cultured/maintained in neural advanced
DMEM/F12 and neurobasal medium (50% v/v) plus neural induction supplement
(NIS) medium (all from Thermo Fisher Scientific), called NEM (neural expansion
medium), over Geltrex (Thermo Fisher Scientific) at 37°C in 5% CO» as previously
described®*>>, hES cells were cultured in mTeSR medium (Stem Cell Technologies)

over Geltrex.

HEK 293T transfection. A total of 4 x 10° HEK 293T cells were plated in 75-cm?
flasks with 15 ml of DMEM (Gibco), 10% FBS (HyClone) and penicillin-streptomycin
(10 U/ml; Gibco). After 24 h, the medium was removed, and 10 ml of fresh
DMEM/FBS was added. In the next step, 5 pg of each integrase expression vector
pUB-IntX (X= 2, 4, 5, 7, 9, 13, phiC31 or Bxbl) and each switch GFP vector pEF-
GFP(rc)X carrying the respective integrase site were added to 500 ul of 2X CacCl; at
250 nM. Next, 500 ul of HBS (pH 7.1) was slowly added while the solution was
vortexed at 10,000 rpm. Bubbles were produced in the solution with a Pasteur pipette
and mixed. The solution was incubated for 10 min at room temperature and then
dripped with the Pasteur pipette throughout the flask. The medium was changed after

16 h. The results were analyzed 48 h after the transient transfection.

PBMC, NSC, and hES electroporation. Cells (1 x 10’ PBMCs, 1x10°% NSCs or hES

cells) were transferred to a sterile 0.2-cm cuvette (Mirus Biotech®) and
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electroporated as previously described®!. Briefly, PBMCs and hES cells were
resuspended in 100 pl of 1SM buffer, and NSCs were resuspended in 100 pl of 1S
buffer. PBMCs were electroporated with 5 ug of each integrase expression (plE) and
switch GFP (pSG) plasmids using the U-14 program of the Lonza® Nucleofector® Il
electroporation system. NSCs and hES cells were electroporated with 12 ug of plE
plasmids and 8 pg of pSG plasmids using A-33 and A-23, respectively, from the
Lonza® Nucleofector® Il electroporation system. The mock control was
electroporated with 100 pl of 1SM (PBMCs and hES cells) or 1S (NSCs) buffer
without plasmid (used to set flow cytometry gates). After transfection, PBMCs were
gently resuspended in 1 ml of prewarmed RPMI medium supplemented with 2 mM L-
Glu and 20% fetal calf serum (FCS; Gibco). NEM was used for NSCs, and mTeSR
was used for hES cells. All cells were cultured for 48 h after electroporation for

transient transfection, and then, the analyses were performed.

Bovine fibroblast isolation. Fibroblasts were isolated according to the protocol
described by Freshney®® with some modifications. The cells were removed from 14-
month-old Nelore (Bos indicus) bull oxtail by biopsies and washed three times in
0.05% trypsin (Gibco). The cells were then transferred to 25-cm? cell culture flasks
and incubated in DMEM (Gibco) supplemented with 10% FBS (Gibco) and penicillin-
streptomycin at 37°C in a 5% CO. atmosphere. After three passages, or when the
fibroblast cultures showed homogeneity, the cells were ready for transfection. Cell
cultures with 60% to 70% confluence were picked. The use of the bovine cells was
approved by the Ethics Committee on the Use of Animals (CEUA) of Embrapa
Genetic Resources and Biotechnology in March 2013 under the reference number
001/2013.

Bovine fibroblast cell transfection. After growth, the cells were enzymatically
dissociated with a trypsin solution (0.5% trypsin, 0.2% EDTA), and after 10 min, the
reaction was inactivated using DMEM (Gibco). The cells were counted in a Neubauer
chamber, transferred (10° cells/well) to 24-well culture dishes and grown for 24 h,
when they reached >70% confluence. Primary bovine fibroblasts were cotransfected
with 350 ng of each of the two plasmid sets utilizing Lipofectamine LTX & Plus

Reagent (Invitrogen) and cultured in Opti-MEM (Invitrogen) according to the
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manufacturer’s instructions. The results were analyzed 48 h after transient

transfection.

Protoplast isolation. The protoplasts were obtained following the protocol described
by Yoo et al.’” with some modifications. A. thaliana ecotype Columbia was grown
under a 12 h light/Z12 h dark cycle at 22°C. Four to 5 weeks after seeding,
approximately 20 young leaves were collected, transferred to a plate with W5
solution (154 mM NacCl, 125 mM CaClz, 5 mM KCI, 2 mM MES, pH 5.7), and scalped
by using a blade. Then, the leaves were placed on a digestion plate containing 5 ml
of enzyme solution [0.5 M mannitol, 20 mM KCI, 20 mM MES (pH 5.7), 0.2%
pectolyase (Sigma-Aldrich), 0.5% driselase (Kyowa Hakko Bio Co., Ltd.), 1.5%
cellulase (Sigma-Aldrich), 10 mM CacClz, 1 mg/ml BSA]. A 15-20 pol Hg vacuum was
applied three times for approximately 5 seconds, and the plate was incubated at
room temperature in a platform shaker at 40 rpm for 3 h. The digested sample was
filtered through a 44-um mesh, and the W5 solution was added to wash the obtained
protoplasts, followed by centrifugation at 100 x g for 2 min. After two additional
washing steps followed by centrifugation with 10 ml of W5, the protoplasts were
resuspended in 1 ml of MMg solution (0.4 M mannitol, 15 mM MgCl2, 4 mM MES, pH

5.7), and the concentration was adjusted to 4-5 x 10° protoplasts/ml.

Protoplast transformation. Cotransformation was performed in a 15-ml Corex tube
using 100 pl of 4-5 x 10° protoplasts/ml, 10 ug of each desired plasmid DNA of the
two sets of vectors and 110 ul of 40% PEG solution [PEG 4000 (Sigma), 0.2 M
mannitol, 100 mM CacCl;] for each reaction (scaling up to 6 reactions per tube). After
15 min, the reaction was stopped with 2 volumes of W5 solution, centrifuged at 100 x
g for 2 min, resuspended in 500 pl of W1 solution (0.5 M mannitol, 20 mM KCI, 4 mM
MES, pH 5.7) (each reaction) and plated on a 12-well plate. The plates were
incubated at room temperature in a platform shaker at 40 rpm, and the results were

analyzed after 24 h transient transformation.

Flow cytometry. HEK 293T cells, NSCs, hES cells, bovine fibroblasts, and A.
thaliana protoplasts were analyzed by flow cytometry in technical triplicates. PBMCs
were analyzed in one sample for each of the three donors. HEK 293T cells, PBMCs,

NSCs and hES cells were detached/resuspended from the culture flasks with cold
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PBS and washed again with PBS. Signal acquisition was performed with a FACS
Calibur (BD Biosciences), and the cells with FSC/SSC patterns compatible with
viable cells were gated. Then, a second selection was done for 7AAD negative
population. Analyses were performed using FlowJo software, version 10 (Tree Star).
Bovine fibroblasts were trypsinized from 24-well plates, where 200 pl of DMEM was
added per well. The contents were transferred to a microtube and centrifuged at 687
x g for 5 min, and the supernatant was removed, leaving approximately 50 pl for
analysis. Protoplasts from each well of 12-well plates were transferred to a microtube
and centrifuged at 100 x g for 1 min, and the supernatant was removed, leaving a
volume of approximately 50 ul. The entire contents of each tube were analyzed.
Bovine and protoplast cells were analyzed on an imaging flow cytometer (Amnis
FlowSight) under 488-nm laser excitation and a power of 60 and 10 mWw,
respectively. Signal acquisition in bovine cells was determined by channel 3 intensity
(filters at 566-635) versus channel 2 intensity (green EGFP reporter emission, 532-
555 nm). Signal acquisition in the protoplast population was determined by channel 4
intensity (chloroplast autofluorescence red emission, 610/30 nm) versus channel 2
intensity. Before the first reading, a no-gating population was acquired under intensity
channels and the imaging system from the Amnis FlowSight cytometer allowed
visually gating the viable cells population. Once the gate was set up, the samples
were acquired using this gate. The results from bovine and protoplast cells were
processed and visualized using IDEAS software. For mammalian systems, at least
10,000 single cells were analyzed, and for protoplasts, at least 1,000 single cells

were analyzed.

DNA extraction, amplification, and sequencing. For HEK 293T cells, PBMCs, and
bovine fibroblasts, total DNA was extracted from the pool of technical triplicates using
DNeasy Blood & Tissue Kits (Qiagen) after a 48-h assay. Plant protoplasts were also
pooled after a 24-h assay, and the DNA was extracted using the DNeasy Plant Mini
Kit (Qiagen). For all samples, the PCRs were carried out using appropriate primer
pairs (Supplementary Table 7) to amplify the attL and attR site-containing regions
from the reporter switch vectors (pSG and pSP) using Platinum Tag DNA polymerase
(Invitrogen). The Wizard® SV Gel and PCR Clean-Up System (Promega) was used
to clean the expected amplicon from the agarose gel. The PCR products were cloned

into the pGEM-T Easy vector (Promega) according to the manufacturer’s protocol
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and transformed into E. coli DH10B or XL1-blue chemically competent cells by heat
shock. The plasmid DNA was extracted by the Wizard® Plus SV Miniprep DNA
Purification System (Promega) and sequenced by Macrogen, always using the M13F
and M13R or SP6 and T7 primer pair for coverage sequencing. The obtained
sequences were aligned with the expected activated plasmid sequences and

trimmed using Geneious software (version 7.0.6).

Cell viability assays. HEK 293T cells and bovine fibroblasts were plated in 96 well
plates at a density of 1 x 10° cells/well in triplicates and grown for 24 h at 37°C in a
5% CO. atmosphere. The cells were cotransfected with plE and pSG vectors or only
with one of these vectors plus a mock plasmid as previously described proportionally
to a 96 well plate assay. For the impairment negative control were used 20 pL
dimethyl sulfoxide (DMSO; Sigma-Aldrich) for a final volume of 200 pL per well. After
48 h transient cotransfection, the cells were incubated with 15 pl of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Thermo Fisher Scientific)
(5 mg/mL) for 4 h at 37°C. Subsequently, the medium was removed and 150 pl
DMSO (Sigma-Aldrich) was added to each well to dissolve formazan crystals. A
microplate reader (Sunrise reader, Tecan) calibrated to read absorbance at 595 nm
was used to quantify the formazan product. Protoplasts were transformed with plE
vector of each integrase or with a mock plasmid in triplicates as previously described.
The impairment negative control was obtained with 50 pL DMSO (Sigma-Aldrich)
added per well to complete the final incubation volume of 500 uL. The fluorescein
diacetate (FDA; Sigma-Aldrich) assay was performed following Lin et al.>® protocol
with some modifications. After 24 h transient transformation, each sample was
incubated with 3 uL FDA work solution [10 pL stock solution (5 mg/mL) in 2.5 mL W1
solution] by 8 min and analyzed by flow cytometry as previously described. The work
solution was remade every 2 h. Channel 2 intensity was used to acquire FDA positive

cells population in an adequate gate corresponding to viable cells.

Statistics and Reproducibility

The dataset for the genetically activated cell proportion (EGFP+) obtained by flow
cytometry was analyzed using R software (version 3.6.0). The nonparametric
Kruskal-Wallis test was used to determine significant differences between controls

and test conditions of each Int group at the 5% statistical probability level.
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Data Availability

All plasmids constructed for this study are available in Addgene repository and the

accession numbers are listed in Supplementary Table 1. Also, the genetic sequence

parts used are listed in Supplementary Information. The complete sequence

alignment data set is available in Supplementary Data. The full dataset of positive

GFP cell proportion obtained by flow cytometry analysis in all cell experiments and

the OD acquisitions of MTT assays were deposited in Dryad Digital Repository

(doi:10.5061/dryad.dr7sqv9tv®®). Any other data are available from the corresponding

authors upon request.
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Supplementary Figure 1. Schematic representation of the vector sets synthesized for the
eukaryotic genetic switches and the resulting activated vector. For human, bovine, and plant
cells, two sets of plasmids were built to evaluate Int functionality. a For mammalian systems,
one plasmid contains the human codon optimized sequence of Int X (X=2, 4, 5, 7, 9, 13,
phiC31 or Bxb1) under the control of the ubiquitin promoter and B-globin poly(A) signal
terminator; this set was named the integrase expression vector (plE) set, composed of
plasmids named pUB-HspINTX. The other plasmid is composed of the reporter egfp gene in
the reverse complement (rc) orientation flanked by the recognition sites attB/attP of that
particular Int, under the control of a different strong constitutive promoter, namely, the
EFlalpha promoter, and the same terminator; this set was named the switch GFP vector
(pSG), with plasmids named pEF-GFP(rc)X. b For plant protoplasts, the plE vectors set
contains the A. thaliana codon optimized sequence of Int X under the actin2 promoter and
the NOS terminator, plasmids named pAct-AtINTX. The pSG vectors set has the egfp
sequence in the reverse complement orientation flanked by the recognition sites attB/attP of
that particular Int, under the control of the CaMV 35S promoter and the same terminator,
plasmids named p35S-GFP(rc)X (additional information on the plasmids is provided in
Supplementary Table 1). Both plasmids of each set were used to cotransfect/cotransform the
mammalian and plant systems. It was hypothesized that if a particular Int was functional, it
would switch the egfp coding sequence to the forward orientation, leading to EGFP
expression and formation of the attL/attR sites (activated switch GFP vector).



91

INTEGRASE NLS

INT_02 18R TTRLNAKRGGAHGPVPDGYKRRYPD# [6.0]

INT_04 260RERQRRRLGIEENHYTIPFQAKYMLSKFLRC2 [5.9]
INT_05

INT_07 BIRENLAERVKFGIEQMIDEGKK PGGHSPYGYKFDK D5 [5.4]
INT_09 BEQKEKGHSIEEQERKLRAYSDINDWK IHK VY43 [5.3]

INT_13 283 NRFIKKRKDGTEYC? [8.5]

Bxb1 52PEDRK RRPNLE! [5.0]

PhiC31 21REIK THKHLPFKPGSQAAIHPGSITGLCKRMDAD? [4.8]

Supplementary Figure 2. In silico prediction of the nuclear localization signal (NLS) for the
Int coding sequences. The NLS was predicted using NLS Mapper (available at http://nls-
mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi, accessed in 10/08/2018) with an
intermediate cut-off score (5.0). The positions of the first and last amino acids of the
predicted NLS sequence are denoted as superscripted numbers. The basic amino acids
arginine (R) and lysine (K) are highlighted in cyan. Scores are indicated in brackets.
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Supplementary Figure 3. Representative EGFP fluorescence images of the three model
eukaryotic cell systems cotransfected/cotransformed with integrase expression (plE) and
switch GFP or promoter (pSG or pSP) vectors. HEK 293T cells, bovine fibroblasts and plant
protoplasts were observed using an Axiovert 135M (Carl Zeiss) fluorescence microscope.
The images were acquired using an attached DS-Ril digital camera (Nikon) and the capture
software Nikon Digital Sight DS-L3 (Nikon) under a UV light with filter set 15 (Carl Zeiss).
Excitation: BP 546; beam splitter: FT 580; emission: LP 590. For each cell model, all images
were acquired with the same acquisition setting.
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Supplementary Figure 4. EGFP fluorescence determined by flow cytometry analysis of
HEK 293T cells. Representative scatter plots are shown indicating the EGFP fluorescence-
emitting population in the gate. Experimental groups were analyzed after 48 h. The integrase
expression vectors (plE) of the Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxb1 or the switch GFP
vectors (pSG) containing the egfp gene in reverse complement orientation flanked by
attB/attP sites of the Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxb1 indicate negative controls. pIE +
pSG indicates the cells cotransfected with integrase expression and switch GFP vectors (test
condition). Positive control cells were transfected with the pT3-Neo-EF1a-GFP plasmid
containing the egfp sequence in the forward orientation (pGFP).
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Supplementary Figure 5. EGFP fluorescence determined by flow cytometry analysis of
bovine fibroblasts. Representative scatter plots are shown indicating the EGFP fluorescence-
emitting population in the gate. Experimental groups were analyzed after 48 h. Negative
control cells were cotransfected with one of the plasmids from the integrase expression
vectors (plE) of the Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxbl or one of the switch GFP vectors
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(pSG) containing the egfp gene in reverse complement orientation flanked by attB/attP sites
of the Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxbl plus a mock plasmid. plE + pSG indicates the
cells cotransfected with integrase expression and switch GFP vectors (test condition).
Positive control cells were cotransfected with the pEF-GFP plasmid containing the egfp
sequence in the forward orientation (pGFP) plus a mock plasmid.
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Supplementary Figure 6. HEK 293T cells uncropped PCR gel images. Amplicons obtained
using two specific primer sets to verify attL (blue) and attR (red) formation after egfp flipping
as shown in the main text Fig. 2c.



Int 2

Int4

Int5

Int7

Int9

Int 13

phiC31

Bxbl

attL

98

attR

core attll

1 10 20 30 40 50 60 68

attLl 3
TTCCAAAGAGCGCCCAACGCGACCTGAAA TTAGCGGTCAAATAATTTG TAATTCGTTTATGG
TTCCAAAGAGCGCCCAACGCGACCTGAAATTTGAATTAGCGGTCAAATAATTTG TAATTCGTTTATGG

' 10 20 » a9 50 & e

Gls——— core attLl
GAGCGCCGGATCAGGGAGTGGACGGCCTGGGAGCGTTGACAACTTGCGCACCCTGATCTGATGE
GAGCGCCGGATCAGGGAG TGGACGGCC TGGGAGCGTTGACAAC TTGCGCACCCTGATCTGATGG

1 10 20 30 40 50 60 69
c attL1 =
AGACGAGAAACGTTCCGTCCGTC GTTGCCTAACCTTAACTTTT/ TTATGG

TGGGTCA ACGCAGGTTC,
AGACGAGAAACGTTCCGTCCGTCTGGGTCAGTTGCCTAACCTTAACTTTTACGCAGGTTCAGCTTATGG

1 10 20 30 40 50 60 67

al
TTTATATTGCGAAAAATAATTGGCGAACGAGG TAACTGCATAGTTATTCCGAACTTCCAATTAATGG
TTTATATTGCGAAAAATAATTGGCGAACGAGG TAACTGCATAGTTATTCCGAAC TTCCAATTAATGG

} 10 2 3 10 5 @ &

core attLl

GCATACATTGTTGTTGTTTTTCCAGATCCAGTTGTTTTAGTAACATAAATACAACT CCGAATAATGG
GCATACATTGTTGTTGTTTTTCCAGATCCAGTTGTTTTAGTAACATAAATACAACT CCGAATAATGG

10 20 3 40 4
attLl

[ e ] ==
GTGCCAGGGCGTGCCCTTGAGTTCTCTCAGTTGGGGGCCCATGG
GTGCCAGGGCGTGCCCTTGAGTTCTCTCAGTTGGGGGCCCATGG

1 10 20 30 40 s0 61
core attll fi—-¢
TCGGC! : ACAAACCCCGACCCCATGG

CGGCTTGTCGACGACGGCGGTCTCAGTGGTGTACGGT!
TCGGCCGGCTTGTCGACGACGGCGGTCTCAGTGGTGTACGGTACAAACCCCGACCCCATGG

1 10 20 30 40 50 60 65
PERR EGFP core attR2

AGTAAGACGAGC TGAGCAGTATGTCGACGGTCCGGCGAGAATCTCGCGTAGACACATACATGAGC
AGTAAGACGAGCTGAGCAGTATGTCGACGGTCCGGCGAGAATCTCGCGTAGACACATACATGAGC

! 10 2 £y 0 50 6 5

LEER E core attR2

AGTAAAATCATCGCCTTTACACAAGCAGCAGTCTTATTCAAATCAAGGGTTGAAAACTTTGTAATTTTT
AGTAAAATCATCGCCTTTACACAAGCAGCAGTCTTATTCAAATCAAGGG TTGAAAACTTTGTAATTTTT

1 10 20 30 a0 50 60 66

s core attR2
AGTAAGCACCGACCGCAGCCACAGCGTGTAGCGC TCCCAGGAGAGTTATCGACTTGCGTATTAGGG
AGTAAGCACCGACCGCAGCCACAGCGTGTAGCGC TCCCAGGAGAGTTATCGACTTGCGTATTAGGG

} 1 0 ¥ g 5 50 7
e c attR2
AGTAAAAGGAACGGACGACCCGGTCATCAACTTTGCCCATGTAAACTTAACTC TCACACAGGTTTATAACACC

AGTAAAAGGAACGGACGACCCGG TCATCAACTTTGCCCATGTAAACTTAACTC TCACACAGGTTTATAACACC

! 10 2 » a0 s & 60

.. 3 attR2
AACAAATTTTAATTGGCGGATGAGG TATCCAGATACCTGATACACACTTCCAACAARAACAACCAC
AGTAACAAATTTTAATTGGCGGATGAGG TATCCAGATACCTGATACACACTTCCAACAAAAACAACCAC

1 10 20 30 40 50 60 0
+ « « I USRI core attR2
AGTAAACTCACATGGATTGC TTATATTTACAGGACCAACTGG TCAAGTTC TACAAATACAACCGTTATTG

AGTAAACTCACATGGATTGCTTATATTTACAGGACCAACTGGTCAAGTTCTACAAATACAACCGTTATTG

] 10 20 » 2 Y
oo o WEERE GO aRr ) core attR2

AGTAACTCGAGCGCGCCCGGGGAGCCCAAAGGTTACCCCAGTTGGGE

AGTAACTCGAGCGCGCCCGGGGAGCCCAAAGGTTACCCCAGTTGGGG

1 10 20 30 40 50 60 65

core attR2

T
AGTAACTCGAGGCCCGGATGATCC TGACGACGGAGACCGCGGTGG TTGACCAGACAAACCACGAC
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Supplementary Figure 7. Representative sequence reads showing the attL and attR sites
obtained after Int activity in HEK 293T cells compared to the predicted sequences (grey
highlighted). attL1 and attR1 correspond to the flipped attP and attB parts, respectively. attL.2
and attR2 correspond to the previous attB and attP parts, respectively. Additional information
in Supplementary Table 3 and Supplementary Data 1.
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Supplementary Figure 8. Bovine fibroblasts uncropped PCR gel images. Amplicons
obtained using two specific primer sets to verify attL (blue) and attR (red) formation after egfp
flipping as shown in the main text Fig. 3c.
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Supplementary Figure 9. Representative sequence reads showing the attL and attR sites
obtained after Int activity in bovine fibroblasts compared to the predicted sequences (grey
highlighted). attL1 and attR1 correspond to the flipped attP and attB parts, respectively. attL.2
and attR2 correspond to the previous attB and attP parts, respectively. Additional information
in Supplementary Table 3 and Supplementary Data 2.
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Supplementary Figure 10. EGFP fluorescence determined by flow cytometry analysis of A.
thaliana protoplasts. Representative scatter plots are shown indicating the EGFP
fluorescence-emitting population in the gate. Experimental groups were analyzed after 24 h.
Negative control cells were cotransformed with one of the plasmids from the integrase
expression vectors (plE) of the Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxb1l or the switch GFP
vectors (pSG) containing the egfp gene in reverse complement orientation flanked by
attB/attP sites of the Ints 2, 4, 5, 7, 9, 13, phiC31, and Bxbl plus a mock plasmid. plE+ pSG
indicates the cells cotransformed with integrase expression and switch GFP vectors (test
condition). Positive control cells were cotransformed with the pCaMV35S-GFP plasmid
containing the egfp sequence in the forward orientation (pGFP) plus a mock plasmid.
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Supplementary Figure 11. EGFP-expressing cell percentages of the positive control
pCaMV35S-GFP vector and pCaMV35S-GFP-pSG vector. pCaMV35S-GFP (pGFP) has a
CaMV 35S promoter with some SNPs compared with the CaMV 35S promoter used in the
switch GFP vectors (pSG). Then, the CaMV 35S promoter from pSG was cloned, replacing
the pCaMV35S-GFP promoter, resulting in the pCaMV35S-GFP-pSG plasmid. Protoplasts
were transformed with both plasmids separately, and flow cytometry analysis showed that
the percentage of EGFP-expressing cell populations obtained with the two constructs did not
result in statistically significant differences. The statistical analysis was performed in
GraphPad Prism 7, applying a paired T test. p value=0.1277. Assays were performed in five
or six technical replicates and in three biologically independent experiments.
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Supplementary Figure 12. A. thaliana protoplasts uncropped PCR gel images. Amplicons
obtained using two specific primer sets to verify attL (blue) and attR (red) formation after egfp
flipping as shown in the main text Fig. 4c.
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Supplementary Figure 13. Representative sequence reads showing the attL and attR sites
obtained after Int activity in A. thaliana protoplasts compared to the predicted sequences
(grey highlighted). attL1 and attR1 correspond to the flipped attP and attB parts, respectively.
attL2 and attR2 correspond to the previous attB and attP parts, respectively. Additional
information in Supplementary Table 3 and Supplementary Data 3.
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Original described

AGGTA. e ... TAATTGGAAGTTCGGAATAACTATGCAGATACCT
TCCAT . ATGGA
AGGTA i TACCT
TCCAT «ee ATGGA
care core

Identified after sequencing

AGGTAA e . TAATTGGAAGTTCGGAATAACTATGCAGATACCT!
TCCATT .. TATGGA
v
GGTAA —_— ATACCT
TCCATTGACGTATCAATAAGGCTTGAAGGTTAAT ... TATGGA
— ) —
core core

possible core-site dinucleotide identified

CT con ... TAATTGGAAGTTCGGAATAACTATGCAG.
GA .

CT “en AG
ECGTATCAATAAGGCTTGAAGGTTAAT “as TC
core core

Supplementary Figure 14. Int 9 core-site differences compared to the original sequences
described!. The Int 9 sequence alignments indicated one additional nucleotide near to core-
site (black arrow top). Considering the integrase functional mechanism that leads to a
rotational and religation of half part of the recognition attB/P sites forming the attL/attR sites
(green and red parts), a possible solution was to consider CT nucleotide as Int9 core-site.
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Supplementary Figure 15. EGFP fluorescence determined by flow cytometry analysis of A.
thaliana protoplasts with the switch promoter system. Representative scatter plots are shown
indicating the EGFP fluorescence-emitting population in the gate. Experimental groups were
analyzed after 24 h. Negative control cells were cotransformed with one of the plasmids from
the integrase expression vectors (plE) of Ints 2, 4 and 5 or with the switch Promoter vector
(pSP) containing the CaMV 35S promoter in reverse complement orientation flanked by
attB/attP sites of Ints 2, 4 and 5 in tandem plus a mock plasmid. plE+ pSP indicates the cells
cotransformed with integrase expression vectors and the switch promoter vector (test
condition). Positive control cells were cotransformed with the pCaMV35S-GFP plasmid
containing the CaMV 35S promoter in the forward orientation (pGFP) plus a mock plasmid.
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Supplementary Figure 16. A. thaliana protoplasts uncropped PCR gel images. Amplicons
obtained using two specific primer sets to verify attL (blue) and attR (red) formation after
CaMV 35S promoter flipping as shown in the main text Fig. 5d.
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a

TGCGGACGGCGCAGAAGGGGAGTAGCTC TTCGC CCGAGAACTTC TGCAAGGCACTGCTCTTGGC TCAAAAATTACAAAGTTTTCAACCC TTGATTTGAAT TAGCGGTCAAATAATTTGTAATTCGTTTCCCTAATACGCAAGTCGATAACTCTCCTGGGAGCGTTGACAACTTGCGCACCCTGATCTG TAATTC,
attl Int2 i 2 | attP Int5 13583

'W'\ M M\\F/J M A A AR A AN A A AN N “'\r\"ﬂ\/\f\”' «u\'*-‘vfn/\ﬁ/v»‘“w\f‘m."/\n/m\f‘/\w-\.‘\f\]\fvv”w

CTCTTCGCCCGAGAACTTCTGCAAGGCACTGCTCTTGGCTCAAAAATTACAAAG TTTTC»‘U\CL CTTGATTTGAATTAGCGGTCAAATAATTTGTAATTCGTTTCCCTAATACGCAAGTCGATAACTCTCCTGGGAGCGTTGACAACTTGCGCACCCTGATCTG TAATTC,

E ""f“‘*TTw’“h “CGACCGCAGCCACAGCGTGTAGCGCTCCCAGGCCGTCCACTCCCTGATCCGGCGCTCAATCATCGCCTTTACACAAGCAGCAGTCTTATTCAAATTTCAGGTCGCGTTGGGCGCTCTTTGGAAGACGAGCTGAGCAGTATGTCGACGGTCCGGCGAGAATC TCGCGTAGACACA TACATGAGCGGES

> 35574 attEs Int5 (ro) atts Int 4 (rc) core | attR Int 2

<MM‘J\‘M\m‘w\f\;\'i\/\w\m‘N’»«M\r\(\‘JM\N'\-)\a-,&ﬂm*"‘mwm‘x»‘wmm'mwﬂﬂaﬂmmf N L e e MNMMM'&‘L!

TCCAATTGCACCGACCGCAGCCACAGCGTGTAGCGC TCCCAGGCCGTCCACTCCCTGATCCGGCGCTCAATCATCGCCTTTACACAAGCAGCAGTCT TATTCAAATT TCAC wGT\ GC\;TT( GCTCTTTGGAAGACGAC wCT;AG\"AGTAT;TC\;AU;GT\ CGGCGAGAATC TCGCGTAGACACA TACATGAGCGGE

b

ATGCGGACGGCGCAGAAGGGGAG TAGCTCTTCGCCGGACCGTCGACATACTGC TCAGC TCGTC TTCCAAAGAGCGCCCAACGCGACCTGAAAT TTGAA TTAGCGGTCAAATAATTTGTAATTCGTTTCCCTAA TACGCAAGTCGATAACTCTCCTGGGAGCGT TGACAACTTGCGCACCCTGATCTGTAATTCA

attP Int 5 ] 355>
ol PN A A Mo A WA At g
TCGTC TTCCAAAG —

GTCAAATAATTTGTAATTCGTTTCCCTAATACGCAAGTCGATAACTCTCCTC GCGTTGACAAC ’I‘Tl ACCCTGA ’I" T';T“ATT’ A

>LIJTW GACATAC Tw Tw AGC CCAACGCGACC T\w_ﬂ_H_ATTTWYMhTThWJL

TC CA}TT’:C“"‘C GACCGCAGCCACAGCGTGTAGCGC TCCCAGGCCGTCCAC TCCCTGATCCGGCGCTCAATCATCGCCTTTACACAAGCAGCAGTCTTAT TCAAATCAAGGGTTGAAAACTTTGTAATTTTTGAGCCAAGAGCAGTGCCTTGCAGAAGTTCTCGGGCGAGAATCTCGCGTAGACACATACATGAG

> 3554 attP Int2 (rc)
PN AR
LWGTCTTATT CAAATCAAG

TCCAATTGCACCGACC

Cc

CGGACGGCGLAGAAGGGGAG TAGCTCTTCGCCGGACCGTCGACATACTGC TCAGC TCGTC TTCCAAAGAGCGCCCAACGC GACCTGARAAT TTCGAATAAGACTGCTGCTTGTGTAAAGGCGATGAT TGAGCGCCEGGATCAGGGAGTGCGACGGCCTGGGAGCGTTGACAACT TGCGCACCCTGATCTGTAAT TCAT!

attl Int5 355>

Nl f\’\ Afv VAL \/WVU\ /_\(\N\/v'\«‘«Nﬂ'\N‘u"ﬂM\f"M\/\f\

ATCAG! CCCTGATCTGTAATTCAT:

“!A/W\f\ N\'“.’\\H/\JW*\‘ al fW\A“

ﬂ.ﬂlTTTf:f“\Thu_A_TMT';" TTGTGTAAA

_/\‘r MY Al g

AGCTC TTF GC

Ao

SATGAT TGAG GGJ

AATCCAATTGCACCGACCGCAGCCACAGCGTGTAGCGCTCCCAGGAGAGTTATCGACTTGCGTAT TAGGGAAACGAATTACAAATTATTTGACCGCTAATTCAAAT CAAGGGTTGAAAACTTTGTAATTTT TGAGCCAAGAGCAGTGCCTTGCAGAAGTTCTCGGGCGAGAATCTCGCGTAGACACATACATGAGLC!
2355 A altRIntS L core | attR Int5 L oatPintdge) ] altP Int 2 (re)

1

L N I

AATCCAATTGCACCGACCGCAGCCACAGCGTGTAGCGCTCCCAGGAGAGTTATCGACTTGCGTAT TAGGGAAACGAATTACAAAT TAT TTI —ACEGCTAATTCHMTFADGG ~TTA;AAAACTTTA:TAATTTT TGAGCCAAGAGCAGTGCCTTGCAGAAGT TC TCGEH

AR MW AN

:AGAATPTLFC GTAGACACATACATGAGCC

Supplementary Figure 17. Representative chromatograms showing the recognition site sequences obtained after Int activity in the switch
promoter vector (pSP). a Recognition sites after Int 2 activity, resulting in attL/attR Int 2 sites and attB/attP Ints 4 and 5 sites in the expected
positions. b Recognition sites after Int 4 activity, resulting in attL/attR Int 4 sites and attB/attP Ints 2 and 5 sites in the expected positions. ¢
Recognition sites after Int 5 activity, resulting in attL/attR Int 5 sites and attB/attP Ints 2 and 4 sites in the expected positions. The core
represents the region where cleavage occurred (crossover site). Additional information is provided in Supplementary Data 4.
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Supplementary Figure 18. EGFP fluorescence determined by flow cytometry analysis of
PBMCs. Representative scatter plots are shown, indicating the EGFP fluorescence-emitting
population in the gate. Experimental groups were analyzed after 48 h. Cells electroporated
with the integrase expression vectors (plE) of the Ints 4, 13, phiC3,1 and Bxbl or the switch
GFP vectors (pSG) containing the egfp sequence in reverse complement orientation flanked
by attB/attP sites of the Ints 4, 13, phiC31, and Bxbl indicate negative controls. plE + pSG
indicates the cells coelectroporated with integrase expression and switch GFP vectors (test
condition). Positive control cells were transfected with the pT3-Neo-EF1a-GFP plasmid
containing the egfp sequence in the forward orientation (pGFP).
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Supplementary Figure 19. PBMCs uncropped PCR gel images. Amplicons obtained using
two specific primer sets to verify attL (blue) and attR (red) formation after egfp flipping as

shown in the main text Fig. 6c¢.
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1 10 20 30 a0 50 60 68 b 10 20 E 40 50 60 69
core attLl core aR2

TTCCAAAGAGCGCCCAACGCGACCTGAAATT TGAATTAGCGGTCAAATAATTTGTAATTCGTTTATGG
TTCCAAAGAGCGCCCAACGCGACCTGAAATT TGAATTAGCGG TCAAATAATTTGTAATTCGTTTATGG

1 20 20 a0 50 60 67

core attLl

S aw2 N
GCATACATTGTTGTTGTT TTTCCAGATCCAGTTGTTTTAGTAACATAAA TACAACTCCGAATAATGG

GCATACATTGTTGTTGTTTTTCCAGATCCAGTTGTTTTAGTAACATAAA TACAACTCCGAATAATGG

GTGCCAGGGCGTGCCCTTGAGTTCTCTCAGTTGGGGGCCCATGE
GTGCCAGGGCGTGCCCTTGAGTTCTCTCAGTTGGGGGCCCATGG
1 1 20 3p 0 s0 61
core attl

TCGGCCGGCTTGTCGACGACGGCGGTCTCAGTGGTGTACGGTACAAACCCCGACCCCATGG

TCGGCCGGCTTGTCGACGACGGCGGTCTCAGTGGTGTACGGTACAAACCCCGACCCCATGG

- + T3 SR
AGTAAAATCATCGCCTTTACACAAGCAGCAGTCTTATTCAAATCAAGGG TTGARAACTTTGTAATTTTT

AGTAAAATCATCGCCTTTACACAAGCAGCAGTCTTATTCAAATCAAGGG TTGAAAACTTTGTAATTTTT

1 10 20 30 40 50 60 i
core attR2

0000 a1
AGTAAACTCACATGGATTGC TTATATTTACAGGACCAACTGGTCAAGTTC TACAAATACAACCGTTATTG

AGTAAACTCACATGGATTGC TTATATTTACAGGACCAACTGGTCAAGTTCTACAAATACAACCGTTATTG

. CEHRLI  core attR2

AGTACTCGAGGCCCGGA TGATCCTGACGACGGAGACCGCGGTGGTTGACCAGACAAACCACGAC
AGTAACTCOGAGGCCCGGATGATCCTGACGACGGAGACCGCGG TGGTTGACCAGACAAACCACGAL

Supplementary Figure 20. Representative sequence reads showing the attL and attR sites
obtained after Int activity in PBMCs compared to the predicted sequences (grey highlighted).
attL1 and attR1 correspond to the flipped attP and attB parts, respectively. attL2 and attR2
correspond to the previous attB and attP parts, respectively. Additional information in
Supplementary Table 6 and Supplementary Data 5.
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Supplementary Table 1. Addgene accession numbers of all plasmids used in this

study.

Vescettor Plasmid name Addgene accession number
INCTbiosyn-pEF-GFP(rc)2 #127504
INCTbiosyn-pEF-GFP(rc)4 #127505
INCTbiosyn-pEF-GFP(rc)5 #127506

0SG INCTbiosyn-pEF-GFP(rc)7 #127507
INCTbiosyn-pEF-GFP(rc)9 #127508
INCTbiosyn-pEF-GFP(rc)13 #127509
INCTbiosyn-pEF-GFP(rc)phiC31 #127510
INCTbiosyn-pEF-GFP(rc)Bxbl #127511
INCTbiosyn-pUB-HspINT2 #127512
INCTbiosyn-pUB-HspINT4 #127513
INCTbhiosyn-pUB-HspINT5 #127514

DIE INCTbhiosyn-pUB-HspINT7 #127515
INCThiosyn-pUB-HspINT9 #127516
INCTbiosyn-pUB-HspINT13 #127517
INCTbhiosyn-pUB-HspINTphiC31 #127518
INCTbiosyn-pUB-HspINTBxb1 #127519

pSP [INCTbiosyn-p35S(rc)2_4 5-GFP #127520
INCTbiosyn-p35S-GFP(rc)2 #127521
INCTbiosyn-p35S-GFP(rc)4 #127522
INCTbiosyn-p35S-GFP(rc)5 #127523

0SG INCTbiosyn-p35S-GFP(rc)7 #127524
INCTbiosyn-p35S-GFP(rc)9 #127525
INCThiosyn-p35S-GFP(rc)13 #127526
INCThiosyn-p35S-GFP(rc)phiC31 #127527
INCTbhiosyn-p35S-GFP(rc)Bxb1 #127528
INCThiosyn-pAct-AtINT2 #127529
INCThiosyn-pAct-AtINT4 #127530
INCThiosyn-pAct-AtINTS #127531

DIE INCThiosyn-pAct-AtINT7 #127532
INCThiosyn-pAct-AtINT9 #127533
INCThiosyn-pAct-AtINT13 #127534
INCThiosyn-pAct-AtINTphiC31 #127535
INCTbhiosyn-pAct-AtINTBxb1 #127536
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Supplementary Table 2. Summary of the statistical analysis of the EGFP-positive cell
percentages obtained by flow cytometry assays with the switch GFP system in HEK
293T cells, bovine fibroblasts and plant protoplasts.

Cell Mean + sd ASS"’?YS Kruskal-Wallis
type It pGFP PIE + pSG plE pSG Rep(ent)'t'on statistics (x?) df | pralue
Int2  |21.32+11.84* 1.29+1.09° 2.93+3.44" 0.33+0.22° 3 20.30 3 | 0.00015
nt4  [21.32+11.84* 1.33+1.27° 0.36+0.10° 0.17 +0.08° 3 24.94 3 |159x10°
L |Int5  |21.32+11.84% 252+3.29" 0.35+0.19" 0.30 + 0.14" 3 1751 3 | 0.00055
§ nt7  [21.32+11.84* 0.93+0.83° 0.36+0.18" 0.47 +0.27° 3 18.31 3 | 0.00038
é Int9  |21.32+11.84* 0.48+0.24° 0.21+0.08° 0.58 + 0.41" 3 21.82 3 [7.13x10°
Int13 |21.32+11.84* 7.07 +5.31° 0.44 +0.30° 0.39 + 0.32° 3 24.79 3 |171x10°
phiC31|21.32 + 11.84% 10.79 + 3.72% 2.36 +2.00° 1.37 +1.22° 3 20.96 3 0.00011
Bxbl |21.32+11.84%16.02+7.25% 1.82+1.98" 2.30 +2.74° 3 20.29 3 | 0.00015
£ Int 2 1.80 £0.49° 0.12+0.04° 0.04+0.03° 0.02 +0.03° 3 29.37 3 [1.87x10°
% 5 |4 1.80 £0.49° 0.03+0.03" 0.02+0.02°° 0.01 +0.01° 3 23.04 3 [397x10°
& | 3 |5 | 144:079* 004+002° 001+001° 0.02£003°| 3 2357 3 |308x10°
2 E Int 7 1.44+0.79° 0.03+0.02° 0.02+0.02° 0.02+0.01° 3 20.95 3 | 0.00011
'§ Ld;) Int 9 451+3.99° 028+0.12° 0.02+0.02° 0.01+0.01° 3 30.46 3 |1.10x10°®
® é Int13 | 451+3.99%° 0.74+057° 0.02+0.02° 0.01+0.01° 3 29.19 3 |2.04x10°
phiC31| 1.34+0.48% 0.13+0.03" 0.04+0.04° 0.02 +0.01° 3 29.68 3 |161x10°
Bxbl | 1.34+048* 0.33+0.12° 0.03+0.02° 0.01+0.01° 3 30.84 3 |9.18x107
Int2  |30.95+879% 2.71+229° 0.00+0.01° 0.02+0.03° 5 52.31 3 [257x10™
Int 4 30.57 +4.31% 17.77 +3.70° 0.00 + 0.00° 0.00 + 0.00° 3 33.76 3 [222x107
5 |NtS 23.08+552% 0.14+0.13° 0.00+0.00° 0.01 +0.02° 3 28.96 3 |228x10°
‘—E_':; Int7  |27.91+10.99% 10.96 + 3.92° 0.01 +0.03° 0.00 + 0.00° 4 43.01 3 | 245x10°
o |Int9 | 28.44+3.03* 16.44+7.59° 0.01+0.02° 0.00 +0.01° 3 31.33 3 [7.24x107
* s 21.40 +9.12% 24.24+9.98% 0.01+0.02" 0.01+0.02° 4 38.70 3 [201x10%
phiC31| 2584 +8.74* 9.87+3.14° 0.01+0.02° 0.01 +0.02° 3 30.15 3 |1.28x10°
Bxbl | 2584 +8.74% 10.47 +257° 0.04+0.10° 0.01 +0.02° 3 30.53 3 |1.07x10°

Different letters indicate significant differences among the data in each line obtained by the Kruskal-
Wallis test at the 5% statistical probability level.
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Supplementary Table 3. Number of PCR cloned sequences after Int activity on the
switch GFP systems and observed covered mutations in HEK 293T, bovine fibroblast

and plant protoplast cells.

Switch GFP system

g;! Sequence description Int2 Int4 Int5 Int7 Int9 Int 13 phiC31 Bxbl
Total sequenced clones 7 9 16 16 16 17 10 9
Selected high quality sequences 11 16 31 31 31 31 20 18

= ;

@ |attL coverage mutations 0 0 0 0 0 0 0 0

; ; 7 SNPs

i |egfp coverage mutations 2 SNPs 3SNPs 6 SNPs 4 SNPs . 0 4 SNPs 5 SNPs

T 2 deletions
attR coverage mutations 0 0 0 0 0 0 0

*@ Total sequenced clones 11 18 19 24 16 24 10

?8 Selected high quality sequences 16 32 33 48 32 44 20 14

_-E attL coverage mutations 0 0 0 0 0 0 0 0

o . 5 SNPs 4 SNPs 3 SNPs

c

Ag egfp coverage mutations 2 SNPs 5 SNPs 1 oEEen 1 e 3 SNPs 1 SNP 9 SNPs 1 ¢

O lattR coverage mutations 0 1 SNP 0 0 0 0 0 0
Total sequenced clones 29 37 18 36 12 40 23 15

4@ Selected high quality sequences 50 66 32 72 23 74 33 28

o |attL coverage mutations 0 0 0 0 0 0 0 0

2

o ) 2 SNPs

a |egfp coverage mutations 1 deletion 2 SNPs 3SNPs 10 SNPs 0 5 SNPs 4 SNPs 8 SNPs
attR coverage mutations 0 0 0 1SNP 0 0 0 0




116

Supplementary Table 4. Summary of the statistical analysis of the EGFP-positive cell
percentages obtained by flow cytometry assays with the switch promoter system in

plant protoplasts.

_ pGFP 39.12 + 12.30°

-4 pIE Int2 + pSP 32.21 + 5.88"

2 | 3 |pEmt+psSP 38.57 + 10.60%°

a ;' pIE Int5 + pSP 12.55 + 4.57°

E| S [pspP 7.35 + 2.46°

2 | = |pE It 0.00 + 0.00°

(%)

= pIE Int4 0.01 +0.02°

2 pIE Int5 0.01 +0.02°

E Assays Repetition (n) 3

S |Kruskal-Wallis statistics (x?) 64.99

& |df 7
p-value 151 x10™M

Different letters indicate significant differences among the
data obtained by the Kruskal-Wallis test at the 5% statistical

probability level.



117

Supplementary Table 5. Number of PCR cloned sequences after Int activity on the
switch promoter system and observed covered mutations in protoplasts.

Switch Promoter system - Protoplast

Int2

Int 4

Int 5

Total sequenced clones
Selected high quality sequences
attL Int 2 coverage mutations
attP Int 4 coverage mutations
attP Int 5 coverage mutations

5'end CaMV 35S promoter
coverage mutations

3'end CaMV 35S promoter
coverage mutations

attB Int 5 rc coverage mutations
attB Int 4 rc coverage mutations
attR Int 2 coverage mutations

5'end egfp CDS coverage
mutations

32
56
0

3 SNPs
0

1SNP

Total sequenced clones
Selected high quality sequences
attB Int 2 coverage mutations
attL Int 4 coverage mutations
attP Int 5 coverage mutations

5'end CaMV 35S promoter
coverage mutations

3'end CaMV 35S promoter
coverage mutations

attB Int 5 rc coverage mutations
attR Int 4 coverage mutations
attP rc Int 2 coverage mutations

5'end egfp CDS coverage
mutations

28
39
0

Total sequenced clones
Selected high quality sequences
attB Int 2 coverage mutations
attB Int 4 coverage mutations
attL Int5 coverage mutations

5'end CaMV 35S promoter
coverage mutations

3'end CaMV 35S promoter
coverage mutations

attR Int5 coverage mutations
attP rc Int 4 coverage mutations
attP rc Int 2 coverage mutations

5'"end egfp CDS coverage
mutations

37
54
0
2 SNPs
1 deletion

1 SNP

rc: reverse complement orientation
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Supplementary Table 6. Number of PCR cloned sequences after Int activity on the
switch GFP system and observed covered mutations in PBMCs.

Cell Sequence description Int 4 Int 13 phiC31 Bxbl
g type Donor 1 I Donor 2 I Donor 3 | Donor 1 I Donor 2 I Donor 3 | Donor 1 I Donor 2 I Donor 3 | Donor 1 I Donor 2 I Donor 3
% Total sequenced clones 10 8 8 11 9 11 9 9 11 9 10 12
% o S::]icetsge?gh quality 17 16 14 22 17 20 17 16 19 17 20 22
S| 2 |att coverage mutations | O 1 SNP 0 0 1SNP 0 0 0 0 1SNP 0 1SNP
(% egfp coverage mutations| 3SNPs  1SNP 6 SNPs [10SNPs 5SNPs 7SNPs | 1SNP 2SNPs 3SNPs|5SNPs 3SNPs 0
attR coverage mutations 0 0 0 0 0 1 SNP 0 0 0 2 SNPs 0 0
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Supplementary Table 7. Identification, sequences and target systems of the primers
used in this study to amplify attL and attR sites formed after Int activity in HEK 293T
cells, bovine fibroblasts, plant protoplasts and PBMCs.

Primers to amplify attL

Promoter Forward primer (5’ > 3’) Target System
EFa_966F TTCTCGAGCTTTTGGAGTACGTCGTCTTTAGGTTG Mammalian
35S_282F ATTGATGTGATATCTCCACTGACGTAAGGGATGACGCAC Plant
attR Reverse primer (5’ > 3’) Target System
attR _Int2_R GTGTCTACGCGAGATTCTCGCCGGACCGTCGACATACTGC |General
attR _Int4_R AGTTTTCAACCCTTGATTTGAATAAGACTGCTGCTTGTGT General
attR _Int5_R ATAACTCTCCTGGGAGCGCTACACGCTGTGGCTG General
attR _Int7_R CTGTGTGAGAGTTAAGTTTACATGGGCAAAGTTGATGAC General
attR _Int9_R TGGAAGTGTGTATCAGGTAACTGGATACCTCATC General

c |atR _Int13_R GTAGAACTTGACCAGTTGGTCCTGTAAATATAAGCAATCC General

£ |attR _phic_R2 CCAACTGGGGTAACCTTTGGGCTCC General

E attR _Bxbl_R2 CTGGTCAACCACCGCGGTCTCCGTCGTCAGGATC General

% Primers to amplify attR

5 |attL Forward primer (5’ > 3’) Target System

';% attl_Int2_F GGAGTAGCTCTTCGCCCGAGAACTTCTGCAAG General
attL_Int4_F CGACCTGAAATTTGAATTAGCGGTCAAATAATTTGTA General
attl_Int5_F GACGGCCTGGGAGCGTTGACAACTTGCGCACC General
attl_Int7_F GTCCGTCTGGGTCAGTTGCCTAACCTTAACTTTTAC General
attl_Int9_F ATAATTGGCGAACGAGGTATCTGCATAGTTATTCCGAAC General
attl_Int13_F TCCAGATCCAGTTGTTTTAGTAACATAAATACA General
attl_phiC_F TGCCAGGGCGTGCCCTTGAGTTCTCTCAGT General
attL_Bxbl F TGTCGACGACGGCGGTCTCAGTGGTGTACGGT General
Backbone Reverse primer (5’ > 3’) Target System
TermiAni_205R AATGATTTGCCCTCCCATATGTCCTTCCGAGTG Mammalian
NOSt_283R ATAACAATTTCACACAGGAAACAGCTATGACATGATTACG Plant
BB_Termi_R* GTAAAACGACGGCCAGTGAATTGTAATACGACTC Plant

e |Primers to amplify attL

‘Sai Backbone and Promoter |(5’ > 3) Target System

; Pré_Ints_sitesAt 312F |GCGAAAGGGGGATGTGCT Plant

E 35S_125R TAGGAGCCACCTTCCTITTICC Plant

o [Primers to amplify attR

% Promoter and egfp (5>3) Target System

§ 35S_64F ATCCTTCGCAAGACCCTTCC Plant

» SGFP_150R TGGTGCAGATGAACTTCAGG Plant

*used only with attL_phiC_F and attL_Bxb1_F
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Supplementary Methods
Genetic part sequences used to build the vector sets (5’ > 3’)

Integrase recognition sites (orange: core)

attB Int 2
ggacggcgcagaaggggagtagctcticgccggaccgtcgacatactgctcagcetegte
attP Int 2 reverse complement sequence
agccaagagcagtgccttgcagaagttctcgggcgagaatctcgegtagacacatacatgage

attB Int 4
ttccaaagagcgcccaacgcgacctgaaattigaataagactgetgcttgtgtaaaggcgatgatt
attP Int 4 reverse complement sequence
aaacgaattacaaattatttgaccgctaaticaaatcaagggttgaaaactttgtaattttt

attB Int 5
gagcgccggatcagggagtggacggccigggagcegctacacgetgtggetgeggteggtge
attP Int 5 reverse complement sequence
cagatcagggtgcgcaagttgtcaacgctcccaggagagttatcgacttgegtattaggg

attB Int 7
agacgagaaacgttccgtccgtctgggtcagtigggcaaagttgatgaccgggtcgtcegttectt
attP Int 7 reverse complement sequence
aagctgaacctgcgtaaaagttaaggttaggcatgtaaacttaactctcacacaggtttataacacc

attB Int 9
tttatattgcgaaaaataattggcgaacgaggtaactggatacctcatccgccaattaaaatttg
attP Int 9 reverse complement sequence
taattggaagttcggaataactatgcagatacctgatacacacttccaacaaaaacaaccac

attB Int 13
gcatacattgttgttgtttttccagatccagitggtcctgtaaatataagcaatccatgtgagt
attP Int 13 reverse complement sequence
tattcggagttgtatttatgttactaaaacaactggtcaagttctacaaatacaaccgttattg

attB phiC31

tgccagggcegtgceccttgggeteccegggegeg
attP phiC31 reverse complement sequence
ccaactgagagaactcaaaggttaccccagttg

attB Bxbl
tcggcecggcttgtcgacgacggcggictcegtegtcaggatcatccggge

attP Bxb1l reverse complement sequence
gtcggggtttgtaccgtacaccactgagaccgceggtggttgaccagacaaaccacgac

Expected attL and attR sites resulting from inversion recombination
(orange: core)

attL Int 2
ggacggcgcagaaggggagtagctcticgcccgagaacttctgcaaggceactgctcettgget
attR Int 2
gacgagctgagcagtatgtcgacggtccggcgagaatctcgegtagacacatacatgage
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attL Int 4
ttccaaagagcgceccaacgcgacctgaaattigaattageggtcaaataatttgtaattegttt
attR Int 4
aatcatcgcctttacacaagcagcagtcttattcaaatcaagggttgaaaactttgtaattttt

attL Int 5
gagcgccggatcagggagtggacggcctggoagcgttgacaacttgcgcaccctgatctg
attR Int 5
gcaccgaccgcagccacagcgtgtagcgctcccaggagagttatcgacttgegtattaggg

attL Int 7
agacgagaaacgttccgtccgtctgggtcagtigcctaaccttaacttttacgcaggttcagctt

attR Int 7
aaggaacggacgacccggtcatcaactttgcccatgtaaacttaactctcacacaggtttataacacc

attL Int 9
tttatattgcgaaaaataattggcgaacgaggtaactgcatagttattccgaacttccaatta
attR Int 9
caaattttaattggcggatgaggtatccagatacctgatacacacttccaacaaaaacaaccac

attL Int 13
gcatacattgttgttgtttttccagatccagtigttttagtaacataaatacaactccgaata
attR Int 13
actcacatggattgcttatatttacaggaccaactggtcaagttctacaaatacaaccgttattg

attL phiC31
tgccagggcegtgceccttgagttctctcagttgg
attR phiC31
cgcgeccggggageccaaaggttaccceagttg

attL Bxb1l
tcggccggcttgtcgacgacggcggictcagtggtgtacggtacaaaccccgac
attR Bxb1l
gcccggatgatcctgacgacggagaccgcggtggttgaccagacaaaccacgac

Mammalian plasmid parts

Ubiquitin C promoter
ggcctccgegecgggttttggegectccegegggegeccccctectcacggecgagegetgeccacgtcagacgaagggegeag
cgagcgtcctgatccttccgeccggacgctcaggacageggeccgcetgetcataagactcggecttagaaccecagtatcagea
gaaggacattttaggacgggacttgggtgactctagggcactggttttctttccagagagcggaacaggcgaggaaaagtagtcc
cttctcggegattctgcggagggatctcegtggggcggtgaacgecgatgattatataaggacgegecgggtgtggcacagcetag
ttccgtcgcagecgggatttgggtegeggttettgtitgtggatcgetgtgategteacttggtgagtagecgggcetgctgggetggecg
gggctttcgtggccgecgggecgcetcggtgggacggaagegtgtggagagaccgccaagggctgtagtcetgggteccgegage
aaggttgccctgaactgggggttggggggagegcagcaaaatggeggctgticccgagtcttgaatggaagacgcettgtgaggce
gggctgtgaggtcgttgaaacaaggtggggggcatggtgggcggcaagaacccaaggtcttgaggccttcgetaatgcgggaa
agctcttattcgggtgagatgggctggggceaccatctggggaccctgacgtgaagtttgtcactgactggagaactcggtttgtegtc
tgttgcgggggcggcagttatggecggtgcecgttgggcagtgcacccgtacctttgggagcgegcegccctegtegtgtegtgacgte
acccgttctgttggcttataatgcagggtggggccacctgccggtaggtgtgcggtaggcttttctccgtcgcaggacgcagggtte
gggcctagggtaggctctectgaatcgacaggcegcecggacctetggtgaggggagggataagtgaggcegtcagtttetttggteg
gttttatgtacctatcttcttaagtagctgaagctccggtittgaactatgcgcetcggggttggcgagtgtgttttgtgaagttttttaggcac
cttttgaaatgtaatcatttgggtcaatatgtaattttcagtgttagactagtaaattgtccgctaaattctggecgtttttggcttttttgttag
ac
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EFlalpha promoter
gctceggtgceccgtcagtgggcagagcegceacatcgeccacagtccccgagaagttggggggaggggtcggeaattgaaccgg
tgcctagagaaggtggcgcggggtaaactgggaaagtgatgtegtgtactggetccgcctttttcccgagggtgggggagaacc
gtatataagtgcagtagtcgccgtgaacgttctttitcgcaacgggtttgccgccagaacacaggtaagtgccgtgtgtggttccege
gggcctggcctctttacgggttatggcccttgegtgecttgaattacttccacgcccctggctgcagtacgtgattettgatcccgagcet
tcgggttggaagtgggtgggagagttcgaggccttgcgcttaaggagecccttcgectegtgcetigagttgaggectggectggge
gctggggccgccgegtgcgaatctggtggeacctticgegectgtetcgetgctttcgataagtctctagecatttaaaatttttgatgac
ctgctgcgacgctttttttctggcaagatagtcttgtaaatgcgggccaagatctgcacactggtatttcggtttttggggecgegggeg
gcgacggggcccgtgcgtcccagegcacatgticggcgaggeggggcectgcgagegeggcecaccgagaatcggacggggg
tagtctcaagctggccggcectgcetetggtgectggectcgegecgecgtgtatcgeceecgecctgggeggcaaggetggeeeggt
cggcaccagttgcgtgagcggaaagatggcecgcttcccggecctgctgcagggagctcaaaatggaggacgeggegetcggg
agagcgggcgggtgagtcacccacacaaaggaaaagggcctttccgtcctcageegtcgcttcatgtgactccacggagtace
gggcgccgtccaggceacctcgattagttctcgagcettttggagtacgtegtctttaggttggggggaggggtittatgcgatggagttt
ccccacactgagtgggtggagactgaagttaggccagcttggcacttgatgtaattctcetiggaatttgecctttitgagtttggatctt
ggttcattctcaagcctcagacagtggttcaaagtttttitcticcatttcaggtgtcgtga

egfp reverse complement sequence
ttacttgtacagctcgtccatgccgagagtgatcccggeggeggtcacgaactccagcaggaccatgtgatcgegcettetegttgg
ggtctttgctcagggcggactgggtgctcaggtagtggttgtcgggcagcagcacggggecgtcgecgatgggggtgttetgetgg
tagtggtcggcgagctgcacgctgcecgtectcgatgttgtggeggatcttgaagttcaccttgatgecgttettctgettgtcggecatg
atatagacgttgtggctgttgtagttgtactccagcttgtgccccaggatgttgccgtectccttgaagtcgatgceccttcagcetcgatge
ggttcaccagggtgtcgccctcgaacttcacctcggegegggtettgtagttgecgtegtecttgaagaagatggtgegctectgga
cgtagccttcgggceatggcggacttgaagaagtegtgctgcttcatgtggtcggggtageggctgaagceactgcacgecgtaggt
cagggtggtcacgagggtgggccagggcacgggcagcttgccggtggtgcagatgaacttcagggtcagcttgecgtaggtgg
catcgccctcgecctcgeccggacacgctgaacttgtggecgtttacgtcgecgtccagetcgaccaggatgggcaccaccecggt
gaacagctcctcgeccttgctcaccat

B-globin poly(A) signal terminator
agcggccgcactcctcaggtgcaggctgectatcagaaggtggtggcetggtgtggecaatgecctggctcacaaataccactga
gatctttttccctctgccaaaaattatggggacatcatgaagcecccttgagcatctgacttctggctaataaaggaaatttattttcattg
caatagtgtgttggaattttttgtgtctctcactcggaaggacatatgggagggcaaatcatttaaaacatcagaatgagtatttggttt
agagtttggcaacatatgccatatgctggctgccatgaacaaaggtggctataaagaggtcatcagtatatgaaacagcecccctg
ctgtccattccttattccatagaaaagccttgacttgaggttagattttttttatattttgttttgtgttattttittctttaacatccctaaaattttce
ttacatgttttactagccagatttttcctcctctcctgactactcccagtcatagetgtccectcettetcttatgaagatcectcgacctgeag
cccaagcttggcegtaatcatg

Integrase 2 H. sapiens codon optimized sequence
atgcccatcgccccggagttectgagtttggcectatccgggacaagagtttectgcttatctctacgggagggcttccagggatecg
aagagaaaaggtcgaagcgtccaaagccaattggacgaagggagggcaacctgtcttgatgctggatggectattgctgggga
atttaaagatgtagacagatcagcatctgcctatgctaggaggacgcgagatgaatttgaagagatgatcgcaggaatccaggce
gggggagtgccggattettgtggctitcgaagcegtctegatattacagagatttggaggectatgttcggettcggegagtctgeegg
gaagcaggcgttcttctttgctataacggtcaggtgtacgatcttagtaagagtgcagatagaaaggcgacggctcaggatgcggt
gaacgcagaaggcgaagccgacgatataagagaaagaaacctccgcaccaccagacttaatgccaagcgagggggagct
catgggcctgtcccagatggatataagagacgatatgatccagattccggagatcttgtcgaccaaatcccgcaccccgacaga
gccggtttgataactgagatttttaggcgggcageggceggecgagecactggecgctatctgccgagatctcaatgagaggggce
gaaactacccaccgaggcaaagcatggcagaggcaccacctgcatgcgatccttcgcaatccagcttatatcggtcatagaag
acatctcggtgttgacacaggtaaaggaatgtgggcacctatttgcgatgatgaggactttgcggaaacctttcaggctgtccagg
aaatcctcagtcttccagggagacagttgagcccgggecctgaagegcaacatttgcagacagggatcgcactttgcggagaa
cacccggacgaaccgccgcttaggagtgtgactgttcgaggccgceacaaattacaattgttccacaagatacgatgtggcegatg
cgagaagaccgcatggatgcgttcgtcgaggagtcegtcatcacgtggctggectccgacgaagcagttgcagcttttgaagata
atactgacgatgaacggacaagaaaagcgaggatcagactcaaagttcttgaagagcagcetcgaggcetgcacaaaaacagg
ctagaacactccgcccggacggaatgggcatgctecttagtatagattccttggccggcettggaagcecgaacttactccacagata
gacaaggcgaggcaggagagtcggtctttgcacgtacccgctctcttgagagacctgttgggcaaaccgcgagctgatgttgac
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cgcgcatggaacgaagcactcacgttgccccagcgecgaatgatactgegceatggttgtcactatccgcectcttcaaagcaggat
ctcgaggtgtacgggcgatagagccaggtcgaattaccttgagttatgttggagaaccaggatttaagcccgtgggeggaaatcy
agcaaaacagtaa

Integrase 4 H. sapiens codon optimized sequence
atgatcaccacacgcaaggtggccatatacgtccgcegtatctacgactaatcaagccgaagagggatattctatacagggcecaa
atcgattcccttatcaagtactgcgaggctatgggttggatcatatatgaggaatatactgacgcagggttttcaggcggcaaaattg
atcggcccgccatgagtaagcttattactgatgccaaacacaagagattcgataccattctggtgtacaaattggatcggetgtcaa
gaagcgtgcgggatacactttacttggttaaggatgtatttaatcaaaacaacatccacttcgtctcecttcaggagaatatcgacac
atcttccgcgatgggaaatctttttttgaccctectttctgccatagcggagtttgagcgagagcagatcacggagegceatgaccatg
gggaaaataggtcgggccaaatcagggaagacaatggcgtggacctatacaccgticggctacgattataataaggagaagg
gtgaacttatacttgatcctgccaaggcacccatcgtgaaaatgatatacaccgattacttgaagggtatgtcaattcaaaagatag
tggataaactcaataaaatggattacaacggcaaggattgcacatggtttccccacggcgtgaaacatctctiggataatccggtg
tactacggtatgacaagatataacaataagcttttccccggcaatcatcagccgataattacaaaggagttgtttgataagaccca
gcgcgagagacaacggaggcgactcggcatcgaggaaaaccattatacaataccgtticaggcaaaatatatgctcagtaagt
tcctcaggtgtcgcecagtgeggctcccgaatggggcettgaatigggtcgecccgecgcaagaaggaaggcaagegcagtaagaa
atactactgcctcaatagccgaccgaaacggacagcttcatgtgacactcccctgtatgacgccgaaaccctggaagattatgtg
ctgcacgaaatagctaaaatacagaaagaccccicaatagcaagtagacagaagcatattgaagatcacgaactcaaatata
agcgagaacgcatagaggcaaatataaataaaaccgtgaatcaacttagcaagctgaacaacctttaccttaacgacctcatta
ctcttgaggacctcaagacacagactaacacactcatcgcgaaaaagcggctgttggagaatgaactigacaagacatgcgat
aatgacgacgaacttgacagacaagagacaatagcggactttctggcattgccagacgttiggactatggactatgaaggtcaa
aagtatgccgtggagctictcgticagcgcgtcaaagtigacagagacaacatagacatacattggacgttttaa

Integrase 5 H. sapiens codon optimized sequence
atgccgggaatgaccacggaaaccggaccagatccggcaggtttgatagacctgttitgccgcaaatctaaggcagtgaaaag
ccgggctaatggagctgggcaacggagaaaacaggaaatctctattigctgctcaggagacgctggggcgcaaggtcgcetgec
ctgctcggcatgcaagtccgecatgtgtggaaggaagtaggtagcgcgagtcgaticagaaagggaaaggcaagggatgatc
agagtaaagcccttaaagcacttgagagtggggaggtcggggcegctctggtgctatcggctigaccgatgggataggggaggce
gcgggagcaattcttaaaattatagagcccgaggatggcatgccgcgaagattgcttitcggctgggatgaggatacaggtcgac
ccgtattggattctacaaataaaagggaccggggtgagctgatcagacgagcggaggaagcccgagaagaagcagaaaaa
ctgtcagagcgcgtccgcgatactaaggcacatcagcgcgagaacggggaatgggtaaacgcgcegcgcaccatatggcectce
gagtggtcttggtgactgttagtgatgaggagggcgacgagtatgatgaaaggaaattggctgcagacgatgaagatgctggtg
gacccgatggtctcacaaaagctgaagcggcacggctggtcttcactctcccggttaccgaccgactttcctacgcaggtaccgce
ccatgcaatgaacactcgggaaattccatcaccgacaggcggtccatggatagctgtgacagttagggacatgatccagaacc
ccgcttatgcggggtggcagaccacaggcaggcaggatggaaaacaaaggcgcttgacatictacaacggagaggggaaa
agggtctctgtcatgcacggcccacccctggtaacagatgaagaacaggaagcggccaaggcggcagicaaaggcgaaga
cggagtaggtgtgccgcttgacggctcagatcatgacacacgccgcaaacatctcctcagtggtaggatgcgatgtccgggatgt
ggtggctcatgctcctactcaggtaacggttaccggtgttggagatctagtgttaaagggggctgtccagcaccgacgtacgtggce
cagaaagtcagtcgaggagtatgtggcttttaggtgggccgctaaactggcggcectccgagectgatgacccctttgtaatagctgt
ggcagatcgctgggcagctttgacacacccacaggcticcgaagatgaaaaatacgctaaagctgcggticgagaagcagag
aagaatcttggccggctgctgcgagaccggcagaacggcgtctatgatgggcccgcggagcagttctttgcgecggcttatcaa
gaagccctttcaacgctgcaggcggctaaggatgctgtctcagaaagctccgceatccgcagcagtggatgtaagtiggatagtgg
atagttccgattacgaggagctgtggcttcgggcgaccccgacaatgaggaatgcgattattgatacttgcatcgacgagatttgg
gtggcaaagggacaacgagggagaccgttigatggagatgaacgggtcaagattaaatgggcagctcggacgtaa

Integrase 7 H. sapiens codon optimized sequence

atgaaggtagctatatacgtccgcgtctcaacagatgaacaagctaaggagggattctccattccggegcagagagagaggctc
agggctttttgtgccagtcaagggtgggagatcgtgcaagaatatatcgaagagggcetggagcgcaaaggaccttgatcgecca
cagatgcagcgattgctgaaggacataaaaaaagggaacatagacatagtgctggtctataggcttgaccgacttaccaggtca
gtcctcgatctctacctgttgctccaaacattcgaaaagtataacgtagcecttccgatccgctaccgaggtttacgacacaagcaca
gctatggggcgactttttattaccttggttgccgetttggcgcaatgggaacgcgaaaatctcgcagagagagtaaagttcggceata
gaacagatgatcgatgaaggcaaaaagcctggtgggceattcaccatatggctataagttcgataaagacttcaactgtacgattat
tgaagaggaggcagacgttgttaggatgatataccgcatgtactgcgatggatatggctataggagtattgccgatcgactgaatg
agcttatggtaaaaccaagaatagctaaagagtggaatcataacagtgttcgcgacatccttactaacgacatatatatcggcac
gtaccgatggggagacaaggtggttccaaacaaccacccacctatcattagtgaaactttgtttaagaaagcgcaaaaagaaa



124

aagaaaagcgaggagtggatcgaaagagagttggtaagttcctgtttactggtcttctccagtgttgtaattgtggaggacacaag

atgcaggggcacttcgacaaacgcgagcaaaagacttactacagatgcacgaagtgtcacaggattaccaatgagaaaaata
tcctggaacccttgttggatgagatacagttgctgataacatccaaggaatattttatgtctaaatttagtgaccgatatgatcaacag
gaagtagtagacgtttctgctcttacgaaagaactggagaagatcaagcgccaaaaggagaagtggtatgatctctatatggac

gatcgcaatcccattcctaaggaagagttgtttgcgaaaatcaatgaactgaacaagaaagaagaagagatatattccaagttg

agcgaggtagaggaggacaaagagcccgtcgaagagaaatgcaatagactgtccaagatgattgattttaagcagcaattcg

aacaggcgaacgacttcacgaaaaaggaattgttgtttagcatatttgaaaaaatcgtaatttatagggaaaaaggtaagctgaa
gaagataactctggactacactctcaagtaa

Integrase 9 H. sapiens codon optimized sequence
atgaaggtggccatttacacgcgagtgagtactttggaacagaaggagaaggggcatagtattgaggaacaggaacgcaagc
tgcgggcctacagtgacatcaacgatiggaaaatccataaagtatacactgacgcaggatacagcggggcgaaaaaggatcg
cccagcacttcaggaaatgttgaatgagattgataattttgacctcgtcctcgtctacaagtiggataggcttacaaggagtgtgaaa
gacctccttgagattictcgagctgtitgaaaacaagaacgtcctgtttagatcagccactgaggtctacgatactacgtcagctatgg
gtcggctctttgttactctggttggcgctatggctgagtgggaacgcacgacaaticaggagagaactgcgatggggcgacgagce
gagtgctcggaaaggacttgccaagactgttccaccgttttactacgacagggtgaatgataagtttgticccaacgaatataaaa
aggtcctgcgcettcgcggtcgaagaggcaaaaaaagggacaagcttgcgagagatcaccattaaactgaataactccaagtat
aaagctccattgggcaagaattggcatcgaagtgtgataggaaatgcactgacgagcccggttgccagggggcacttggtctttg
gcgacatttttgtcgagaacacccatgaggcgattataagtgaagaagagtacgaggagataaaactcaggatctctgagaaa
acgaatagcacaatagttaagcacaacgccatattcagatcaaaactgctgtgtcccaattgcaaccagaagctgacactgaat
accgtgaaacataccccaaagaacaaggaggtttggtatictaaactgtacttctgcagtaatigcaagaacacaaagaacaaa
aatgcatgcaacattgacgagggagaggtgctgaagcaattttataattacctgaagcaatttgacctgacgtcctacaaaataga
aaaccagccgaaagaaattgaggatgtggggatcgacatcgaaaagcticgcaaggagcgggcacgatgccagacacttttc
attgagggcatgatggacaaagatgaagcttticccatcatttcaagaatagataaggagatccatgagtatgagaagcggaag
gataacgacaaggggaagacgttcaactacgagaagataaagaatttcaagtactcccttcttaatgggtgggaactcatggaa
gacgagctgaaaacggaattcatcaaaatggctatcaaaaacatccactticgagtatgtgaaggggattaaaggtaaaagaca
aaatagtctcaagataaccggtatagagttttactaa

Integrase 13 H. sapiens codon optimized sequence
atggcagtcggaatttatattcgagttagtacccaagaacaggcgtccgaaggccactctatagaatcccaaaaaaagaagctg
gccagctactgcgagattcagggatgggacgattatcgcttctacatcgaggaaggtatctccgggaaaaacacaaatcggeca
aagttgaaactgctcatggaacatattgaaaagggaaagattaatattctcctegtatatcgcectcgaccgactcacacgcetetgtg
atcgatttgcacaagctgcttaactttttgcaggagcatgggtgtgcatttaaatcagcgacagagacctatgatacgacgacagc
gaatggtcgcatgtccatgggtattgtcagtctcttggcccaatgggaaacagagaatatgtccgaacggataaaacttaaccttg
aacacaaggtgctcgtcgaaggggagagagtcggagcegatccectacggattcgacctctccgacgacgaaaagcttgttaag
aacgaaaaatctgccatattgctggacatggtggaaagagtcgagaacgggtggtcagtcaatcggattgtcaactatttgaatctt
actaataatgatcggaactggtccccgaacggtgttctgcgectgctgcggaacceggecctgtacggecgecacacggtggaac
gacaagatcgctgaaaacacgcacgaaggcattatctctaaagaaagatttaatcggcttcagcagatattggcagaccgcetcc
atacaccaccgaagggacgtgaaaggtacttatatatttcaaggggtcttgcgatgtcccgtctgcgaccaaaccctgagtgtaaa
ccgctttattaaaaaacggaaggatgggacggagtattgcggcegtectgtatagatgccaaccatgcataaaacagaataaata
caatcttgccatcggagaagctcgattcctgaaggctctcaatgaatatatgtccacagtagagtttcagacggttgaggatgaagt
aatacccaaaaaaagtgagcgagaaatgctcgagtcacagctticaacagatcgctagaaagcgagagaagtaccaaaagg
cgtgggcctcagaccttatgagtgacgatgagtttgaaaagctgatggtagaaacgagagaaacgtatgatgagtgtaaacaaa
agcttgagtcttgtgaagacccaataaagatcgacgagacttaccttaaagagatagtttatatgttccaccagacgttcaacgatc
tggagtctgagaagcaaaaagaatttatctcaaagtttattcgcacgattcgatacactgtaaaggagcaacaaccaattcggec
ggataaatctaagacggggaaagggaagcagaaagttatcataacggaggttgagttctatcagtaa

phiC31 H. sapiens codon optimized sequence

atggacacatacgcaggagcgtatgatcggcagtcccgcgagcgagagaacagcagtgccgcaageccggegacccageg
atccgccaatgaagataaagcggcagacctccagcgggaagtagaaagagatggaggtaggtttagatttgtaggacatttttcc
gaggctccaggaacctccgceattcggcacggcagaacgacctgagtttgagcgcatcctgaatgaatgtagggecggeaggcet
caacatgatcatagtatatgacgtgtcacgcttctccaggctcaaggtgatggacgctattccaatcgtctcagagcttctcgctcteg
gagtgaccatcgtcagcacccaagaaggtgtcttcaggcaggggaacgtaatggatcttatacatcttattatgcgectggacgctt
cccacaaggaatcatccctcaagtccgcgaagatactcgatactaagaacctgcagegcegagttgggtggttatgttggtggaaa
ggccccatacggtttcgaattggtgagcgaaacgaaggagattaccaggaatgggcegceatggttaatgttgtaataaacaaactg
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gctcacagcacaaccccactgaccggccccttcgagtttgaacccgacgtgattagatggtggtggcgggagatcaagacgeat
aagcaccttccgtttaagccggggtcacaggccgcaattcatcctggttctatcacaggtttgtgcaaacggatggatgcetgatgeg
gtgcctacccgaggggaaacgatcggcaaaaagacggcttcatcagectgggatccggecacggttatgcgeatacttagaga
cccacgcatcgcgggctttgcagccgaggttatatataaaaaaaagccagatggcacacctaccaccaaaatagaagggtac
cggattcagcgagatccgattactctcaggcectgttgagctggattgcggtecgataattgageccgctgaatggtatgaactceag
gcgtggctcgacggtagggggegecgggaagggcctgagecgaggecaggctatactgtccgecatggataaactgtattgega
gtgtggtgcggtaatgacctccaaaagaggagaagaaagcatcaaggattcatatcgatgcagaaggcgcaaagttgtggacc
cctctgcacctggtcaacatgaggggacatgcaatgtatcaatggcetgcgcetcgacaagtitgtagccgagcggatattcaataag
attagacacgccgagggagacgaggagactcttgcactgctctgggaggcageccggegctttgggaaactgacggaggecc
ctgaaaaaagtggtgaacgcgctaaccttgtagcggagagagcggatgcactcaacgcgttggaagaactttatgaggaccgg
gcagcaggcgcctatgacggtccagtcgggcgaaagceactttaggaaacaacaggccgcacttactcttcgccagcaggggg
cggaggaacgactcgctgagttggaagcggcagaggcccccaagttgcccttggaccagtggttccccgaagatgccgatgea
gatccaacagggcctaagagctggtgggggcgggcegteegtegatgataagagagtgtttgttggcttgttcgtggacaagattgt
ggtaaccaagtcaactactggtcggggtcaaggtaccccaatagagaagcgggccagcataacatgggcaaageccccgac
ggacgacgatgaggacgatgctcaagacggaaccgaagatgttgctgcttag

Bxbl H. sapiens codon optimized sequence
atgcgggcactggtggtaattaggctctccagagttactgacgctacgaccagccctgagaggcaacttgaaagctgccagcag
ctctgtgcgcaacggggctgggacgtcgtiggagtggcggaagacctcgatgtttccggtgcagtagatcccticgataggaagce
ggcgcccgaatttggctcgatggctegcetticgaagagcaaccattcgatgtgatcgttgectatcgagtcgacaggttgacaaga
agtattcgccatcttcaacaattggticattgggcagaagatcacaaaaaattggttgtctccgctacggaagcacactttgatacaa
ctacaccgtttgcagcagttgtcatagctctgatgggtaccgtigcacaaatggaattggaagctattaaagagcgaaatcggagce
gccgcgceactttaacatcagggcaggcaagtaccgcggcagtctcccaccctggggctacctgccgactagagtggatggega
atggcggttggtgcccgacccggiccaacgggaaagaatcctigaagtgtaccatcgagttgtggacaatcacgagcecccttcac
ctggtagctcatgatttgaatcgccggggagttttgagcccgaaagattatttcgcccagctgcaagggagggaaccacagggtc
gggagtggagtgctactgctctgaaaagatccatgattagcgaagccatgctgggatacgcaacccttaacggcaaaaccgtta
gggacgatgacggagcgcccctggticgggccgaaccaaticttactcgcgagcaactggaagcactgcgggctgagcetggte
aaaacatcacgggctaaaccggcggtgagcacaccaagtttgttgcttcgagtattgtttigcgccgttigtggagagccagcatac
aagtttgccgggggtgggagaaaacatccccgctatagatgccgcagceatgggcttcccgaagceatigtggaaacggtacagta
gcgatggctgagtgggatgcattctgcgaagaacaagtccttgacttgcttggcgacgcagaacgcctggaaaaggtatgggta
gctgggtccgactccgctgtagaacttgctgaagtcaatgcagaactggtcgatctcacatcccttattggctctccagcgtaccga
gctggctcececcgcaacgcegaggceactigatgccagaatagcggcactcgccgcgagacaagaggaattggaggggtiggaa
gctagaccttctggatgggaatggagggaaacaggccagcggttcggggattiggtggcgcgagcaagatactgcggcgaaga
atacgtggcttaggagcatgaacgtccggctgacgticgacgttagaggggggcttaccaggactatcgatttcggagattigcag
gagtatgaacaacacttgaggcttggtagcgtagtggagagactgcatacagggatgtcttag

Plant plasmid parts

Actin2 promoter
aaaatttagaacgaacttaattatgatctcaaatacattgatacatatctcatctagatctaggttatcattatgtaagaaagttttgacg
aatatggcacgacaaaatggctagactcgatgtaattggtatctcaactcaacattatacttataccaaacattagttagacaaaatt
taaacaactattttttatgtatgcaagagtcagcatatgtataattgattcagaatcgttttgacgagttcggatgtagtagtagccattat
ttaatgtacatactaatcgtgaatagtgaatatgatgaaacattgtatcttattgtataaatatccataaacacatcatgaaagacactt
tctttcacggtctgaattaattatgatacaattctaatagaaaacgaattaaattacgttgaattgtatgaaatctaattgaacaagcca
accacgacgacgactaacgttgcctggattgactcggtttaagttaaccactaaaaaaacggagctgtcatgtaacacgcggatc
gagcaggtcacagtcatgaagccatcaaagcaaaagaactaatccaagggctgagatgattaattagtttaaaaattagttaac
acgagggaaaaggctgtctgacagccaggtcacgttatctttacctgtggtcgaaatgattcgtgtetgtcgattttaattatttttttgaa
aggccgaaaataaagttgtaagagataaacccgcctatataaattcatatattttcctctccgctttgaattgtetcgttgtcctectcac
tttcatcagccgttttgaatctccggcgacttgacagagaagaacaaggaagaagactaagagagaaagtaagagataatcca
ggagattcattctcegttttgaatcttcctcaatctcatcttcttccgctctttetttccaaggtaataggaactttctggatctactttatttget
ggatctcgatcttgttttctcaatttccttgagatctggaattegtttaatttggatctgtgaacctccactaaatcttttggttttactagaatc
gatctaagttgaccgatcagttagctcgattatagctaccagaatttggcttgaccttgatggagagatccatgttcatgttacctggg
aaatgatttgtatatgtgaattgaaatctgaactgttgaagttagattgaatctgaacactgtcaatgttagattgaatctgaacactgttt
aaggttagatgaagtttgtgtatagattcttcgaaactttaggatttgtagtgtcgtacgttgaacagaaagctatttctgattcaatcag
ggtttatttgactgtattgaactctttttgtgtgttitgcagctcataaaaa
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CaMV 35S promoter
taattcatcaaattataactatatagaccctaatttcatatgagacttttcaacaaagggtaatatccggaaacctcctcggattccatt
gcccagctatctgtcactttattgtgaagatagtggaaaaggaaggtggctcctacaaatgccatcattgcgataaaggaaaggc
catcgttgaagatgcctctgccgacagtggtcccaaagatggacccccacccacgaggagcatcgtggaaaaagaagacgttc
caaccacgtcttcaaagcaagtggattgatgtgatatctccactgacgtaagggatgacgcacaatcccactatccttcgcaagac
ccttcctctatataaggaagttcatttcatttggagaggactaactgtgccaaattatcttccaaactcctaatccaatt

egfp reverse complement sequence
ttacttgtacagctcgtccatgccgagagtgatcccggeggeggtcacgaactccagcaggaccatgtgatcgegcettcetegttgg
ggtctttgctcagggcggactgggtgctcaggtagtggttgtcgggcagcagcacggggcecgtcgecgatgggggtgttetgetgg
tagtggtcggcgagctgcacgctgcecgtectcgatgttgtggeggatcttgaagttcaccttgatgecgttettctgettgtcgg cecatg
atatagacgttgtggctgttgtagttgtactccagcttgtgccccaggatgttgccgtectccttgaagtcgatgceccttcagcetcgatge
ggttcaccagggtgtcgccctcgaacttcacctcggegegggtcettgtagttgecgtegtecttgaagaagatggtgegcetectgga
cgtagccttcgggceatggcggacttgaagaagtegtgctgcttcatgtggtcggggtagcggctgaagceactg cacgecgtaggt
gaaggtggtcacgagggtgggccagggcacgggcagcttgccggtggtgcagatgaacttcagggtcagettgcegtaggtgg
catcgccctcgccctcgecggacacgctgaacttgtggecgtttacgtcgecgtccagcetcgaccaggatgggcaccaccecggt
gaacagctcctcgeccttgctcaccat

NOS terminator
gaatttccccgatcgttcaaacattiggcaataaagtticttaagattgaatcctgttgccggtcttgcgatgattatcatataatttctgtt
gaattacgttaagcatgtaatatttaacatgtaatgcatgacgttatttatgagatgggtttttatgattagagtcccgcaattatacattta
atacgcgatagaaaacaaaatatcgcgcgcaaacttggataaattatcgcgcgceggtgtcatctatgaggactagatcg

Integrase 2 A. thaliana codon optimized sequence
atgccaatagcgccagaatttctctcacttgcttatccaggtcaagagttcccegegtacctttacggacgagcettctagggatcega
aacgtaagggaagatctgttcaatctcaattagacgaagggagagctacgtgtctcgatgcagggtggcecaattgctggtgagttc
aaagatgtcgatagatcggcctccgeatatgctagacgtacacgtgacgaatttgaggaaatgatagcaggaattcaggccgge
gaatgtagaattctcgtggcctttgaagcatccagatattatcgagatttagaggcegtatgtcaggcttagacgagtatgtcgtgaag
ccggagttetgttgtgttacaacggtcaggtttacgatttaagcaaatccgccgaccgaaaagcgaccgcacaggacgcecgttaa
tgcagagggtgaggcagatgatattagagaacgtaatttgagaacaactagattgaatgcaaagagaggaggcgctcatggcec
ccgtgectgatgggtataaaaggagatacgaccctgattcaggtgatttagttgatcaaatcccacatccagatagagctggtetg
ataacagaaatattccgtagggcagcagcggccgagcectctcgctgctatatgtcgagacttaaacgagagaggagaaacaac
tcatagaggtaaagcatggcaaaggcaccatctgcacgctatcctgagaaatccagcgtacatcggtcataggagacatcttgg
cgtggatacaggtaaaggaatgtgggcaccaatatgtgatgatgaagacttcgctgaaacattccaagctgtccaggaaatactc
tctttaccaggaaggcaactatcgcccggaccagaagcccaacacctacagactggcattgctttatgcggtgagcatccagac
gagccaccactacgttcggtcactgtaagaggtagaactaattacaactgttctacacgatatgatgttgcgatgagggaggatcg
tatggatgcttitgtggaagaatcagttattacttggcttgcgagtgatgaagcggtggctgctttcgaagataatacagatgatgaga
gaacgagaaaagccagaattcgacttaaagttctagaagagcaattagaagccgctcaaaaacaggctagaacactccgtcct
gatgggatggggatgctcttgtctatcgactctcttgctggtctcgaggecgaacttacgccacagatagacaaggcaaggcaag
agagcagatccctgcatgtaccegeacttttgcgtgaccttctaggcaagccacgagcagacgttgatcgtgcatggaacgaagce
tctaaccctccctcagagacgtatgatacttaggatggttgttacgattagactattcaaggcegggttctcgtggtgtcagggceaata
gagcctggtcgaattacgctcagctacgttggagaacctggatttaagccagtgggtggtaacagagcaaaacagtga

Integrase 4 A. thaliana codon optimized sequence

atgattacgaccagaaaggtggctatatacgttcgtgtcagcactactaatcaggctgaggaagggtatagtattcaaggtcaaat
cgattcactaataaagtactgcgaagctatgggctggatcatctatgaggaatatactgatgccgggttcagtggagggaagattg
ataggcccgctatgagtaaattaatcacggatgcaaagcacaagagatttgatacgattcttgtctataaacttgacagattaagta
gatccgtcagggacacgttatacctggtgaaggatgtcttcaatcagaacaatatacacttcgtgagcctacaggaaaacatcgat
acttcctcagcgatgggtaatctattcttgaccctcttatcagcgatagcetgagtttgagcgagaacaaattacggagcgaatgacg
atgggcaagattgggcgagccaaatctggtaagacaatggcttggacatatactectttcggatacgactacaacaaggagaag
ggagagctcatccttgacccagccaaagctcctatcgtgaagatgatttacaccgactatttaaaagggatgtccatacagaaaat
tgttgacaagctgaataagatggattacaatggtaaagattgcacttggttcccgcatggcgtgaagcacctcctagacaatccag
tctactatggaatgacaaggtataacaacaaattattccctggaaatcatcagcctattatcaccaaggaactattcgacaagacc
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cagagagagagacagaggcgacgattgggcattgaagagaatcattacacaattccattccaggctaagtacatgctgtctaaa
ttcttgcgatgcaggceagtgeggttcaaggatggggcetcgaacttgggagacctcgtaagaaggaaggtaaaaggtcaaagaa
atactattgtctgaattctagacctaagaggacggcttcctgcgacactcccctatacgatgctgagacactggaagattacgtget

gcatgaaattgccaaaatccaaaaggatccgtcaatcgcgagtcgacaaaaacatatcgaggatcacgagttaaagtacaag

cgtgaacgtattgaagccaatataaataaaaccgtaaatcaactgtccaagttgaacaatttgtacctaaacgacttgatcaccttg
gaggacctcaagactcagacgaacacacttatagcgaagaaacgtcttctcgaaaacgaacttgataagacatgcgacaacy

atgacgaacttgataggcaggaaactattgccgacttcctggctctacctgatgtgtggacgatggactatgagggccagaagtat
gctgttgagttgttagtccagagagttaaagtggacagggataacatagatatacattggaccttttaa

Integrase 5 A. thaliana codon optimized sequence
atgccaggcatgacgacagagaccggacccgacccggcagggttaatagacctgtictgtagaaaaagcaaagctgtcaaat
ctagggctaatggggcgggtcaaaggagaaaacaggaaatticcatagcagcgcaggagacgctcgggaggaaggtagec
gcgttgttaggaatgcaagtcaggcatgtatggaaggaggtaggatctgccagcagattcagaaagggaaaggcgagggatg
accagtccaaagctctaaaggcccttgagtctggagaggtgggcgcactgtggtgctatcgtctagatagatgggatagagggg
gtgcaggtgctatccttaagataatcgaaccggaggacggtatgcctcgtecgattgttgtitggctgggacgaagatacaggcagg
ccggtgctggacagtactaacaaacgagaccgtggtgaactaatacgacgagcagaagaggctcgtgaggaggcggaaaa
gcttagtgagagggtaagagatactaaagcgcatcaaagagaaaacggggaatgggtaaatgctagggcgcecgtacggact
cagggttgtacttgtcacagtatccgatgaagaaggcgatgagtacgatgaacgaaagctigcagcagacgatgaagacgctg
gaggcccggatggtctaacgaaagcggaggccgcacgactcgtgttcacacttcccgtcactgatcgactatcctacgcgggaa
cggctcatgctatgaatacccgagaaataccctctccgactggggggcecatggattgccgtaacggtcagggatatgatacaga
accccgcctacgcgggctggcagacaaccgggcgacaggacggtaaacaacgaagacttaccttttataatggtgaaggaaa
gcgtgttagcgtgatgcacggaccaccacttgttacggatgaggaacaggaggcagcgaaggcagcggttaagggagaggat
ggggtcggagttcccttagacggttcagaccatgacacgaggcgaaagcatctactctctggeccgaatgcgatgtectggetgeg
ggggctcctgttcatacagtggcaatggctatagatgttggagatcticagtcaaaggcggttgccccgceccccacgtatgtcgeg
aggaagtccgtagaagagtatgttgcttitaggtgggctgctaagctcgctgectcagagccggatgatcectitigttatageggttge
agataggtgggcggcgttaacccatcctcaggcgagcgaagatgagaaatatgccaaagctgccgticgagaggcagagaa
aaatctaggccgtttgctgcgtgatcgacaaaatggagtctacgacgggccggceggagcaatttttcgcacccgcatatcaagag
gcattaagcacacttcaggcagccaaggatgccgttagtgaaagctcagcgagtgctgctgtagacgtgagctggatcgtagac
agtagcgattacgaggagctatggttaagagctacgccgacaatgaggaatgccataatagacacgtgtatagatgagatttgg
gttgcgaagggtcagaggggaaggccgticgatggggacgagcgagtaaagattaaatgggcagcgcgtacataa

Integrase 7 A. thaliana codon optimized sequence
atgaaggtagcgatctatgtccgtgtgtcaactgatgagcaggccaaggaaggattttccatcccagcgcagagagaaagatta
agggcattttgtgcctcacaaggctgggagatcgtacaggagtatatcgaagaggggtggtctgcgaaggatttggacagaccte
agatgcagagactgcttaaggatataaaaaaaggtaacatcgacattgtcctcgtatacaggttggataggctaactaggtccegtt
ctggatctttatctgctcctgcaaacatttgagaagtacaacgtggcttttcgtagtgctacggaggtatacgatacgtcaactgcaat
gggccgtttattcattaccttagtggccgctctggcacaatgggagcegtgaaaacctggcagagagggtaaaatttggaattgaac
agatgattgacgagggcaagaagcccggaggtcacagtccctacggttataaatttgataaggacttcaactgtactataatcga
ggaggaagctgatgtcgtgcgtatgatttacaggatgtactgcgatggatatggctaccgtagtatcgccgaccgacttaatgagtt
gatggtcaaacccaggatagccaaggaatggaatcataattccgticgagatattcttacaaacgatatttatataggtacatacag
gtggggtgataaagtagtccccaataatcatccgccaataatctccgaaactttgttcaaaaaagcacagaaggaaaaagaaa
agcgtggcgttgaccgaaagcgagtcggaaagtitctitttacaggactgttgcaatgcgggaattgcgggggacacaagatgea
agggcacttcgataagcgtgagcaaaagacttattaccgttgtactaaatgccaccgtatcacaaacgagaagaacatactaga
gccacttcttgacgagatacagttgttaattacgagtaaagagtactttatgagtaaatttagcgacagatacgatcaacaggaggt
tgtagacgtgagcgcgctgactaaagaactggagaagataaagaggcagaaggagaagtggtacgatttgtatatggacgatc
gaaatccgatccccaaggaagagctatttgccaaaataaacgaattgaacaagaaagaagaggagatatatagtaagctaag
tgaagtggaagaagataaagaaccggtagaagagaagtacaaccgtctctccaaaatgattgattttaaacaacagttcgaac
aagcaaatgatttcacaaaaaaggaacttttgttctctatcttcgaaaagattgtaatctatagagagaaagggaaattaaagaag
atcacactagattatactttgaagtaa

Integrase 9 A. thaliana codon optimized sequence
atgaaggtcgctatatacaccagagtaagcactctggagcaaaaggagaaaggtcattctatagaagaacaggagaggaag
ctcagagcatactccgatataaacgattggaaaattcataaagtgtatacagacgccggctattccggggcgaagaaagaccg
accagcactacaagagatgttgaacgaaatagataacttcgatttggtgctcgtttataagctcgaccgactcactcgttctgtcaaa
gacctacttgaaattctcgagctatttgagaataaaaatgtactctttcgatctgcgaccgaagtctatgataccacatcagccatgg



128

gacgacttttcgtgacgttggtgggcgcgatggcagagtgggaaagaacgactattcaagaaaggaccgcaatgggaagacgt
gccagtgccagaaagggtcttgcgaaaacggtacctcctttctattatgacagggtcaatgacaagttcgtgectaatgagtacaa
gaaagtgttgcgtttcgccgtggaagaagcgaagaaagggactagcecttagagaaataacaatcaaactgaataacagcaag
tacaaggcgccactcggaaaaaattggcacaggtcecgtaatcggaaacgcactcacctcacctgttgctagaggcecatctagtat
ttggggacattttcgtggagaacactcacgaggcgataatatcagaagaggagtacgaggaaattaagcttagaatctctgaga
agacgaactcaacaatcgttaaacataatgcgatcttcaggagtaaactactatgtccaaactgcaatcaaaagcttaccctgaat
accgttaaacatacacccaagaataaggaagtgtggtattcaaagctatatttctgcagtaactgtaagaatacgaaaaataaga
atgcttgtaacattgacgaaggtgaggttttaaagcaattctataattatctaaagcaatttgatctgacttcctataaaatcgagaacc
agccaaaggaaatcgaagatgtgggtatcgacattgagaagttgaggaaagagcgagcgagatgccagacgctcttcattga
aggtatgatggacaaagatgaggcttttcctattatatcacgaatcgacaaggagatacacgagtatgagaaaaggaaagataa
cgacaaagggaaaacattcaattatgaaaaaatcaagaactttaagtacagtcttctcaatgggtgggaactcatggaggatga
acttaagaccgagttcataaagatggcaatcaaaaatatacattttgaatatgtgaaagggataaaggggaagaggcaaaattct
ttgaagatcacgggcatagaattttattaa

Integrase 13 A. thaliana codon optimized sequence
atggctgtcggaatttacatacgagtgagtactcaggagcaggccagtgaggggcattccatagaaagccaaaagaaaaaatt
ggcgtcttactgcgagattcaggggtgggatgactataggttttatattgaggagggaatatccgggaagaatacaaatcgtccaa
agcttaaactccttatggagcatattgaaaagggtaaaattaatatactactcgtgtaccgattagaccgtictaacgaggtcagtaat
cgatttgcacaagttattgaattttctgcaggaacacggttgcgccttcaagtccgcaactgaaacttacgacacaaccaccgcaa
acggaaggatgagtatggggattgtatcactccttgcccagtgggagacggaaaatatgagcgaacgtataaaactgaatctcg
aacacaaagtactagtagagggggaaagggttggggctatcccctacggatttgatctaagtgatgacgaaaagctagtgaaa
aatgaaaaaagtgcaattctgctggatatggtggagcgagtagaaaatggatggtccgtcaatcgaatcgtgaattacctgaatct
tacgaacaatgaccgaaattggagtccgaatggcgtcctgcgtctacttcgaaacccggcgctctacggggcegacccgttiggaa
cgataagatagctgagaacacacacgaaggaattatcagtaaagagaggttcaatagattgcagcaaatcctagcagatcgttc
tattcatcacaggcgtgatgttaagggtacctacatttttcagggcgtattaagatgtccggtttgtgatcagacattgagcgttaacag
attcatcaagaagcgaaaggatggcacggagtactgtggcgttttgtatagatgccagccctgtattaaacaaaataaatacaatc
ttgcaattggcgaggcacgattictgaaggctctcaacgagtatatgtccacggtggaatttcaaactgtigaggacgaggtcatcc
ctaagaagagtgagcgagagatgctggaaagtcaacticaacagatagctagaaagagagaaaagtatcaaaaagcgtggg
cttctgatttgatgtctgacgacgagtttgaaaagcttatggtigagacccgagagacttacgatgaatgcaagcagaaactcgagt
cttgcgaggaccctatcaaaatcgacgaaacttacttaaaggagatagtttatatgttccatcaaaccticaacgacctggagtccg
agaaacagaaggagttcatctcaaagtttattcgtacaatacgttacaccgtgaaggaacagcaaccaataaggccagacaag
agcaagactgggaaaggcaagcagaaagtcataattactgaggtagaattctatcaataa

phiC31 A. thaliana codon optimized sequence
atggacacatacgcgggtgcctatgacaggcagtcccgtgaacgtgaaaatagtagtgcggcttcccccgecacgcagegttee
gccaatgaggacaaagcagcagacctccaacgagaggttgagcgagatgggggcaggttcaggttegtaggecacttetctga
agcgcccggcacttcecgegttcggcaccgcggagagacccgagtticgagegtatactaaatgagtgccgagegggtcgactca
acatgataattgtatatgacgttagtaggttctccagactgaaagtaatggatgcaataccaatagtatcagagcttctagecttggg
cgttacgatagtgagcacccaggagggcgtattccgacaagggaacgttatggatcttatacatctaattatgcgacttgatgcca
gtcacaaggaatcctccctcaagagcgccaagattcttgatactaagaacctacagagggagcetcgggggttacgtcggggga
aaagccccgtacggttttgaacttgtcagtgaaaccaaggagattacgaggaacgggaggatggtcaatgttgtcataaacaagt
tggcgcactcaactactccattgactggtcegttcgagtttgagccagacgtaattcgatggtggtggcegtgagatcaaaactcata
agcatttaccttttaaaccgggcagccaggcggcaatacaccccggaagcatcacaggcectgtgcaaacgtatggacgecgac
gctgtgccgaccagaggcgagactattgggaaaaagactgcectectcagcatgggatcccgctacagttatgagaattttacgtg
accccagaatcgctggcttcgcagcggaagtgatttataaaaagaagccagatggcacacccacaacaaaaattgaggggta
caggatccagagagatcctatcactttaaggccagttgagttggattgtggaccaataattgaacccgccgagtggtatgagctte
aggcctggttggatggaagaggtcgtggaaaaggcctcagccgtggacaggcecatcctatctgctatggacaaattgtattgega
atgcggcgcggtgatgacaagcaagcgaggcgaggaatctatcaaggacagctacaggtgtcgtagacgtaaagttgttgacc
cttcagcacctggccagcatgagggtacgtgcaatgtctccatggeggcegttagacaagttcgtggctgaacgtatatttaacaaa
attcgacatgcagagggcgacgaggagactctagcgttactatgggaagccgegcegtcgatttgggaagttaacggaggegec
tgaaaaaagcggagagagagctaatctcgtagccgagcegtgctgatgcactgaatgcgetagaggagcetgtatgaggaccgtg
ccgccggggceatacgatgggecggttggaaggaagcatttccgtaaacagcaageggctctgacactgegtcagcaaggage
cgaagagcgattagcggagctcgaagecgecgaggcegcectaaacttccactcgatcagtggttcecctgaagacgcggacgcec
gatccgactgggcccaaatcttggtggggtcgagcatecgttgatgacaagegtgtatttgtgggtctatttgtcgacaagatcgtag



129

tgactaaatcaactacaggccgtggccagggcacgccaatcgagaaacgtgcgagcataacatgggctaaaccacctacgg
acgacgatgaagacgatgcacaagatggaactgaggacgttgcagcatag

Bxbl A. thaliana codon optimized sequence
atgagggccttagtcgtgatccgactatccagggtcactgatgccaccacatcaccagaaagacaactagagtcatgccagcaa
ttgtgcgcacaaagaggatgggatgttgtaggcgttgcggaggacctagatgtatcaggtgccgtggacccctttgatagaaaac
gaagaccaaacctagcgcgttggctcgettttgaagagcaaccgtttgatgtgatcgtggcatacagggtggatagactaactag
gagtatacgacacctacagcagttagtacattgggctgaggatcataagaagctagtggtctctgcaactgaggcccatttcgaca
cgaccaccccttttgccgeggttgtcattgcgttaatgggcaccgtagcacaaatggaactcgaggcaatcaaggaaagaaacc
gaagcgcagcacactttaacattcgagccgggaagtaccgaggctctetgeccecttggggctatctcccgacgagggtggatg
gtgaatggagattagtaccagaccccgtccagagggaaaggattctagaagtgtaccaccgagtggtggataatcacgaaccg
ctccacctcgtggcgcacgacttaaaccgtcgtggggtgctctctccaaaggactattttgcgcagcttcagggtcgtgaaccticag
gggcgagagtggtccgctactgctttgaaacgtagtatgattagcgaggcaatgttaggatatgctacgctaaacggcaaaaccg
tccgagatgatgacggcgcgcecgctagtacgagctgaacctatactgacaagagaacagcttgaggctttacgtgcggagttagt
taagactagcagggcaaaaccagcagttagtacgccttcactgttactcagggttctgttttgcgcagtctgtggtgagcccgcegta
caaattcgctggtggggggcgtaagcacccgcegttaccgttgtcgtagtatgggcetticccaaagcatigcgggaatggaaccgtg
gcaatggcggagtgggacgctttctgcgaggagcaagtattggatctcctcggggatgctgaacgactggagaaagtgtgggta
gctgggtctgattctgctgtcgagctagcggaagtaaatgctgaactagtggacttaacgtccctcattgggtctccggcatatagag
ctggcagccctcaaagggaagccctigatgcgcegtatcgecgecctcgcagcgagacaggaagaattiggaggggcetggagg
ctaggccatcaggctgggagtggcgagaaacggggcagcgattiggtgattggtggagagagcaggatacggccgctaaaaa
tacgtggcttaggagtatgaacgtgcgtctgacgtttgatgticgtggtggtctcacacgaactattgactitggtgactigcaagaata
cgagcagcacttacgattgggaagtgttgttgaacgtctacatacgggcatgagttag
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8 CONSIDERACOES FINAIS

Pode-se destacar como um objetivo da biologia sintética a introducdo de
novas funcbes em um organismo ou a interagdo com atividades endbgenas
modificando alguns dos seus processos biolégicos para execucdo de funcbes
desejadas e inibicAo de indesejadas. Dentro desse foco, as serina integrases,
empregadas como ferramentas de ativacdo ou desativacdo da expressao génica a
partir da inversdo de partes genéticas, podem contribuir em diversos tipos de
engenharias projetadas para diferentes organismos. No presente estudo, o interesse
foi voltado para o avanco de possibilidades no ambito da biologia sintética de
plantas. Para esses organismos o trabalho representou um avanco ao adaptar um
chassi de testes vegetais, os protoplastos de A. thaliana, para a caracterizacao da
funcionalidade de oito integrases na inversdo de partes genéticas. Aléem de seis
dessas integrases terem sido pela primeira vez caracterizadas em eucariotos, a
expansdo do numero dessas proteinas validadas em plantas é importante para
permitir constru¢cées mais complexas, sobretudo com algumas delas tendo exibido
desempenhos nas células vegetais até mais satisfatorios que as ja bem

estabelecidas phiC31 e Bxbl, com destaque para a Int 13.

Os resultados obtidos em protoplastos demostraram que todas as integrases
foram funcionais para a ativacdo do interruptor genético, havendo, no entanto,
variacdes nas proporcionalidades de células fluorescendo pela presenca da proteina
reporter EGFP. A partir dai € possivel que sejam tracadas novas questdes buscando
se entender os motivos que levaram a essas variacdes. S&o diversas as perguntas
gue podem ser levantadas, tais como: uma vez transcritos, podem os mRNAs de
algumas integrases estarem sendo identificados por alguma sinalizacdo para
degradacdo? Ha variacdo na producdo e acumulo das diferentes proteinas
integrase? Todas tém a mesma capacidade de entrar no nucleo, onde irdo agir
sobre o plasmideo repédrter? Alguns dos sitios de reconhecimento attB e attP
flanqueando a parte genética alvo de rotacdo, podem estar comprometendo a
transcricdo do reporter? A complexidade do nucleo eucaridtico pode estar
interferindo de forma diferencial na eficiéncia das diferentes integrases? As
limitaces nas técnicas de transformacgéo poderiam também estar afetando de forma

diferencial os resultados de ativacdo das integrases? As hipoteses para essas
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guestbes suscitam uma série de ensaios que poderiam melhorar o conhecimento

dessas integrases e, assim, da mesma forma, seu uso como ferramenta.

Entretanto, o avanco trazido com o presente trabalho, pela demonstracéo de
funcionalidade das Ints 2, 4, 5, 7, 9 e 13, e ainda sem efeitos citotoxicos e com
ortogonalidade verificada para 2, 4 e 5, ja permite a progressao para uma linha mais
aplicada da ferramenta. Os proximos passos implicariam na testagem de suas
atividades em plantas com uma insercdo estavel das integrases e/ou do cassete
formado pela parte genética alvo. Para esta etapa pode-se esperar inicialmente
desafios de transformacéo estavel, de métodos de delivery para as integrases, caso
apenas o0s alvos sejam integrados no genoma da planta hospedeira, ou de método
de ativacdo da expressdo das integrases, como por promotores induziveis, por
exemplo. Esse ultimo ponto relaciona-se com a intencdo de montagem de um
sistema mais controlavel que aquele de expressdo de uma proteina sob um
promotor constitutivo, como costuma ser feito para a expressao de transgenes.
Avancando em desenho e proposicdo, tais mecanismos poderiam compor um
circuito genético sintético, sendo formado, por exemplo, por genes que confiram
resisténcias a estresse abiotico, como seca ou salinidade, ou resisténcia a um
patdgeno. Para tais genes de interesse ndo serem expressos constantemente os
mesmos poderiam estar posicionados de forma invertida, serem flanqueados por
sitios de integrases, e ainda estarem sob o comando de um promotor forte e
constitutivo, mas, portanto, ndo haveria formacéo da proteina de interesse. Apenas
as sequéncias codificadoras das integrases poderiam ficar sob regulacdo de
determinado promotor induzivel, que seria ativado pela presenca de fator abiotico,
praga ou mesmo por um indutor quimico ou fisico aplicado. Desta forma, apenas os
grupos de genes flanqueados pelo sitio de determinada integrase ativada naquela
condicdo seriam invertidos e consequentemente ativados. Além disso, se o sitio de
uma segunda integrase for posicionado in tandem ao da primeira, flanqueando o
gene de interesse, esta segunda poderia ser utilizada para desligar o sistema em um
momento posterior e sob outra sinalizacdo. Para integrases como phiC31 ou Bxbl, a
proteina RDF correlata junto da integrase poderia também ser aplicada para
promover essa movimentacdo contraria, sem a necessidade de posicionamento de
um segundo par de sitio. Para as Ints aqui caracterizadas, as respectivas RDFs, no

entanto, até onde verificou-se pela literatura, ainda nao foram identificadas. Este é
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um exemplo de um modelo mais complexo e refinado de controle para construcdes
de redes genéticas ou circuitos genéticos sintéticos que pode ser feito por integrases
em plantas. Autores ja chamaram essa possibilidade de constru¢do de smart plants.
Esse desenho de circuitos genéticos empregando integrases pode ser feito também
voltado para aplicacbes de biossensores ou de construcdo de rotas metabdlicas
sintéticas para um melhor controle da expressdo de partes genéticas envolvidas,
podendo inclusive o desenho atender ao modelo de portas l6gicas booleanas.

Além disso, esse controle de expressado génica mediado por integrases pode
ser feito utilizando as outras acbes que as integrases sdo capazes de fazer,
dependendo do posicionamento do sitio, que sdo os mecanismos de insercdo ou
delecéo. Um dos primeiros usos destinados a essas enzimas em plantas foi voltado
para a remocéo de transgenes ou marcas de selecéo, ficando apenas a pequena
sequéncia do sitio como “cicatriz” no genoma, aplicagéo essa que pode ainda ser
utilizada. O mecanismo de inser¢cao depende da presenca de um sitio no local alvo e
abre a possibilidade de diferentes sequéncias serem inseridas naquele organismo

gue possuir o sitio de “aterrissagem” no material genético.

As integrases podem também serem utilizadas como ferramentas em outras
estratégias de biologia sintética, como nas avaliacées de funcdo e essencialidade de
genes, grupos génicos ou sequéncias génicas relacionadas a determinados
dominios proteicos. Sitios de integrases flanqueando tais partes genéticas e
invertidas de acordo com o projetado pode trazer diversas elucidacées, como por
exemplo, aquelas voltadas para o desenvolvimento de um genoma minimo vegetal,
(estratégia top-down da biologia sintética), compreensédo de redundancias génicas,
muito presente no genoma de plantas, ou mesmo proporcionar um melhor
entendimento a respeito dos dominios de genes NLR, que estdo ligados a
conferéncia de resisténcia vegetal a efetores de patdgenos, trazendo assim,

possiveis avanc¢os no sistema de imunidade de plantas.

Analisando a ferramenta integrase em relacdo ao sistema CRISPR/Cas9,
apesar das diferencas nos mecanismos de funcionamento, ambas ferramentas
biotecnolégicas podem desativar um gene ou promover um ganho de funcdo. Uma
das maiores preocupacoes do sistema CRISPR/Cas9, os off-targets, entretanto,

apesar de potencialmente também poder acontecer com as integrases, devido a sua
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especificidade fortemente atrelada a sequéncia do sitio, parece menos provavel. No
entanto, ha alguns relatos de estudos que buscaram explorar um possivel
reconhecimento de pseudo-sitios para o aproveitamento de sequéncias endbégenas
como potenciais sitios, evidenciando outra dificuldade do uso das integrases, que €
a necessidade de presenca dessa sequéncia especifica no material genético. Entéo,
se por um lado o reconhecimento de pseudo-sitio pode ser vantajoso, por outro traz
a mesma preocupacgdo de possiveis off-targets, levantando também a necessidade
desse tipo de investigacdo para trabalhos com integrases. A possibilidade de
alternancia de estado controlado que pode ser oferecida pelo sistema integrase com
um acréscimo de proteina RDF pode ser também considerada uma vantagem para
essa ferramenta em relacao ao sistema CRISPR.

Hoje, alguns possiveis caminhos podem ser considerados para a resolucéo
do gargalo da necessidade do sitio especifico no genoma alvo. Com o
desenvolvimento da ferramenta prime editing, que consiste em uma Cas9
desativada fusionada a uma transcriptase reversa e um RNA guia fusionado a uma
sequéncia de RNA complementar aquela que se pretende inserir no genoma, 0S
sitios das integrases poderiam ser inseridos em locais especificos direcionados pelo
guia. Entretanto, no estudo que desenvolveu a estratégia, o tamanho maximo de
insercao foi mostrado para um sitio de recombinase de 44 bp, menor, portanto, que
os das Ints aqui avaliadas, além da eficiéncia do ensaio néo ter sido alta. Uma outra
possibilidade seria a melhor elucidacdo das especificidades da proteina com a
sequéncia de DNA onde a mesma se liga no sitio para que integrases possam ser
projetadas para loci especificos no genoma e, possivelmente, reconhecé-los como
sitios. Porém, essa relacdo de especificidade proteina-sitio ainda néo foi elucidada.
Ainda nessa intencao, ha um trabalho que buscou fusionar uma integrase com uma
Cas9 para que, ao invés de um sitio ser reconhecido, a proteina hibrida faca a
funcdo de integrase, mas com a especificidade de ligacdo ao DNA feita pelo RNA
guia, substituindo, desta forma, a necessidade da presenca do sitio. Contudo, a

eficiéncia de funcionamento desse sistema foi muito baixa.

Muitos ainda sdo os desafios para as aplicacbes desse sistema em
organismos vegetais, mas igualmente diversas sao as possibilidades de aplicacdo
em diferentes projetos de biologia sintética para plantas. A partir das funcionalidades

demonstradas em células vegetais de diferentes integrases, esse trabalho permite
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gue outros pesquisadores possam avancar no planejamento e aplicacdes de seus
projetos conhecendo melhor a ferramenta que pretendem utilizar, minimizando,
assim, possiveis erros ou efeitos inesperados advindos de um desconhecimento de

pecas do sistema.



