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RESUMO

A ureia é o fertilizante nitrogenado mais utilizado na agricultura. Porém, perdas por
volatilizagdo da aménia, decorrentes da agdo da enzima urease, acarretam
problemas econémicos e ambientais. Uma das estratégias para prevenir essa perda
€ a utilizagao de inibidores da urease, sendo o N-(butil) tiofosférica triamida (NBPT)
o inibidor mais utilizado comercialmente. No entanto, o NBPT apresenta limitacbes
importantes, como baixa estabilidade em temperaturas elevadas, menor eficiéncia
em solos acidos e, por ser um produto importado, onera a produgdo agricola
brasileira, levando a necessidade de desenvolvimento de novos inibidores de
urease. Neste trabalho, duas bases de Schiff, 3B4 e 3D6, e uma amina derivada da
substancia 3B4, foram melhor estudadas com o objetivo de obter uma formulagao
capaz de veicular esses inibidores. Estudos de solubilidade foram conduzidos e
mostraram que os inibidores de urease propostos sado praticamente insoluveis em
agua, necessitando do auxilio de solventes e cossolventes para a solubilizagao.
Uma formulagdo segura foi desenvolvida com o intuito de verificar a seguranga
dessas substancias em estudos de fitotoxicidade utilizando sementes de alface
(Lactuca sativa L.). A avaliagdo da inibicdo da atividade antiureolitica em solo foi
conduzida e mostrou que a substancia 3B4 (55 + 4%) foi o inibidor de urease mais
promissor em comparagao com a substancia 3D6 (39 + 7%) e 3B4a (28 + 11%), sem
diferenga estatistica do NBPT (50 + 1%, p> 0,05). No entanto, no estudo de inibigao
da urease in vitro ndo foi observada diferenca estatistica entre a substancia 3B4 (23
1 7%) e sua amina (3B4a, 24 + 10%); e o estudo de docking molecular mostrou que
a interagao entre a substancia 3B4a e a enzima urease resultou em um complexo
mais estavel. A avaliagdo da interagdo das misturas 3B4:ureia (1:1) e 3B4a:ureia
(1:1) utilizando espectroscopia no infravermelho por transformada de Fourier n&o
mostrou evidéncias de interagbes nos tempos 0, 24 e 48h. O conjunto dos dados
fornecem indicios de que a base Schiff 3B4 e sua amina (3B4a) sdo promissoras

candidatas a aditivos para estudos adicionais como inibidores da urease.

Palavras-chave: amina; bases de Schiff; formulagao; inibidores de urease; NBPT;

ureia.



ABSTRACT

Urea is the most widely used nitrogen fertilizer in agriculture. However, losses due to
ammonia volatilization, resulting from the action of the urease enzyme, cause
economic and environmental problems. One of the strategies to prevent this loss is
the use of urease inhibitors, with N-(butyl) thiophosphoric triamide (NBPT) being the
most commercially used inhibitor. However, NBPT has important limitations, such as
low stability at high temperatures, less efficiency in acid soils and, as it is an imported
product, it burdens Brazilian agricultural production, leading to the need to develop
new urease inhibitors. In this work, two Schiff bases, 3B4 and 3D6, and an amine
derived from the substance 3B4, were better studied with the aim of obtaining a
formulation capable of carrying these inhibitors. Solubility studies were conducted
and showed that the proposed urease inhibitors are practically insoluble in water,
requiring the aid of solvents and co-solvents for solubilization. A safe formulation was
developed to verify the safety of these substances in phytotoxicity studies using
lettuce seeds (Lactuca sativa L.). Evaluation of inhibition of antiureolytic activity in
soil was conducted and showed that substance 3B4 (55 + 4%) was the most
promising urease inhibitor compared to substance 3D6 (39 + 7%) and 3B4a (28 *
11%), with no statistical difference from the NBPT (50 + 1%, p> 0.05). However, in
the in vitro urease inhibition study, no statistical difference was observed between
substance 3B4 (23 £ 7%) and its amine (3B4a, 24 £ 10%); and the molecular docking
study showed that the interaction between the 3B4a substance and the urease
enzyme resulted in a more stable complex. The evaluation of the interaction of the
3B4:urea (1:1) and 3B4a:urea (1:1) mixtures using Fourier transform infrared
spectroscopy showed no evidence of interactions at times 0, 24 and 48h. The data
set provide indications that Schiff base 3B4 and its amine (3B4a) are promising

candidates for additives for further studies as urease inhibitors.

Keywords: amine; Schiff bases; formulation; urease inhibitors; NBPT; urea.
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1 INTRODUGAO

A utilizagdo de fertilizantes nitrogenados € primordial para manter e aumentar a
produtividade agricola (SMITH, et al., 1990; ROTHSTEIN, 2007). O nitrogénio (N) é
um dos elementos essenciais para as plantas, participando da constituicao de varias
moléculas importantes, como aminoacidos, amidas, proteinas e acidos nucleicos;
além de participar na sintese da clorofila (TAIZ et al., 2017; OHYAMA, 2010). No
entanto, apesar de ser encontrado em grande quantidade na atmosfera, o N nao
esta disponivel biologicamente para a maioria dos organismos, sendo os fertilizantes
nitrogenados uma das formas de fornecé-lo as plantas (GALLOWAY e COWLING,
2002; KLUTHCOUSKI, 2006).

Contudo, os fertilizantes nitrogenados estdo susceptiveis a perdas através da
erosdo, escoamento, desnitrificagcéo, lixiviagédo, volatilizagdo e imobilizagédo bioldgica
(SMITH, et al.,1990; NEETESON e CARTON, 2001; YAMADA e ABDALLA, 2000;
CANTARELLA, 2007; CHEN et al., 2008). Entre os fertilizantes nitrogenados a ureia
se destaca devido ao elevado conteudo de N (46% N) e baixo custo de produgéo
(CANTARELLA, 2007; KRAJEWSKA, 2009; TRENKEL, 2010; CANTARELLA et al.,
2018). Porém, a ureia esta susceptivel a perdas por volatilizagdo da amoénia, que
sdo intensificadas em paises tropicais, como o Brasil, onde ha o predominio de
temperaturas altas (FRAZAO et al., 2014; TRENKEL, 2010). A perda de aménia da
ureia esta relacionada a sua hidrdlise, que ocorre devido a atividade da enzima
urease (ZANIN et al., 2015). As ureases constituem um grupo de enzimas que
ocorre em plantas, bactérias, fungos, algas e invertebrados (KRAJEWSKA, 2009). O
resultado da hidrélise da ureia é a formacdo de amébnio e dioxido de carbono. O
amonio pode ficar na forma de ion, ou ser volatilizado na forma de aménia (ZANIN et
al., 2015).

Para minimizar a agdo da urease e as perdas associadas sao utilizados produtos
que diminuem a taxa de liberacdo de nutrientes dos fertilizantes, como fertilizantes
de liberacdo lenta\controlada; ou produtos que interferem no processo de
transformacgao de nutrientes, como inibidores de nitrificagao e inibidores de urease
(AKIYAMA et al., 2010; TRENKEL, 2010; YADAV et al., 2017). Dentre esses

inibidores de urease, o N-(butil) tiofosforica triamida (NBPT), um analogo estrutural
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da ureia, é atualmente o mais eficaz e utilizado (WATSON et al., 2000;
CANTARELLA et al., 2018). Contudo, estudos tém mostrado instabilidade térmica do
NBPT em temperaturas superiores 25° C (WATSON et al., 2008; CANTARELLA et
al., 2016), menor eficacia em solos acidos (ENGEL et al., 2013; SAN FRANCISCO et
al, 2011) e, por ser um produto importado, gera custos elevados para produgao
agricola brasileira (MODOLO et al, 2016). Adicionalmente, em culturas de milho
foram observadas alteracdo no influxo e na assimilagdo da ureia (ZANIN et al.,
2015). Assim, o desenvolvimento de inibidores de urease eficazes em baixas
concentragbes, nao téxicos para plantas e ambiente, estaveis, acessiveis
economicamente e compativeis com a ureia constituem uma demanda (WATSON et
al., 2008; ARTOLA et al., 2011).

Dentre os novos inibidores em estudo, ha as bases de Schiff, formadas a partir da
reacdo de uma amina primaria com um aldeido ou cetona em condi¢cbes especificas
(DA SILVA et al., 2011; KALAIVANI et al., 2012). Essa classe tem sido associada a
potentes efeitos antiureoliticos (DE FATIMA et al., 2018; MODOLO et al., 2016).
Dentre as 71 substancias sintetizadas pela Redniu (Rede de Desenvolvimento de
Novos Inibidores de Urease), duas (3B4 e 3D6) foram selecionadas para serem
melhor estudadas neste trabalho. As bases de Schiff apresentaram resultados
promissores no teste in vitro de inibicdo da urease e na avaliagdo da inibicdo da
urease em solo (CHAVES-SILVA et al., 2020; MODOLO et al., 2016).

Com o objetivo de avangar nos estudos com as substancias 3B4 e 3D6, neste
trabalho foram conduzidos estudos de solubilidade e reatividade; e desenvolvida
uma formulagdo segura para avaliagdo da fitotoxicidade em sementes de alface
(Lactuca sativa L.). Adicionalmente, uma amina analoga a uma das bases (3B4a) foi
sintetizada e teve sua atividade antiureolitica em solo e in vitro determinada. Estudos
in silico de docking molecular também foram realizados para a avaliagdo da
interagao das substancias 3B4 e 3B4a com a enzima urease. Por fim, estudos de
espectroscopia no infravermelho por transformada de Fourier (FTIR) foram
conduzidos para avaliacdo da interagcado das substancias 3B4 e 3B4a com ureia nos
tempos 0, 24 e 48 h.
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2 REVISAO DA LITERATURA

2.1 Importancia do N para a agricultura

O gas nitrogénio (N2) representa cerca de 80% da massa total da atmosfera da
Terra. Nessa forma o N ndo esta biodisponivel para a maioria dos organismos
(GALLOWAY e COWLING, 2002). Devido a sua estabilidade, a disponibilizagao de
N para a natureza advém de processos que envolvem altas temperaturas (como
relampagos) e transformagdo por bactérias fixadoras de N, como as do género
Rhizobium (SMIL, 1997; GALLOWAY e COWLING, 2002). Além da fixagao realizada
pelos procariotos, o N também ¢é disponibilizado para as plantas através da matéria
organica do solo, pela reciclagem de culturas anteriores e/ou pela utilizacdo de
fertilizantes nitrogenados (KLUTHCOUSKI, 2006).

O N é essencial para as plantas, pois participa da constituicido de aminoacidos,
amidas, proteinas, acidos nucleicos, nucleotideos, coenzimas e hexoaminas; sendo
necessario também para a sintese da clorofila (SMITH et al., 1990; TAIZ et al. ,
2017). No solo o N é encontrado em trés formas: N organico, que é parte da matéria
organica do solo; o N amoniacal, que se encontra fixado em minerais argilosos,
sendo liberado lentamente; e o N inorganico, composto por ions amonio (NH4") e
nitrato (NOs") ou compostos soluveis (LOPES, 1998). O N na sua forma orgénica é o
mais predominante no solo (97- 98% do N total do solo). As formas inorgéanicas, que
sdo absorvidas pelos vegetais, sdo resultado da transformagdo das formas
organicas presentes no solo. O processo denominado mineralizagdo consiste na
transformagdo do N organico em formas minerais, realizadas por microrganismos
heterotréficos do solo, que utilizam substancias organicas como fontes de energia.
Ja a imobilizacado, passagem do N mineral para formas organicas, é realizada por
microrganismos que incorporam o N inorganico disponivel no solo as suas células,
utilizando-o para formacdo de proteinas e tecidos (RAIJ, 1983; LOPES, 1998;
CANTARELLA, 2007).

A falta de N e clorofila resulta na inadequada utilizacdo da luz do sol como fonte de
energia, interferindo em fungdes essenciais das plantas, como a absor¢do de
nutrientes. A deficiéncia de N nas plantas é caracterizada pela inibicdo do

crescimento dos vegetais. Caso a deficiéncia permanega, as plantas expressam
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clorose (folhas amareladas), especialmente em folhas maduras, proximas a base da
planta (Figura 1) ( TAIZ et al., 2017).

Figura 1- Planta saudavel (C) comparada com uma planta com deficiéncia de N
(-N), ocasionando clorose.

Fonte: Adaptado de AQUINO et al., 2019.

Para sustentar os altos rendimentos das culturas, ainda no século passado, buscou-
se um método que provesse N em quantidade suficiente. Assim, no inicio do século
XX, o processo de Haber-Bosh possibilitou a sintese industrial da amonia,

permitindo o aumento do rendimento das colheitas (SMILL, 2001).

A viabilizagdo da sintese quimica de fontes de N foi e tem sido tdo importante para a
humanidade que proporcionou dois prémios Nobel de quimica para os
pesquisadores Fritz Haber em 1918, pela sintese de amodnia a partir de seus
elementos (N e hidrogénio) e a Carl Bosch e Friedrich Bergius em 1931, em
reconhecimento por suas contribuicbes para a invengado e o desenvolvimento de
métodos quimicos de alta pressao (NOBEL PRIZE, 2020).

2.2 Processos de perdas do N do solo

A relagdo de N no sistema solo-planta-atmosfera é dada pela diferengca de ganhos e
perdas no sistema. As perdas de N ocorrem através da erosao, escoamento,
desnitrificacao, lixiviagao, volatilizacdo e imobilizagdo biolégica (SMITH, et al., 1990;
NEETESON e CARTON, 2001; YAMADA e ABDALLA, 2000; CANTARELLA, 2007;
CHEN et al., 2008;). A perda de N a partir do sistema solo-planta contribui para a
intensificagcdo de problemas ambientais, incluido poluicdo da agua, do solo e do ar
(HAWKESFORD et al., 2011).
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2.2.1 Lixiviagdo

A lixiviagao é o movimento descendente de N através do perfil do solo. Entre as
formas inorganicas do N, o anion NOs™ esta mais sujeito ao processo de lixiviagao
devido a repulsdo por particulas do solo predominantemente carregadas
negativamente e a baixa interagdo desse anion com outros minerais presentes. A
lixiviagdo do NO3™ tem uma relag&o direta com a quantidade de agua que percola o
solo. Porém, existem outros fatores que interferem nessa movimentagao do anion e
da agua, como as interagdes fisicas e quimicas desses dois elementos com o solo,
textura do solo, intervalo entre chuvas, solos com horizontes superficiais com carga
positiva, mecanismo de mobilidade da agua e de NO3 no solo, manejo agronémico
do solo, fornecimento de N, entre outros (NEETESON e CARTON, 2001;
CANTARELLA, 2007) .

No entanto, alguns estudos apontam que a lixiviagdo ndo € um problema critico,
podendo ser evitado por meio do parcelamento da adubacdo (YAMADA, e
ABDALLA, 2000). No Brasil sdo poucos os casos descritos na literatura de perdas
elevadas de N por lixiviagdo (CANTARELLA, 2007). Em um experimento de balango
de N no sistema solo-planta realizado por Coelho e colaboradores (1991) observou-
se que para 60 kg de N/ha aplicados na forma de ureia em um latossolo vermelho-
escuro, com cultivo de milho no cerrado, apenas 4% foi perdido por lixiviagdo. Em
outro estudo, Reichardt e colaboradores (1982) mostraram que a lixiviagado também
nao foi um problema para uma taxa de aplicagdo de 90 kg N/ha, sendo perdido
apenas 4,5 g de fertilizante nitrogenado por lixiviagdo por milimetro de chuva, em

condicdes tropicais.

2.2.2 Desnitrificacdo

A nitrificacdo é o processo que transforma o N amoniacal em N-nitrico por bactérias
nitrificadoras. Associado ao processo de nitrificagcdo esta a desnitrificagdo, na qual
certos microrganismos sao capazes de usar NO2" ou NO3s™ em substituicdo a O2 para
formar os gases N20 (é6xido nitroso), NO2, N2 e NOx, que sdo perdidos para a
atmosfera (LOPES, 1998; NEETESON e CARTON, 2001).
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Em determinadas condigdes ambientais, tais como em areas alagadas, a
disponibilidade de Oz é limitada. Assim, os microrganismos utilizam NO2 ou NOs
para realizar a respiracao, liberando as formas reduzidas de N para a atmosfera
(NEETESON e CARTON, 2001; SEMOKA, 2008). A taxa de desnitrificacdo depende
de alguns fatores, como a umidade, temperatura e aeragdo do solo e do suprimento
de carbono e substrato (NO2 ou NO3"). Sendo assim, a desnitrificagdo geralmente
ocorre em solos de textura fina e mal drenados, e em situagdes com lencol freatico
alto, onde ha uma maior probabilidade de as condicbes anaerdbicas estarem
presentes (NEETESON e CARTON, 2001).

A perda de N na forma gasosa provoca a diminuicdo da eficiéncia dos fertilizantes
nitrogenados, e até 30% do fertilizante nitrogenado aplicado pode ser perdido pelo
processo de desnitrificacdo (AMBER e ZECHMEISTER-BOLTENSTERN, 2007).
Além disso, o N20 é conhecido por ser um gas causador do efeito estufa, tendo um
potencial de aquecimento global 320 vezes maior do que o didxido de carbono, uma
vez que sua vida atmosférica € cerca de 120 anos. O oxido nitrico (NO) também
esta associado a deplecdo da camada de ozbnio estratosférica da terra, de forma
que o balango radioativo da troposfera contribui para o aquecimento global
(NEETESON e CARTON, 2001; MARTENS, 2005; CANTARELLA, 2007).

2.2.3 Volatilizacdo da amdnia

A volatilizagcdo de amébnia representa uma das principais perdas de N (MA et al.,
2010); podendo ser oriunda de fertilizantes nitrogenados, excrementos (fezes e
urina) de animais e da mineralizagdo da matéria organica e de residuos vegetais
(CAMERON et al., 2013). Porém, uma série de fatores interfere neste processo,
como a natureza do fertilizante, pH, conteudo de matéria organica, conteudo de
agua, temperatura e capacidade de troca idnica do solo (REICHARDT et al., 1982).
Esta perda esta relacionada ao equilibrio quimico entre o ion aménio (NH4*) e a
forma gasosa amoénia (NH3) representado na equagdo NH4™ + OH™ <> NH3z + H20.
Levando-se em consideragdo a constante de dissociagdo de 5,85 x 10-'° a 20° C,
tem-se que a forma predominante de N em pH acido € NH4* e a medida que o pH
aumenta a porcentagem de NHs também aumenta, explicando o aumento da
volatilizacdo N-NHs em solos alcalinos (CANTARELLA, 2007; CAMERON et al.,
2013).
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Fertilizantes amoniacais sofrem perdas por volatilizacdo de NHs quando aplicados
em solos alcalinos (LOPES e GUILHERME, 2000). Mas pouca ou nenhuma perda é
observada quando fertilizantes amoniacais de reacado acida ou neutra, como sulfato
ou nitrato de aménio, sao aplicados a solos neutros ou acidos. Porém, esses
fertilizantes sdo mais caros, além de o nitrato de amoénio ser de uso restrito devido a
sua aplicacdo na fabricagdo de material explosivo (CANTARELLA, 2007;
CANTARELLA et al., 2018). No caso da ureia, a perda de N-NH3 pode ocorrer tanto
em solos acidos como basicos (FENN e HOSSNER, 1985). Apdés a aplicagcéo da
ureia o pH do solo aumenta de modo acentuado devido a hidrélise, portanto ha um
aumento na volatilizagao da aménia (CAMERON et al., 2013).

Em um estudo de avaliagdo de perdas por volatilizacdo de N-NHs da cobertura
nitrogenada em uma cultura de milho, Cabezas e colaboradores (1997) testaram
cinco fontes de N utilizando o sistema de plantio direto (SPD) e sistema de plantio
convencional (SPC). No SPD, as perdas acumuladas de N-NHs provenientes de
diferentes fontes de N (ureia; uran - nitrato de amoénia ureia; sulfuran - adicdo de
sulfato de aménio ao uran) aplicadas na superficie foram, respectivamente, 78,0;
37,2 e 26,9%. No SPC, as perdas mais significativas foram pela aplicagao de ureia e
uran (30,7% e 9,7%, respectivamente). Assim, o nitrato de amdnio e o sulfato de
amonio apresentaram perdas inferiores a 15,0%. Esse estudo mostrou que a ureia é
o fertilizante mais suscetivel a perda de N por volatilizagao, podendo chegar até 78%
de perdas em condi¢des climaticas mais severas. Resultados semelhantes também
foram observados por Vitti e colaboradores (2007) em cultura de cana de agucar
com adubos aplicados sobre os residuos deixados pelo canavial anterior. Nesse
estudo a perda de NH3 por volatilizagdo a partir de diversos fertilizantes nitrogenados
também foi maior para a ureia e uran, variando de 37 a 46%. Apesar dessas perdas
mais relevantes, devido ao baixo custo relativo de produgéo e alto teor de N (46%
N), a ureia ocupa uma posi¢gao de lideranga no mercado mundial de fertilizantes
nitrogenados (CANTARELLA, 2007; KRAJEWSKA, 2009; TRENKEL, 2010;
CANTARELLA et al., 2018).

2.3 Ureia e a enzima urease

A ureia representa mais de 50% do total de fertilizantes nitrogenados utilizados

mundialmente sendo estimada uma demanda global de cerca de 184 milhdes de
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tonelada em 2023 (KRAJEWSKA, 2009; GARSIDE, 2019). Produzida a partir da
reacdo da NHs com o CO2z a um baixo custo relativo de produgcdo e sem a
necessidade da utilizacdo de acidos ou materiais e equipamentos especiais, a ureia
apresenta baixo custo de transporte, manuseio, armazenamento e aplicagao.
Adicionalmente, possui elevada solubilidade, baixa corrosividade, auséncia de risco
de incéndio e explosdo e compatibilidade com diversas outras fontes de
suplementagdo (CANTARELLA, 2007; TRENKEL, 2010; FRAZAO et al., 2014). No
entanto, a principal desvantagem da ureia € a suscetibilidade a volatilizagdo de NHs,
gerando perdas que s&o intensificadas em paises tropicais, como o Brasil, onde ha o
predominio de temperaturas altas (TRENKEL, 2010; FRAZAO et al., 2014).

No Brasil, o consumo total de N superou 14 milhdes de toneladas em 2017, sendo a
ureia o fertilizante nitrogenado mais consumido (39%) (Figura 2). No entanto, a
producdo nacional de ureia correspondeu a modestas 836.754 toneladas meétricas,
levando a necessidade de importacdo de 4.769.793 de toneladas e uma
dependéncia do pais pelo mercado externo de fertilizante (ANDA, 2017). Uma forma
de minimizar essa dependéncia é otimizar a eficiéncia da ureia, limitando as perdas
e os efeitos econdmicos e ambientais decorrentes da acédo das ureases, visto que a
perda de N-NH3 a partir de ureia esta relacionada a hidrdlise catalisada por ureases
presentes no solo (ZANIN et al., 2015).

As ureases constituem um grupo de enzimas que ocorre em plantas, bactérias,
fungos, algas e invertebrados. Apesar de existirem diferengas na estrutura proteica,
devido a presenca de diferentes tipos de subunidades, essas enzimas exibem
elevada homologia na sequéncia de aminoacidos que compdem o sitio ativo,
sugerindo que sao variantes evolutivas de uma enzima ancestral (KRAJEWSKA,
2009). O sitio ativo das ureases contém um centro binuclear de niquel (Figura 3;
Ni(1) e Ni(2)). Os ions niquel (Ni) sdo ligados por uma lisina carbamilada através de
seus atomos de oxigénio. Ambos os atomos de Ni também estdo coordenados por
duas histidinas através dos atomos de N. O Ni(2)(Figura 3) também apresenta-se
coordenado pelo acido aspartico através do atomo de oxigénio. Adicionalmente, os
ions de Ni sdo ligados por um ion hidroxido (WB, Figura 3), que junto com duas
moléculas terminais de agua, W1 no Ni(1), W2 no Ni(2) e W3 (Figura 3), localizadas

na abertura do local ativo, formam um cluster tetraédrico de agua ligada por ligacoes
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de hidrogénio, que preenchem a cavidade do sitio ativo. Este cluster & substituido
quando a ureia se liga ao sitio ativo da reagao (KRAJEWSKA, 2009).

Figura 2 - Consumo de fertilizantes nitrogenados no Brasil em 2017.
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Fonte: ANDA, 2017.

Figura 3 - Estrutura esquematica do sitio ativo da urease.
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Fonte: Adaptado de Krajewska, 2009.

As ureases desempenham um papel extremamente importante no metabolismo
geral do N na natureza (KRAJEWSKA, 2009). O resultado da hidrdlise da ureia é a
formacgédo de NH4* e CO2. O amoénio pode ficar na forma de ion, ou ser volatilizado
na forma de amoénia, ou também servir de substrato para o processo de nitrificacao,
transformando-se em NOs™ (ZANIN et al., 2015). As plantas sdo capazes de absorver
pequenas quantidades de ureia pelas raizes, mas essecialmente absorvem o
produto da hidrélise da ureia. Assim, a presencga da urease nos solos permite que a
ureia seja usada mais eficientemente como fonte de N pelas plantas (KRAJEWSKA,
2009).
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A presencga e a atividade das ureases sao fatores determinantes na intensidade da
hidrélise da ureia, refletindo em maiores perdas por volatilizagdo de NHs. Fatores
como temperatura, pH, teor de agua, areacao, textura do solo e quantidade de
carbono orgénico também s&o determinantes na atividade dessas enzimas (SENGIK
et al., 2001). Quando a ureia € aplicada na superficie do solo € hidrolisada a
carbonato de amdnio ((NH4)2COs) (equacédo 1), de pouca estabilidade, sofrendo
rapida decomposig¢ao (equagao 2) com conversao a NHs como segue (SENGIK et
al., 2001; TASCA et al., 2011).

CO(NH2)2 + 2H20 — (NH4)2COs3 (1)

(NH4)2CO3 + H20 — 2NH4 *+ OH + HCO3s  (2)

A reacao de hidrolise consome H* e provoca o aumento do pH ao redor das
particulas de ureia, conduzindo, em solos acido, a perdas de N por volatilizagado da
amodnia (CANTARELLA, 2007).

O aumento na temperatura também contribui para o aumento da volatilizagcado de
NHs. Tal fato se deve a aceleragao na hidrdlise da ureia pelo aumento da atividade
da urease (MOYO et al., 1989; CLAY et al., 1990; CANTARELLA, 2007; TASCA et
al., 2011). Em um estudo conduzido por Tasca e colaboradores (2011), as perdas
totais acumuladas de N a partir da ureia sélida aplicada na superficie do solo a 35° C
representaram 50% do N aplicado. A aplicacdo a temperatura de 18° C levou a
perdas na ordem de 30%. Resultados semelhantes foram obtidos por Viero e
colaboradores (2014) ao avaliarem as taxas diarias de volatilizacdo de NH3 no verao

em comparagao ao inverno em tratamentos com aplicacao superficial de ureia.

A atividade da urease também ¢ influenciada pela presenca de matéria organica no
solo (DICK, 1984). A introducdo de residuos organicos no solo, ou a utilizagdo do
sistema de plantio direto, resultam em maior quantidade de matéria orgéancia,
aumentado a atividade microbioldgica e, consequentemente, a atividade da urease,
a hidrdlise da ureia e a volatizacdo da amoénia (SENGIK et al., 2001; SANGOI et al.,
2003; CANTARELLA, 2007). As maiores perdas de NHs estdo relacionadas a
facilidade de decomposi¢cdo microbiolégica da matéria organica, que por sua vez
leva a maiores perdas de NH3 (SENGIK et al., 2001).
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A incorporagao da ureia no solo pode reduzir a volatilizagdo de NH3 (TRIVELIN et
al., 2002; SANGOI et al., 2003; TASCA et al., 2011). Porém, em termos praticos
onera o custo de produgéao vegetal. Trivelin e colaboradores (2002) observaram que,
em um sistema solo-cana-de-agucar, no ciclo da cana-soca, a aplicacdo de ureia
em profundidade acarretou 81% de recuperacdo do N-fertilizante, enquanto na

aplicacéao superficial a recuperacgao foi de 50%.

A atividade da urease também ¢é influenciada pela umidade do solo. A medida que o
teor de umidade aumenta, a atividade enzimatica também aumenta (CANTARELLA,
2007; ROCHETTE et al., 2009; TASCA et al., 2011). O aumento da quantidade de
ureia aplicada também leva ao aumento das perdas de N-NHs3 por volatilizagcdo
(TASCA et al., 2011; PINTO et al.,, 2017). Portanto, a ureia € um fertilizante
nitrogenado altamente propenso a perdas de N por volatilizagdo de NHs. Visto a
importancia de melhorar a eficiéncia e contornar a perda de NHs, algumas
estratégias vém sendo desenvolvidas e avaliadas, as quais serdo abordadas nos

tépicos abaixo.
2.4 Impactos econdémicos e socioambientais da perda de N

2.4.1 Impactos econbémicos

Para manter a produtividade agricola e atender a necessidade alimentar da
humanidade, os fertilizantes nitrogenados sdo extremamente relevantes, sendo
responsaveis por 60 a 80% dos nutrientes disponibilizados aos grdaos mais
produzidos (SMIL, 2001). Considerando as varias formas de perda desse nutriente,
0os agricultores aplicam uma maior quantidade de fertilizantes nitrogenados,

aumentando os custos da produ¢éo (SOMMER et al., 2004).

Em um estudo conduzido por Pinto e colaboradores (2017), estimou-se o gasto de
R$123.200,00 para aplicar 400 kg/ha/ano de ureia em uma area de 100 ha de
cafezal fertirrigado do Cerrado, considerando o preco médio do perido (2009-2015).
Desse montante, R$25.150,00 correspondem as perdas por lixiviagédo, volatilizagao

e desnitrificagéo, ou seja, cerca de 20% do recurso investido.

Para contornar essas perdas, estratégias vém sendo adotadas, como a utilizagao de

ureia revestida com polimeros. Em um estudo conduzido por Zavaschi (2010), a
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ureia revestida mostrou menor custo na dose de 45 kg/ha e o mesmo custo na dose
de 67,5 kg/ha que a ureia convencional na dose de 90 kg/ha. Assim, novas
tecnologias que propiciem o aumento da eficiéncia de fertilizantes nitrogenados sao

necessarias para aumentar a produgdo agricola com minimo impacto ambiental.

2.4.2 Impactos socioambientais

O uso de fertilizantes nitrogenados e a intensificagdo da agricultura sdo temas que
devem ser continuamente discutidos em relagdo ao impacto ambiental (BRENTRUP
et al., 2001). A emissao global de NH3 é estimada em 53,7 Tg de N, sendo que cerca
de 65% das emissbes advém de atividades agricolas e 16% da natureza (ERISMAN
et al., 2007).

O excesso de N nos diversos ecossistemas provoca alteragdes ambientais. O N é
um elemento limitante para o crescimento de plantas em diversos ecossistemas, de
modo que seu excesso pode reduzir a diversidade da vegetagéao terrestre e a biota
associada devido a promogao de espécies adaptadas a explorar rapidamente os
nutrientes disponiveis. Esse declinio na riqueza de espécies € cada vez mais
preocupante devido ao risco de extingdes (DISE e STEVENS, 2005).

As perdas de NH3 para a atmosfera e sua consequente deposigao contribuem para a
eutrofizacdo de rios, lagos e aguas marinhas, além de acidificar solos e lagos,
quando NH4* é convertido em NO3 (ISHERWOOD, 2000). Grande parte da NHs
volatilizada € devolvida a superficie terrestre através da deposicdo umida e
deposicao seca. Na deposicdo umida a NHs se dissolve na agua da chuva, enquanto
na deposicao seca ela se encontra anexada as particulas. Essa deposicdo causa
acidificacao e eutrofizacao dos ecossistemas naturais, podendo também representar
uma forma indireta para formacédo de gases do efeito estufa (CAMERON et al.,
2013). A deposicao de NHs e NH4* também pode causar prejuizos no patrimdnio
cultural e contribuir para uma visibilidade reduzida de vistas panoramicas e
aeroportos (ERISMAN et al., 2007).

Em relagdo as perdas por desnitrificagdo, se o gas resultante da desnitrificagao for
oxido nitroso (N20), ha a contribuicdo com o efeito estufa (ISHERWOOD, 2000). Na

atmosfera o N20O age como um poderoso gas de efeito estufa e absorve radiagao
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infravermelha proveniente da superficie da terra. Essa absorcao limita o escape de
energia da Terra, o que resulta na elevagédo da temperatura média do planeta,
também conhecido como aquecimento global. O N20 tem o potencial de
aquecimento global maior que do metano e do COz, pois seu tempo de permanéncia
na atmosfera e capacidade de absorver radiagdo infravermelha sdo maiores. Ja o
NO tem papel na quimica atmosférica, por ser uma molécula altamente reativa, que
combina facilmente com o ozbénio para formar NO2 e regenerar NO a partir de sua
reacdo com Oz atmosférico. Nesse ciclo a camada de ozbdnio é destruida
(SUBBARAO et al., 2006).

Outro problema importante € a elevada concentracdo de NOs nos corpos d’aguas
superficiais, que leva a eutrofizacdo, que consiste no aparecimento e crescimento de
algas e aguapés, os quais reduzem os niveis de Oz, ocasionando a morte de peixes
e outros organismos aquaticos que dependem de luz e Oz para sobreviverem.
Quando se trata de aguas subterraneas, o aumento do NO3  s6 € percebido quando
atinge niveis criticos, passando a prejudicar a saude humana e sendo de dificil
reversao (KAISER et al., 2006).

O NOs na agua potavel é considerado um problema de saude publica, pois no corpo
é convertido rapidamente em NO2z. O NO2 oxida a hemoglobina do sangue, que por
consequéncia nao pode transportar Oz para os tecidos. Essa condi¢do pode causar
a sindrome do bebé-azul em bebés de até seis meses de idade. Em mamadeiras,
quando a assepsia € inadequada, os microorganismos colonizadores convertem o
NO3 a NOz. Outro efeito deletério do NO2 para os seres humanos é a capacidade
de reagdo com compostos presentes no estdbmago, produzindo nitrosaminas, de
reconhecido potencial carcinogénico (ISHERWOOQOD, 2000).

O uso excessivo de fertilizantes nitrogenados pode aumentar a incidéncia de
doengas e pragas nas plantas. Plantas muito vigorosas com crescimento rapido
geralmente sdo mais sensiveis a parasitas obrigatérios e alguns parasitas s&do mais
agressivos nas plantas vigorosas. Entretanto, as plantas menos vigorosas, com
déficit de N, ainda sdao o alvo da maioria dos patdogenos. Assim, ressalta-se a
importancia de uma fertilizagcédo equilibrada (ISHERWOOD, 2000).
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2.5 Desenvolvimento sustentavel da agricultura

De acordo com Wiebe (2009), experte da Organizagao das Nagdes Unidas para a
Alimentacao e a Agricultura, até 2050 a populagédo mundial sera 34% maior do que a
de hoje, havendo uma grande demanda por alimentos. Portanto, a agricultura tera o
desafio de prover seguranga alimentar, produzindo alimentos em quantidade que
atenda a demanda, sem afetar a seguranca ambiental. Para atingir esse objetivo
sera necessario utilizar tecnologias modernas, com a finalidade de fornecer a
quantidade de alimento requerido e diminuir os impactos negativos sobre o meio
ambiente (CALABI-FLOODY et al., 2018).

Os principais impactos ambientais da agricultura advém da transformagédo de
ecossistemas naturais em areas agricultaveis; do uso de nutrientes agricolas que
poluem habitats aquaticos/terrestres e de pesticidas, principalmente poluentes
organicos bioacumulaveis. Por meio da lixiviagao, volatilizagao e fluxos de residuos
de gados e humanos, os nutrientes agricolas entram em outros ecossistemas
(TILMAN et al., 2002). A conscientizagdo desses problemas leva a necessidade de

abordagens mais eficientes na produgao de alimentos (BOYE e ARCAND, 2013).

O crescimento verde € uma estratégia que busca definir um desenvolvimento
econdmico que seja condizente com a protegdo ambiental em longo prazo, tendo
sido identificado com uma das prioridades pelos Ministros da Agricultura em reuniao
da OCDE em 2010. Dessa forma busca-se preservar as reservas naturais,

permitindo que continuem fornecendo recursos e servigos ambientais (LEGG, 2011).

O uso das praticas e tecnologias agricolas atuais ndo sera sustentavel em longo
prazo, havendo necessidade de novas tecnologias para aumentar o rendimento da
producéo de alimentos e diminuir o processo de deterioragdo dos mesmos (BOYE e
ARCAND, 2013).

2.6 Estratégias para aumentar a eficiéncia da ureia na agricultura

A aplicagdo da ureia a alguns centimetros abaixo do solo (incorporagdo) constitui
uma forma eficiente para prevenir a volatilizagcdo de NHs, pois aumenta o contato do
fertilizante com o solo, facilitando a adsor¢dao do NH4" pelas cargas negativas do
solo (SANGOI et al., 2003; TASCA et al., 2011). A mistura da ureia com fertilizantes
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nitrogenados, como sulfato de aménio e nitrato de aménio, também propicia
diminuicado da volatilizagdo de NHs (VITTI et al., 2002; CANTARELLA, 2007). Esses
constituintes atuam como acidificantes e, quando misturados a ureia, reduzem a
alcalinidade do solo durante sua hidrdlise, reduzindo, assim, a perda de N por
volatilizagédo (VITTI et al., 2002).

Outra estratégia é a utilizagdo de produtos que contribuam na diminuicdo da taxa de
liberagéo de nutrientes incorporados aos fertilizantes, como N, fésforo e potassio; ou
na diminuicdo do processo de transformacdo desses nutrientes, reduzindo as
perdas. Assim, a utilizacdo de fertilizantes de liberacao lenta/controlada e inibidores
de enzimas que participam do ciclo de transformacdo do N, constituem duas
estratégias importantes (YADAV et al., 2017).

Os inibidores de urease e de nitrificacdo, juntamente com os fertilizantes de
liberagcdo lenta/controlada tém apresentado efeitos positivos, melhorando o
aproveitamento dos fertilizantes e aumentando o rendimento agricola
(BLENNERHASSETT et al., 2006; ZAMAN et al., 2013 FRAZAO et al., 2014). Os
fertilizantes de liberacéo lenta/controlada sdo produzidos pelos seus revestimentos
ou modificagdo quimica, de forma a retardar a liberagdo dos nutrientes. Ja os
inibidores de nitrificagdo sdo compostos que retardam a oxidagdo bacteriana do
NH4*, diminuindo a atividade de microrganismos nitrificantes no solo. Por fim, os
inibidores de urease sdo compostos que retardam a hidrélise da ureia (SUBBARAO
et al., 2006; AKIYAMA et al., 2010).

2.6.1 Fertilizantes de liberacéo lenta ou controlada

Os fertilizantes de liberagao lenta/controlada podem ser definidos como um produto
que contém nutrientes para a planta em uma forma que limita sua disponibilidade
para absorcdo imediata, disponibilizando-os por mais tempo do que um fertilizante
de liberagdo convencional (AAPFCO, 1995). Esses compostos podem reduzir as
perdas de N ao atrasar sua liberacdo, melhorando a sincronizagao entre a demanda
e oferta de N no solo (YADAV et al.,, 2017). Ha diferencas entre fertilizantes de
liberacdo lenta e de liberagao controlada. O primeiro € formado por produtos de

condensacao de ureia e aldeidos de ureia, tais como ureia formaldeido, isobutilideno
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diureia e crotonilideno diureia. O segundo grupo & composto por fertilizantes
revestidos ou encapsulados, tais como ureia revestida com enxofre ou com
polimeros (TRENKEL, 1997).

2.6.2 Inibidores de nitrificacdo

Os inibidores de nitrificagdo podem ser capazes de reduzir significativamente as
emissdes de N20 e de NO ao atrasarem a atividade das bactérias Nitrosomonas no
solo. Essas bactérias sdo responsaveis pela transformacdo de NH4* em NO2, que
posteriormente €& oxidado a NOs pelas bactérias Nitrobacter e Nitrosolobus
(TRENKEL, 1997; AKIYAMA et al., 2010).

Dentre os inibidores de nitrificagdo, somente a nitrapirina e a dicianodiamida (DCD)
tém ganhado importancia comercial na agricultura (SUBBARAO et al., 2006). A
nitrapirina é comercializada pela Dow Chemical Company, sob a marca registrada da
N-Serve®, como uma alteragéo de fertilizante para inibicdo da nitrificacdo nos solos
(BREMNER et al., 1981). A DCD ¢é a forma dimérica da cianamida e seu efeito se
deve a reagdo do grupo —C=N da DCD com o grupo —SH ou centro metalico das
enzimas respiratorias das bactérias (AMBERGER, 1989). A DCD tem baixa
volatilidade, sendo comumente misturada com fertilizantes nitrogenados solidos.
Uma das limitagdes mais relevantes da DCD é a facil lixiviagdo para longe da
rizosfera, o que diminui sua eficacia. Fatores ambientais como a temperatura, a
diferenca de solubilidade e a volatilidade em agua influenciam na eficacia desses
inibidores (AKIYAMA et al., 2010).

Mais recentemente foi langado o 3,4-dimetilpirazol fosfato (DMPP), que tem sido
recomendado em grande escala pela Europa devido as vantagens em relagéo a
DCD e a nitrapirina, tais como a facilidade de aplicagao, estabilidade e eficacia por
periodos mais longos e a temperaturas relativamente maiores (SUBBARAO et al.,
2006).

2.6.2 Inibidores de urease

Inibidores de urease sdo compostos que bloqueiam temporariamente a agcdo da
enzima urease, retardando a hidrolise da ureia. Dessa forma o N € mantido na forma

organica por um periodo mais longo, evitando o aumento do pH ao redor do granulo
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de fertilizante, o que diminui a disponibilidade de NH4* no solo e consequentemente
reduz o potencial de perda por volatilizagdo (BLENNERHASSETT et al., 2006). Com
a utilizacao de inibidores de urease, a absor¢cao de NH4" pela planta acompanhara a
quantidade de N disponivel, minimizando o risco de excesso de NH4" no solo
(AKIYAMA et al., 2010).

Os inibidores de urease podem ser divididos em quatro grupos principais: compostos
tidlicos (anions tiolato reagem com o centro metalico da enzima urease); acidos
hidroxicinamicos e derivados (competem com a ureia pela ligagdo com o sitio ativo
da urease); fosfodiamidatos, conhecidos como inibidores mais eficazes; e ligantes e
quelantes do Ni (UPADHYAY, 2012). Dentre esses inibidores de urease, a
substancia que mais se destacou e alcangou o mercado foi o NBPT(Figura 4),
comercializada como Agrotain® (CANTARELLA et al., 2018). Ele tem sido utilizado
juntamente com a ureia a fim de diminuir a velocidade de hidrdlise por meio da
inibicdo da atividade da urease (CLAY et al., 1990; TASCA et al., 2011). A previsao
€ que o mercado para o NBPT cresca a uma taxa anual de aproximadamente 2,9%
nos préximos cinco anos e atingira US $ 61 milhdes em 2023 (MARKETWATCH,
2019).

Figura 4 - Estrutura molecular do N-(butil) tiofosférica triamida (NBPT).
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Contido em uma formulagéo liquida que ndo contém agua (Agrotain®), o NBPT pode
ser injetado na ureia fundida antes da granulagdo, aplicado na superficie dos
granulos em processos continuos de batelada ou adicionado a uma solugdo UAN
(nitrato de aménio ureia). Para formulag¢des liquidas como UAN, o NBPT pode ser
simplesmente adicionado a solucdo imediatamente antes da aplicagdo. Porém, nao
€ recomendavel armazenar essa mistura por longos periodos devido a degradacao
do produto na presencga de agua (TRENKEL, 2010).

O NBPT atua como analogo estrutural da ureia (WATSON et al., 2000). Assim, no

solo se liga ao sitio ativo da urease em trés pontos: nos dois atomos de Ni e em um
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atomo de oxigénio no grupo ponte de carbamato. Esta interagdo tridentada pode
explicar a capacidade do NBPT de atuar como um forte inibidor da urease
(MANUNZA et al., 1999). Estudos realizados por diferentes autores mostraram uma
diminuicdo da volatilizagdo do NHs (CLAY et al., 1990; SOARES et al., 2012;
ZAMAN et al., 2013), retardamento do pico de volatilizagdo de NHs (TASCA et al.,
2011; SOARES et al.,, 2012) e aumento da produtividade de diferentes culturas
(WATSON et al., 2000; BLENNERHASSETT et al., 2006; ZAMAN et al., 2013;
FRAZAO et al., 2014;).

Em um estudo realizado por Frazdo e colaboradores (2014), a ureia tratada com
NBPT, a partir da dose de 65 kg N/ha, aumentou o teor de N na folha e a
produtividade do milho. Em outro estudo, Clay e colaboradores (1990) constataram
que o tratamento da ureia com o NBPT diminuiu a volatilizagdo de NHs em 100
vezes em solos nus e cobertos por residuos durante 4 dias de experimentacao.
Contudo, a estabilidade do NBPT constitui uma preocupacdo. Estudos tém mostrado
instabilidade em temperaturas mais elevadas, como a 25° C (WATSON, 2008;
CANTARELLA et al., 2016), bem como menor eficacia em solos acidos (ENGEL et
al., 2013; SAN FRANCISCO et al., 2011). Adicionalmente, em estudo realizado por
Zanin e colaboradores (2015) observou-se que o NBPT pode interferir na nutricdo
com ureia do milho cultivado hidroponicamente. Esse estudo mostrou que o inibidor
€ capaz de limitar a capacidade do milho de utilizar ureia como fonte de N. Também
foi observado impacto no crescimento de plantas Arabidopsis na presenga de ureia e
do inibidor, o que pode estar relacionado ao efeito do NBPT no sistema de
transporte de ureia de alta afinidade. O inibidor ainda impactou na captagéo da ureia
em linhas de Arabdopisis super expressando ZmDUR3 e dur3-Noucaute, sugerindo
gue sua assimilagao é afetada pelo inibidor. O NBPT também afetou a expressao de
um gene que codifica um fator de transcrigdo importante para regulacdo da

aquisicao da ureia.

Na formulagcédo liquida do Agrotain®, o NBPT é estabilizado com solventes e
aditivos. No entanto, a estabilidade da ureia revestida com NBPT ainda é
questionavel (CANTARELLA et al., 2018). Assim, controlar a perda de NH3 € uma
tarefa dificil, visto que o produto final deve ser especifico para urease, eficaz em

baixas concentragdes, ndo téxico para as plantas e ao ambiente, estavel, acessivel
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economicamente e compativel com a ureia (FENN e HOSSNER, 1985; ARTOLA et
al., 2011). Neste contexto, a pesquisa por novos inibidores de urease é essencial
para a diminuigao da poluigdo causada pela introducdo de grandes quantidades de

N no ambiente.
2.7 Bases de Schiff como inibidores de urease

Formadas a partir da reacdo de uma amina primaria com um aldeido ou cetona em
condicdes especificas, as bases de Schiff sdo analogos de N de um aldeido ou
cetona, onde o grupo carbonila foi substituido por um grupo imina ou azometina (-
C=N) (DA SILVA et al., 2011; KALAIVANI e tal., 2012). Ha evidéncias na literatura de
que as bases de Schiff apresentam ampla gama de atividades biolégicas, como
antimicrobiana (ABOUL-FADL et al., 2003; PANDEY et al., 2012), anticarcinogénica
(ALLI et al., 2012), anti-inflamatoria (PANDEY et al., 2012), antimalarica (RATHELOT
et al., 1995), antifungica (REHMAN et al., 2004) e antiureolitica (DE FATIMA et al.,
2018).

Embora as bases de Schiff possuam diferentes atividades bioldgicas, somente
alguns exemplos desta classe foram relatados como potentes agentes antiureoliticos
(DE FATIMA et al., 2018). Aslam e colaboradores (2011) sintetizaram uma série de
18 bases de Schiff (Figura 5a), sendo a substancia 3f identificada como a mais
potente (IC s0 0,102 uM). As substéncias 3k e 3h, também apresentaram boa
atividade (IC s0 de 0,127 uM e 0,177 uM respectivamente). A substancia 3f possui
um substituinte NO2 na posicdo meta do anel aromatico, sendo mais eficaz que a 3g,
que tem esse grupo na posi¢ao para (Figura 5a). Quando o —NO: foi substituido por
um grupo de ativagao, grupo N-(CHs)2 na substancia 3k, a atividade antiureolitica
também foi reduzida. Esse estudo também mostrou o acoplamento molecular do
composto 3f com a enzima urease Jack bean (Figura 5b), onde o atomo de enxofre
foi coordenado com os atomos de Ni e ligagdes de hidrogénio nos residuos Arg439 e
Cmeb592 foram formadas com os atomos de O do grupo nitro. Também foi observada
uma ligagao de hidrogénio entre o residuo Ala440 e o inibidor 3f. A substancia 3f
apresentou um mecanismo de inibicdo competitivo na avaliacdo da cinética

enzimatica.
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Figura 5 - (A) Bases de Schiff sintetizadas para verificagdo da atividade
antiureolitica; (B) conformagao ancorada da substancia 3f com a urease Jack
bean. Cme592 representa o residuo Cys-592.
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Fonte: adaptado de Aslam et al., 2011.

Em outro estudo, Saeed e colaboradores (2015) sintetizaram bases de Schiff
derivadas de tiossemicarbazida. Das 13 substancias sintetizadas, 7 apresentaram
atividade antiureolitica promissora. A substéncia 1 (Figura 6) foi o inibidor mais
potente contra a urease Jack bean (IC so 0,58 uM), mostrando que um heterociclico
menor (substancia 1) propiciou maior eficiéncia que um indol (substancia 2). A
posicdo do heteroatomo em relagdo ao grupo azometina também foi identificado
como importante para inibicdo da urease nas bases de Schiff contendo piridina,

sendo as substancias 3 e 4 mais potentes que 5 (Figura 6).

Figura 6 - Bases de Schiff derivadas de tiossemicarbazida com atividade
antiureolitica.
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Em uma revisdo conduzida por De Fatima et al. (2018), diferentes bases de Schiff
com atividade antiureolitica, oriundas de diferentes estudos, foram apresentadas
(Figura 7A). Nessa revisao foi chamada atencao para as bases de Schiff contendo
nucleos de 1,2,4-triazol, sintetizadas por Rafiq e colaboradores (2017). Dentre as
substancias sintetizadas, a 6 (ICsode 8,02 + 0,59) e 7 (ICsode 17,02 + 4,63 uM)
apresentaram maior potencial de inibicdo que a tioureia (IC s0 = 20,9 + 0,92 yM), um
inibidor de referéncia. As base Schiff da isatina 8 (IC s0 0,23 uM), sintetizadas por
Iftikhar e colaboradores (2017); e as bis bases de Schiff derivadas de isoftalaldeido
sintetizadas por Rahim e colaboradores (2016), respectivamente substéncias 9
(ICs0de 13,8 uM), 10 (ICs de 13,9 uM) e 11 (ICs de 18,3 uM), também
apresentaram-se como promissoras. Em relacido as patentes, somente ha duas
mengdes sobre bases de Schiff atuando como inibidores de urease (DE FATIMA et
al., 2018). Uma esta relacionada as bases de Schiff de tiazois, onde 28 substéncias
foram sintetizadas e 10 foram avaliadas cineticamente em relagéo a enzima urease.
De todas as substancias avaliadas, o inibidor mais potente foi um tiazol (Figura 7B),
que apresentou um valor de IC 50 de 2,80 uM (CHOUDHARY et al., 2015).

A outra patente existente foi publicada por Modolo e colaboradores (2016), onde
bases de Schiff foram sintetizadas e incorporadas em gréanulos de ureia. Essas
bases mostraram atividade igual ou superior a do NBPT em plantas da familia
Poaceae, como o milheto. Adicionalmente, essas bases apresentaram rotas de
sintese mais simples, baratas, além de maior estabilidade térmica. Dentre as 71
substancias sintetizadas na patente citada, duas foram escolhidas para fazerem
parte desse trabalho e seguir com estudos de prospecgdo e viabilidade para o
desenvolvimento de um produto para otimizagéo de fertilizantes nitrogenados: a 3B4
(Figura 8A) e 3D6 (Figura 8B). Adicionalmente, também incluimos uma amina
derivada da imina 3B4, a substancia 3B4a (Figura 8C), que foi avaliada quanto a

atividade frente a enzima urease, sendo comparada ao seu analogo.

As substancias 3B4 (IC s0 de 27uM) e 3D6 (IC s0 de 234 uM) apresentaram
resultados promissores nos estudos in vitro de inibicdo da urease Cavanalia
ensiformis e na avaliagdo da inibicdo da urease em solo (MODOLO et al., 2016;
CHAVES-SILVA et al.,, 2020). Recentemente foi observado que ambos inibidores

ndo impactaram negativamente a germinacdo de sementes de alface e milheto
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(CHAVES-SILVA et al., 2020). Assim, essas substancias constituem candidatos
promissores para a obtengdo de um produto para otimizagdo da utilizagdo de
fertilizantes nitrogenados (CHAVES-SILVA et al., 2020).

Figura 7 - (A) Bases de Schiff com antividade antiureolitica; (B) Estrutura
quimica da base de Schiff de tiazol patenteada por Choudhary e colaboradores

(2015).
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Figura 8 - Estrutura quimica das substancias 3B4(A), 3D6(B), 3B4a(C).
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3 OBJETIVOS
3.1 Objetivo geral

Desenvolver uma formulagdo segura para veiculagdo dos inibidores prospectados
(3D6, 3B4, 3B4a) e avaliar o perfil dessas substancias e em estudos

complementares.
3.2 Objetivos especificos

e Realizar estudos de pré-formulagdo avaliando a solubilidade e reatividade das
bases de Schiff 3B4 e 3D6, e da amina 3B4a;

e Desenvolver uma formulagdo segura para veiculacdo dos inibidores de
urease visando a avaliagao da fitotoxicidade em estudos de germinagao com
sementes de alface (L. sativa L.);

e Comparar a atividade antiureolitica em solo das bases de Schiff (3B4 e 3D6)
com a amina sintetizada (3B4a);

e Comparar a atividade antiureolitica in vitro da base de Schiff 3B4 e sua amina
(3B4a);

e Avaliar a relagdo estrutura-atividade através de estudos de docking molecular
dos inibidores analogos (3B4 e 3B4a);

e Avaliar a interagdo das substancias mais promissoras (3B4 e 3B4a) com a
ureia, nos tempos 0, 24 e 48h, utilizando a técnica de espectroscopia no

infravermelho por transformada de Fourier (FTIR).
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4 DESENVOLVIMENTO

Este trabalho foi escrito em formato de artigo cientifico a ser submetido no Journal

Industrial Crops and Product.

Prospection of Promising Urease Inhibitors for the

Optimization of a Nitrogen Fertilizer

Prospection of Promising Urease Inhibitors
:
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ABSTRACT: Urea is the most used nitrogen fertilizer worldwide. However, losses
due to ammonia volatilization when urea is applied to soil surface cause great
economic and environmental problems. Urease inhibitors have been developed and
used to mitigate N losses. In this work two Schiff bases (3B4 and 3D6) and a 3B4-
derived amine (3B4a) were investigated aiming provide information to development
of a product for agricultural use. All the three substances were poorly soluble in
water, which required the development of a hydrophilic formulation to convey them.

The developed formulation (0.05% ethanol, 0.05% dimethyl sulfoxide, 0.5%
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propylene glycol, 1.4% polyethylene glycol-400 and 98% distillated water) proved to
be no phytotoxic to lettuce seed (Lactuca sativa L.) and able to convey these
substances. Substance 3B4 (55 + 4% inhibition) was the most promising urease
inhibitor on soil showing results comparable to those of NBPT. 3D6 and 3B4a
inhibited soil ureases by 39 + 7% inhibition and 29 + 11% inhibition, respectively. In
contrast, 3B4 and 3B4a were equally statistically towards the urease of Canavalia
ensiformis (23 £ 7% and 24 + 10%, respectively). Molecular docking study showed
that the interaction between 3B4a and the enzyme urease resulted in a more stable
complex. No interactions between 3B4 or 3B4a with urea were observed by Fourier
Transform Infrared Spectroscopy (FTIR) when compounds were mixed (1:1) for up to
48 h. Overall, the Schiff base 3B4 and corresponding amine 3B4a are promising
additive candidates for further studies as urease inhibitors.

KEYWORDS: Urease inhibitors, urea, Schiff bases, NBPT, phytotoxicity.

1 INTRODUCTION

Nitrogen (N) is an essential element for the production of macromolecules and small
key molecules such as chlorophyll. The use of N fertilizers is therefore pivotal for
maintaining crop productivity and guarantee food security for the growing global
population (Galloway and Cowling, 2002; Rothstein, 2007). It is predicted that the
global N supply will increase by an average of 1.3% per year until 2023 opposed to a
yearly increase of the demand by 1.4% in the same period (IFA, 2019). Depending
on the fertilizer, considerable N losses due to soil erosion, leaching, biological
immobilization, ammonia volatilization and denitrification are critical issues to
overcome. Such events can cause environmental problems such as eutrophication of

ecosystems, acidification of soils and lakes, increment in the production of
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greenhouse gases and destruction of the ozone layer (Gruber and Galloway, 2008;
Isherwood, 2000; Matson et al., 1997; Yamada and Abdalla, 2000). In this context,
the efficient use of N fertilizers is the basis for maintaining food security in a more
sustainable agriculture (Rutting et al., 2018).

Due to the high relative content of N and low price, urea is the most used N fertilizer
in the world, with an estimated demand of 184 million tons in 2023 (Cantarella et al.,
2018; Frazao et al., 2014; Garside, 2019; Trenkel, 2010). However, urea can suffer
large losses of N due to its hydrolysis to the gases ammonia and carbon dioxide
catalyzed by soil ureases (Krajewska, 2009; Zanin et al., 2015). In fact, urea
hydrolysis can cause an increase in soil pH, in which ammonia (NHs) is favored over
ammonium (NH4") (Cantarella, 2007).

To minimize the economic and environmental losses arising from urease activity on
urea, some strategies have been adopted, such as the use of urease inhibitors
(Blennerhassett et al., 2006). The N-(butyl) thiophosphoric triamide (NBPT) is the
most commercially used urease inhibitor in agriculture (Cantarella et al., 2018;
Trenkel, 2010). NBPT has been used in conjunction with urea to slow down
hydrolysis and decreasing ammonia volatilization (Clay et al., 1990; Tasca et al.,
2011; Trenkel, 2010). However, studies have shown thermal instability of NBPT at
temperatures above 25° C (Cantarella, et al., 2016; Watson et al., 2008) lower
effectiveness in acid soils (Engel et al., 2013; San Francisco et al, 2011) and, as it is
an imported product, it generates high costs for Brazilian agricultural production
(Modolo et al., 2016). Moreover, NBPT formulation is very viscous, moisture-
sensitive, and waxy (Modolo et al., 2016). Therefore, the search for new urease
inhibitors with improved traits (such as high stability, low toxicity to plants and the

environment) is crucial for optimizing the efficiency of urea fertilizers (Artola et al.,
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2011). Among the new substances synthesized by our research group, the Schiff
bases have excelled due to an easier synthesis process at low costs in comparison
to NBPT (Modolo et al., 2016). Two out of 71 synthesized substances (3B4 and 3D6)
were then chosen for the prospection and feasibility studies (Fig. 1 A-B) since they
showed promising results in the inhibition of urease in vitro and soil as well (Chaves-
Silva et al., 2020; Modolo et al., 2016). Additionally, 3B4 and 3D6 are thermally
stable with a mass loss of less than 2% to a temperature of 200 °C, while NBPT up to
a temperature of 170 °C losses approximately 15% of its mass (Modolo et al., 2016).

In this work, the solubility of 3B4, 3D6 and 3B4a (a 3B4 amine derivative; Fig. 1C)
was investigated in several solvents and cosolvents to develop formulations that
allow the evaluation of the safety use of these substances on lettuce seeds. The
antiureolytic activities of 3B4 and 3B4a were compared in soil and in vitro followed by
molecular docking study to better understand the structural features responsible for
the antiureolytic activity. In addition, the interaction of substances 3B4 and 3B4a with
urea was evaluated to obtain more information on the feasibility of obtaining a

product from these assets.

Fig. 1. Chemical structure of the substances 3B4 (A), 3D6 (B) and 3B4a (C).
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2 EXPERIMENTAL SECTION

2.1 Solubility and Polarized light microscopy

2.1.1. Solubility

The solubility assessment of the 3B4, 3D6 and 3B4a actives was performed
according to the American Pharmacopoeia (2015). The descriptive terms contained
in Table S1 (Supporting information) were used to express the solubility of the
substances. After the addition of each solvent, each solution was sonicated (Ultronic
Eco-sonics, ultrasonic washer Q3.8/40A, Brazil) for 1 min. The solvents evaluated
were 0.1 M hydrochloric acid (HCI), 0.1 M sodium hydroxide (NaOH), anhydrous
ethanol (EtOH), dimethylsulfoxide (DMSO), acetonitrile (ACN), methanol (MeOH), 0.3
% (v/v) hydrogen peroxide (H202), 1 mM copper sulfate (CuSOs4), and distilled water.
These solvents were chosen because they are suitable for use in the development of
analytical methods and can help to determine reactivity of the analytes, here named
3B4, 3D6 and 3B4a. The substances were considered soluble when no solid
particles were seeing in the solution by naked eye.

2.1.2. Polarized light microscopy

A suspension of 3D6, 3B4 and 3B4a (1 mg per two drops of distilled water) was
individually added to a glass slide and covered with a cover slip to evaluated the
samples by Polarized Light Microscopy (Carl Zeiss Microscopy SL, Zeiss Axio Imager
M2, Germany). Images were analyzed using the ZEN Lite 2012 software (Carl Zeiss
Microscopy S.L., Germany).

2.2 Evaluation of urease inhibition in soil

The antiureolytic activity of 3B4, 3D6 and 3B4a was evaluated in a dystrophic clayey
Red Latosol collected from an agricultural land located in the Brazilian Cerrado

(19°28'01.2"S, 44°10'24.5"W) as described by Kandeler and Gerber (1988), with
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modifications (Brito et al., 2015). The physicochemical characteristics of the soil used
were 16.40% sand, 23.64% silt and 59.96% clay; pH 5.8; 10.4 mg dm-3 Pweniich; 240
mg dm-3 of K; 4.44 cmolcdm of Ca?*; 1.17 cmolcdm-2 of Mg?*; 0.06 cmolcdm of A%,
2.99 cmolcdm3 H + Al, base sum of 6.22 cmolcdm= and organic matter equivalent to
3.60 dag kg™'. The soil was sieved using 2 mm mesh sieves and samples of 0.5 g,
previously activated with water for 24 h, were placed in 15 mL tubes. For the
evaluation of urease inhibition in soil, each tube contained 500 uM of the test
substances solubilized in ethanol, and 72 mM of urea (Merk, Darmstadt, Germany).
Samples were incubated in the Shaker (Thermo Scientific, MaxQ4000, USA) at 37 °C
for 1 h. Reactions were stopped by adding 5 mL of 1 M KCIl in 1 M HCI. Each system
was incubated for a further 30 min and then centrifuged (Thermo Scientific, Heraeus
Fresco 17 Centrifuge, USA) for 3 min at 10,000 x g. After centrifugation, 100 uL of a
solution containing 3.4% (w/v) sodium salicylate, 2.5% (w/v) sodium citrate, 2.5%
(w/v) sodium tartrate and 0.012% (w/v) sodium nitroprussianate was added to the 20
ML of the supernatant, which was incubated for 15 min at 25 °C and 600 rpm. An
additional 100 pL of a solution containing 3.0% (w/v) NaOH in 1% (v/v) sodium
hypochlorite was added, followed by incubation for 1 h at 25 °C in the dark under 600
rom. The ammonium formed was quantified at A 660 nm with the aid of a calibration
curve using ammonium chloride as a standard. All experiments were performed in
triplicate with 5 technical replicates for each substance. NBPT was used as a
reference of urease inhibitor. NBPT was used only in the soil experiment, as it is in
the soil that degradation products are formed, such as the oxon analogue, which
substantially influence its antiureolytic activity (Creason et al.,1990; Peters and

Thiele-Bruhn, 2022).
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2.3 Evaluation of urease inhibition in vitro

Since the antiureolytic activities in soil was higher for 3B4 in comparison to 3D6, the
evaluation of urease inhibition in vitro was only conducted with 3B4 and its amine
(3B4a). This test was useful to better understand and rationalize the interactions
between the enzyme urease and the urease inhibitors proposed by molecular
docking.

Reactions were performed in 20 mM phosphate buffer (pH 7.0) containing 1 mM
EDTA, 12.5 mU urease of Cavanalia ensiformis enzyme (Sigma Aldrich, USA), 10
mM urea in the presence or absence of each compound at 50 yM (solubilized in
ethanol) (Brito et al., 2015). The reactions were incubated at 25 °C for 10 min and
stopped by adding 0.5 volume of 1% w/v phenol in 5 mg L' sodium nitroprusside
(SNP) and 0.7 volume of 0.5% w/v NaOH in 0.1% v/v sodium hypochlorite. The
systems were incubated at 50 °C for more 5 min followed by quantification of NH4* at
A 630 nm. Hydroxyurea (HU) (Sigma Aldrich, USA) was used as the inhibitor
reference. The experiments were performed in quadruplicate with 4 repetitions for
each substance.

2.4 Molecular Docking

For the molecular modeling studies, compounds 3B4 and 3B4a were constructed
using the Marvin software (Sanner, 1999) and the jack bean urease (C. ensiformis)
3D structure was obtained from the Protein Data Bank website (PDB entry: 4H9M).
To obtain the urease in its native state, molecular dynamics (MD) simulations were
performed prior to docking studies. Thus, the OPLS solvation model (Jiang et al.,
2017) was added to the urease structure. The simulations were performed using the
GROMACSs package (Pronk et al., 2013). Water molecules and a hydrogen ion

concentration (pH 7.0) were added at the atomic level, considering a triclinic box.
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The geometry of the urease was optimized with the steepest descent algorithm
followed by conjugate gradient minimization. Two previous stabilization steps were
performed at 1000 ps with a time step of 2 fs using NVT and, then, sets of 300 K
NPT isobaric and isothermal to relax the water molecules, and to stabilize the box
density. MD simulations were carried out at 300 K for 30 ns (1 fs time step). The
Lennard-Jones and the real space part of the electrostatic interactions were cut-off at
1.0 nm. For long-range electrostatic interactions, the particle-mesh Ewald (PME)
method was used with the reciprocal-space interactions evaluated on a 0.12 nm grid
with cubic interpolation of order four. The P-LINCS algorithm was used to constrain
all bond lengths. Isotropic pressure coupling was applied using the Berendsen
algorithm at 1 bar with a time constant of 3.0 ps and a compressibility of 4.5 x 10-°
bar'. The Parrinello-Rahman velocity rescale thermostat algorithm was applied
independently for protein and water molecules at 300 K. Periodic boundary
conditions were applied in all directions. Molecular graphics and analyses were
performed with the UCSF Chimera package (Silva et al.,, 2017). The MD analysis
module of UCSF Chimera was used to obtain the most predominant conformation of
the enzyme in the system.

After MD simulations, the most stable conformation of the jack bean urease was
selected for molecular docking studies. The optimization of the compounds studied
was performed with the classic method, using the AMBER 99bscO force field and
assigning partial charges AM1-BCC, automatically performed by the USCF Chimeras
dock prep module. The UCSF Chimeras package was used to perform all molecular
docking simulations. Water molecules and counter ions previously added in MD
simulations were removed from the resulting structure. All simulations were carried

out considering the area of the active site from the jack bean urease.
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2.5 Evaluation of the interaction between 3B4 and 3B4a with urea

The Fourier Transform Infrared Spectroscopy (FTIR) technique was used to verify the
interaction between 3B4 and 3b4a with urea. FTIR spectra were recorded using the
Spectrum One Perkin-Emimer equipment with ATR system and absorption was
measured in wave number (cm™'). The analysis was performed with the 1:1 mixture of
urea and 3B4 or 3B4a ground with a pestle in an agate mortar. The samples
(protected from light) were prepared and analyzed after 0, 24 and 48 h post
preparation.

2.6 Development of a safe formulation to carry the urease inhibitors

Since the solubility study showed 3D6 urease inhibitor as the less hydrophilic
substance, it was selected as the worst case for the formulation development.
Several combinations of solvents and cosolvents were selected to evaluate the most
adequate proportion to be used. Approximately 1 mg of 3D6 was added to 1 mL of
the proposed formulation followed by sonication for 1 min at room temperature. The
solubility was classified at three levels, in which (1) was considered fully soluble (no
visible particles in suspension), (2) was of intermediate solubility (presence of few
solid particles in suspension) and (3) stood for poorly soluble or insoluble (presence
of solid particles nearly in the same amount as initially). The procedure carried out in
four steps is detailed in Table 1. After each screening step, the most promising
formulations were evaluated for the effect on the germination of lettuce seeds.

According to the obtained results, the next step screening was proposed.
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Table 1. Different combinations of ethanol (EtOH), polyethylene glycol 400 (PEG-400), propylene
glycol (PROP), DMSO, Tween 20®, Tween 60® and Triton X-100® evaluated for solubilization of 3D6

urease inhibitor and germination test in lettuce seeds.

Solutions EtOH PEG- PROP Tween Tween Triton DMSO Distilled

(%) 400 (%) 20° (%) 60° (%) X- (%) water
(%) 100® (%)
(%)
First screening

1 90 5 5 - - - - -

2 5 90 5 - - - - -

3 5 5 90 - - - - -

4 50 25 25 - - - - -

5 25 50 25 - - - - -

6 25 25 50 - - - - -

7 50 50 0 - - - - -

8 0 50 50 - - - - -

9 50 0 50 - - - - -

Second screening
4DIL* 1 0.5 0.5 - - - - 98
5DIL* 0.5 1 0.5 - - - - 98
Third screening
10 0.25 1 0.5 - - - 0.25 98
5DIL# 0.5 1 0.5 - - - - 98
11 0.5 - 0.5 1 - - - 98
12 0.5 - 0.5 - 1 - - 98
13 0.5 - 0.5 - - 1 - 98
Fourth screening

14 0.05 1.4 0.5 - - - 0.05 98
15 0.05 1.3 0.5 - - - 0.15 98
16 0.1 1.3 0.5 - - - 0.1 98

*4DIL: represents dilution of solution 4; # 5DIL: represents dilution of solution 5.

2.7 Seed germination

The germination test (Brasil, 2009) was used to verify potential phytotoxic effect of
the developed formulations (Table 1). Among the species used in this evaluation,
Lettuce seeds (Lactuca sativa cv. Regina Summer) were used because it is
considered an important model (Pino et al., 2017; Falanga et al., 2020). In the
evaluations, 1 mL of each formulation was diluted 50 times in distilled water,
following the amount of solution used in the previously established germination test

protocol (Brazil, 2009). Then, three aliquots of this solution (5 mL) were transferred to
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3 Petri dishes (Greiner Bio-one, 90X15 mm), previously sanitized with soap, water
and 70% alcohol. Each plate received 25 seeds, which were deposited on two
circular 9 cm diameter filter paper, moistened with an aqueous solution of 0.5%
Nystatin. The plates were incubated in a biochemical oxygen demand chamber
(Fanem, BOD 347CDG, Brazil) at a temperature of 25° C and 12 h photoperiod. After
seven days of germination, the following variables were evaluated: number of
germinated seeds, root length, germination speed index (Edmond and Drapala,
1958), average germination time, germination percentage, average germination time
of 50% of the seeds (T50) (Soltani et al., 2015) and average germination speed. Dry
weight and fresh weight factors were only evaluated for the most promising solutions
(solutions 14, 15, and 16). Non germinated seeds were evaluated by the tetrazolium
test at the end of the experiment to determine their viability (Souza et al., 2010).
Distilled water was used as a comparison standard (control group), being added to
replicates with the same specifications and submitted to the germination process

over seven days under the same conditions as the test samples.

2.8 Statistical analysis

The results were presented as means + standard deviations. Normality was
assessed by the Kolmogorov—Smirnov test and homocedascity by the Brown-
Forsythe test. If the data were normal and homocedastic, parametric statistics was
used: t-test for two groups and one-way ANOVA test with Tukey post-test for more
than two groups. Outlier analysis was performed a 10% Q ROUT test. Were
considered significant p values <0.05. Analyzes were performed using GraphPad

Prism® 6 software.
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3 RESULTS AND DISCUSSION

3.1 Solubility and Polarized light microscopy

The solubility of substances 3B4, 3D6 and 3B4a (Fig. 1) in the selected solvents is
presented in Table 2.

Tables 2. Solubility classification of substances 3B4, 3D6 and 3B4a.

SOLVENTS 3B4 3D6 3B4a
Distilled water Insoluble Insoluble Insoluble
ACN Sparingly soluble Very slightly soluble Slightly soluble
MeOH Soluble Slightly soluble Freely soluble
EtOH Soluble Very slightly soluble Slightly soluble
DMSO Soluble Soluble Soluble
0.1 M HCI Sparingly soluble Insoluble Slightly soluble
0.1 M NaOH Slightly soluble Insoluble Slightly soluble
1mM CuSO; Insoluble Insoluble Insoluble
0.3% H20: Insoluble Insoluble Insoluble

The assessment of the urease inhibitors solubility, an essential requirement in
preformulation studies, showed that the synthesized urease inhibitors are insoluble in
water. Insolubility in water is the main problem encountered in the development of
formulations containing new molecules (Savjani et al., 2012). According to Savjani et
al. (2012), over 40% of the new molecules synthesized in the chemical-
pharmaceutical industry are practically insoluble in water. The evaluated substances
presented solubility in DMSO, ACN, MeOH, and EtOH. However, some of these
solvents cannot be used in the formulations or can only be used at defined
concentration due to the risk of toxicity to the environment and living beings. One
strategy to increase the solubility of substances is the use of cosolvents (Vemula et
al., 2010). Thus, different formulations were tested using EtOH, DMSO, polyethylene
glycol 400 (PEG-400), and propylene glycol (PROP) as (co)solvents and surfactants
to improve the solubility of the synthesized compounds.

Acidic and basic conditions improved the solubility of 3B4 and 3B4a, however, these

conditions do not make the compounds completely soluble (Table 2). According to
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Shoghi et al. (2013), solubility may depend on the acidity constant (pKa) and the pH
of the medium, a feature applicable to ionizable substances. Thus, it is likely that 3B4
and 3B4a are ionized according to the pH of the medium. The expected ionized
functional groups for 3B4 and 3B4a at extreme pH values provided by HCI and

NaOH are shown in Fig. 2.
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Fig. 2. lonization of imine 3B4 in (A) acidic and (B) basic media and amine 3B4a in (C) acid and (D)

basic media.

When the NaOH solution was used as solvent, the solution containing 3B4 changed
the color from light yellow to brown (Fig. 3A). This fact is probably due to the
hydrolysis of 3B4 in basic medium. The brown color is owe to aromatic amine, 4-
hydroxyaniline, which turns dark when exposed to air and light (U.S. National Library
of Medicine, 2019). The reaction might explain this result is showed in Fig. 3C. If the
protonated imines are in a basic medium (despite the low probability), their reactivity
increases, since the hydroxide ions will act as nucleophiles. The protonation of N in

intermediate, highlighted in red circles, makes the amine a good leaving group
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(Carey and Sundberg, 2007). Although this change was observed in basic medium,

no change was observed in acid medium. Possibly these reactions are a function of

solution pH, imine basicity and aldehyde reactivity (Carey and Sundberg, 2007).
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Fig. 3. Effect of pH on the synthesized compounds. (A) Substance 3B4 in the presence of 0.1 M
NaOH ; (B) substance 3D6 in the presence of 0.1 M HCI; (C) acid and basic imine hydrolysis reactions
proposed by Carey and Sundberg (2007). The protonation of N in intermediate is highlighted in red

circles.

The substance 3D6 was less soluble in hydrophilic solvents than was 3B4 and 3B4a,

which is probably due to the trans-cinnamaldehyde core that is more apolar than the

3-hydroxybenzaldehyde present in 3B4 and 3B4a structures (Fig. 1). Therefore, the

solubility of studied substances was influenced by their polarity. When 3D6 was

dissolved in HCI solution, oranges particles (Fig. 3B) and a characteristic frans-
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cinnamaldehyde odor were observed, indicating a hydrolysis process (Fig. 3C, steps
1, 2 and 5). However, no change was observed under basic condition, probably due
to the factors mentioned above.

Soils may have different pH, which can significantly influence the solubility and
nutrient availability for plants; pesticide and herbicides performance, and organic
matter decomposition (Mccauley et al., 2017). N is one of the main nutrient used in
agriculture that affects soils pH and can make them more acidic or more alkaline
depending on the type of N fertilizer applied (McLaughlin, 2009). Engel et al. (2015)
showed that abiotic chemical hydrolysis strongly contributes to NBPT degradation in
soils under acidic to slightly alkaline conditions. Similarly, the acidic and basic soils
may also interfere with the performance of the imines. The amine 3B4a obtained
from the reduction of the imine group at 3B4 prevents the nucleophilic attack on sp?
carbon.

Similarly to the observed for 3B4, the color of 3B4a solution changed in alkali media,
but this process occurred more slowly (Fig. 4A-B). A darkening process was also
observed in the solutions containing H202, distilled water (after 1 day) and CuSO4
(Fig. 4C-E). In the case, no hydrolysis occurs, since 3B4a does not bear carbon with
a positive partial charge to act as an electrophile as it occurs in the corresponding
imine. 3B4a is an aromatic amine and as such it can be easily oxidized by a variety
of reagents, including molecular oxygen. This oxidation is not restricted to the amino
group and can occur also in the ring as the amino group is an electron donor, which
makes the ring rich in electrons and susceptible to oxidation (Solomons and Fryhle et
al., 2001). The abstraction of hydrogen atoms by oxidant agents leads to more

complex changes and highly colored products (Caserio et al., 1977). Thus, it can be
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inferred that the amine 3B4a may undergo oxidation in media containing CuSO4 or

H20: in the presence of molecular oxygen and/or light.

Fig. 4. Substance 3B4a in 0.1 M NaOH solution at time 0 (A) and after 1 day (B); in 0.3% (v/v) H202
(C), after 1 day in distiled water (D) and in 1mM CuSO4 (E).

The internal structure of substances (polymorphic, amorphous, crystalline) can also
interfere in the solubility (Allen et al., 2013). Fig. 5 illustrates the images of the
substances 3B4, 3B4a and 3D6 obtained by Polarized Light Microscopy. 3B4

appears as an amorphous substance (Fig. 5A).

Fig. 5. Images of 3B4 (A-B), 3D6 (C-D) and 3B4a (E-F) under light (left column) and dark field (right
column) obtained from a polarized light microscope. The red circles in B and E indicate the substance

3B4 and the polymorphism of 3B4a, respectively.
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In the dark field (Fig. 5B) no multicolored mass was observed, indicating an isotropic
profile. 3D6 (Fig. 5C-D) shows crystalline characteristics and a greenish color (Fig.
5D), indicating an anisotropic profile. Substance 3B4a appears as a polymorph, with
a small crystal in its structure (Fig. S5E). Dark field analysis shows that 3B4a is
isotropic since no visible multicolored mass was observed (Fig. 5F). The image
analysis provides evidence that 3B4 is an amorphous substance, which may explain
its better solubility when compared to 3B4a and 3D6. According to Allen et al. (2013),
the energy required for the molecule to escape from a crystal is much greater than
that needed for an amorphous solid. Therefore, amorphous compounds are more
soluble than its corresponding crystalline forms.

The solubility analysis of the urease inhibitors showed that the polarity and
morphological characteristics of these substances were important for determining
solubility. Additionally, the three substances were shown to be sensitive to certain
types of media (acid-3D6, basic-3B4 and oxidant-3B4a). Although these media have
shown influence on the substances studied, it is important to emphasize those drastic
conditions of acidity, basicity and oxidation were tested; not corresponding to
conditions to be used in the development of the formulation. The objective was to
challenge the substances to obtain evidence of the conditions in which they would be
more sensitive. Determination of the pKa of substances would help to better
understand their behavior in acid-base environments. Therefore, polarity was the
main factor considered for the rationalization of a formulation for delivering the
substances. In this context, substance 3B4 showed the best solubility profile,
followed by 3B4a and 3D6 (3B4> 3B4a> 3D6). 3D6 was chosen as the worst case
due to its greater difficulty in solubilizing in the different media tested in order to

develop a suitable formulation for all the substances in the study.
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3.2 Evaluation of urease inhibition in soil and in vitro

Among the urease inhibitors tested, 3B4 was as efficient as NBPT and inhibited soil
ureases by 55.0% on average (Fig. 6A; p> 0.05) followed by 3D6 and 3B4a. This
lower antiureolytic activity of substance 3D6 is in accordance with the results
described by Chaves-Silva et al. (2020). Notably, the imine 3B4 was roughly twice as
much potent as the corresponding amine 3B4a (Fig. 6A; p < 0.05).

The most potent substance in soil,3B4, and the corresponding amine were chosen
for the in vitro tests with urease from C. ensiformis. The antiureolytic activity of the
substances 3B4 and 3B4a at 50 uM showed no statistically significant difference
between them (22.6 £ 6.9 and 24.2 + 9.6, respectively). Both were similar to that of
the reference inhibitor hydroxyurea (HU) (Fig. 6B).

The difference between the activity of 3B4 and 3B4a, comparing the results in vitro
and in soil, suggests that substance 3B4a is protonated at the pH of the soil and due
the presence of colloids, it is more retained, decreasing its availability to act as a
urease inhibitor. Colloids are mainly responsible for the chemical activity of the soil.
They have a negative net charge that can attract and retain positively charged
particles (Lopes, 1998). However, in in vitro assay, the influence of the soil matrix is
inexistent showing only the activity of 3B4a substance in contact with the enzyme
urease. Thus, the molecular docking study was proposed to explain what are the

most important groups for substances 3B4 and 3B4a to act as urease inhibitors.
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Fig. 6. Effect of imines and amine 3B4a on soil (A) and Canavalia ensiformis (B) ureases.
Hydrozyurea (HU) was used as reference of urease inhibitor. Data were analyzed by one-way
ANOVA with Tukey post-test at a significance level of 5%. Distinct letters represent statistically

differences.

3.3 Molecular docking

The docking study with the active compounds 3B4 and 3B4a was performed as
described in item 2.5. The compounds were analyzed in terms of orientation in the
active site and the possibility of coordination with the two nickel ions. For 3B4 and
3B4a, it was observed that the orientation of the 3-OH in 3B4 and 4-OH in 3B4a
aromatic ring play an important role in the coordination with the bi-nickel center of the
enzyme active site (Fig. 7) (Braga et al., 2019). 3B4 and 3B4a show 1r-Cation
interaction with Arg609, and Tr-Alkyl interactions with Ala440 and Ala636. Further
stability was achieved for 3B4a due to the formation of a hydrogen bond between
His593 and the amine group. Others two hydrogen bonds involving hydroxyl groups
and the residues Ala436, Arg4d39 and Asp633 were observed in the interaction
between 3B4a and urease. The best docking positions also showed other
interactions with key residues in the active pocket, such as 1r-Anion, -1 or TT-S,
which contributed to the stability of the complexes formed. Thus, when compared to

substance 3B4, substance 3B4a forms a more stable complex with the enzyme
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urease. However, further studies on the enzymatic kinetics of these substances with
the urease enzyme are needed to clarify the importance of this more stable complex

with the 3B4a substance.
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Fig.7. Predicted conformations of compounds 3B4 (A) and 3B4a (B) inside the binding pocket of
Canavalia ensiformis urease. The green spheres indicate the nickel atoms (Ni) in the active site.

3.4 Interaction between 3B4 and urea

FTIR is a technique that can be used to verify the interaction between assets and
excipients, and the reduction in the intensity or suppression of a peak and
emergence of new peaks are evidence of interaction (Liltorp et al., 2011). Fig. 8A
shows the spectrum obtained for urea (U), 3B4 (I-1) and the mixture urea + 3B4 (1:1)
is registered at 0 (UI1-0h), 24 h (Ul1-24h) and after 48 h (UI1-48h) whereas Fig. 8B
shows the corresponding spectra for 3B4a. A stretching band characteristic of the N-
H bond at 3428-3429 and 3328-3329cm', a bending band of this bond at 1588—
1589 cm' and stretching bands for the C=0 and C-N bond at 1673-1674cm™" and
1457cm-, respectively, are observed for urea. The 3B4 spectrum (Fig. 8A) show a
characteristic stretching band of the O-H bond at 3321 cm™'. Stretching bands from

the C=N and C=C bonds are also observed at 1622, 1583, 1505 and 1456 cm™'. For
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3B4a (Fig. 8B), a typical stretching band of the N-H bond at 3256 cm™ is observed.
The stretching band for the O-H bond is likely covered by the N-H stretching band.
There is a bending band of the N-H aromatic secondary amine bond at 1516 cm™’

and stretching bands from C=C bonds at 1472-1451 cm-".
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Fig. 8. (A) Spectrum obtained for urea (U), substance 3B4 (I-1) and the mixture urea plus 3B4 (1:1) at
0 (UI1-0h), 24 h (UI1-24h) and 48 h (UI1-48h) after preparation of the solutions. (B) Spectrum
obtained for urea (U), substance 3B4a (I-2) and the mixture urea plus 3B4a (1:1) at 00 (UI2-0h), 24 h
(U12-24h) and 48h (UI2-48h) after preparation of the solutions.
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No changes in the spectrum was recorded when equal amounts of both inhibitors
were added to the urea, regardless of the time of incubation of solutions at room
temperature. Some bands were masked by other of more intensity such as the
stretching of the O-H bond in the imine 3B4 and the stretching bands from C=C bond
the amine 3B4a. Overall, no interaction between urea and 3B4 or 3B4a was

observed at the experimental conditions tested.

3.5 Development of a safe formulation to convey urease inhibitors in

germination test

Although the set of results indicate substances 3B4 and 3B4a as the most promising
urease inhibitors, since substance 3D6 was the most insoluble, it was selected as a
reference for the screening of solvents and cosolvents to be used for the
development of a hydrophilic formulation (Table 1). Table 3 and Fig. 9 illustrate the
degree of 3D6 solubility as a function of varied combinations of solvents. Undeniably,
lower proportions of EtOH (Table 1: Solutions 2, 3 and 8) resulted in a lower
solubility profile while the solubility increased with the increment of EtOH in the
solution (Fig. 9).

The log P for 3D6 substance, determined using ChemSketch® 2018 software
(Advanced Chemistry Development, 2019), is 3.54 + 0.50, which reveals high
hydrophobic character for 3D6. This is the reason by which PEG-400 was a better
solvent than PROP for the solubilization of 3D6. PEG-400 has a long nonpolar chain
enable to stablish more hydrophobic interactions with 3D6 (Babu et al., 2008;
Seedher and Bhatia, 2003). Solutions 1, 4, 5 and 7 efficiently dissolved 3D6 (Table
3). The use of solution 1 was ruled out due to the relatively high EtOH content,

determined to negatively affect the germination of lettuce seeds. The lack of PROP,
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a humectant that counteracts the drying effect of surfactants (Johansson and
Somasundaran, 2007), made solution 7 not suitable for use in the formulation. PROP
attracts and bind to water molecules, controlling their levels in the medium (Schueller
and Romanowski, 1999). However, concentrations of PROP higher than 25% did not
provide good solubilization of 3D6 (Fig. 9; Table 3; Solutions 3, 6 and 8). PROP is
the most polar among the three cosolvents evaluated, with a dielectric constant (&) of
32.0, whereas EtOH and PEG-400 show & equal to 24.3 and 12.4, respectively (Babu
et al., 2008; Seedher and Bhatia, 2003). Solubility is largely influenced by the polarity
of the solute and the solvent; and larger dielectric constants are related to more polar

compounds (Gremido and Castro, 1999).

Table 3. Classification of substance 3D6 solubility profiles in the first screening using different

proportions of ethanol (EtOH), polyethylene glycol 400 (PEG 400) and propylene glycol (PROP).

Solutions EtOH (%) PEG-400 (%) PROP (%) Solubility
1 90 5 5 1
2 5 90 5 2
3 5 5 90 3
4 50 25 25 1
5 25 50 25 1
6 25 25 50 3
7 50 50 0 1
8 0 50 50 3
9 50 0 50 2

* Solubility 1: fully soluble (no visible precipitate); solubility 2: intermediate solubility (still precipitated,
but less than initial); Solubility 3: poorly soluble or insoluble (presence of precipitation corresponding to
or near initial amount).

Solutions 4 and 5 were equally efficient in the solubilization of 3D6 although the
former did it fastly likely due to higher EtOH conten. Moreover, solution 5 presented
higher viscosity due to the higher proportion of PEG-400, which has a higher
viscosity among the evaluated excipients: 105-130 cp (PEG-400); 58.1 cp (PROP)

and 1.22 cP (EtOH) (Rowe et al., 2006). Higher viscosities difficult the cavitation
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process (Capelo-Martinez, 2009) requiring longer sonication time to completely
dissolve 3D6. Since both formulations provided a good solubilization profile, they

were chosen to be submitted to the safety test using lettuce seeds.

Design-Expert® Software
Component Coding: Actual
Solubility
@ Desian Points
.

X1 = A EtOH
X2 = B: PEG-400
X3 = C: PROP

1,000 0,000 1,000
B: PEG-400 C: PROP

Solubility

Fig. 9. Response surface for the first screening for formulation development. Ethanol (EtOH)
increases the solubility of 3D6 (red response surface area) while propylene glycol (PROP) impairs the
solubility (blue response surface area). Image was obtained using Design-Expert® software (STAT-
EASE, 2018).

3.6 Assessment of the safety of formulations without urease inhibitors on seed

germinations

Solutions 4 and 5, without inhibitors, were diluted 50 times (Solution 4DIL and 5DIL)
and tested on the germination of lettuce seeds (Table 4). Although both solutions
negatively affected lettuce seed germination, only solution 4DIL was statistically
different from distilled water (p = 0.0025). For this reason, further studies were
carried out solely with formulations containing solution 5DIL.

The effect of the 5DIL solution (without inhibitors) on other seed/seedling
characteristics was also investigated, with results similar to those of the control

treatment (Table 5). However, as the treatment with the 5DIL solution resulted in
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higher standard deviations, another screening was proposed (Table 1), where DMSO

was added as a co-solvent (solution 10).

Table 4. Effect of solutions 4DIL and 5DIL in comparison to distilled water (control) on the number of

germinated lettuce seeds.

Treatment Number of germinated seed
Distilled water (control) 23.70 £ 1.532
Solution 4DIL 8.00 + 1.00P
Solution 5DIL 19.00 + 5.29°2

Results are the means + standard deviation (n = 3 plates, each containing 25 seeds). ANOVA One-
way with Tukey post-test. Distinct letters represent significant difference between the evaluated
parameters (p <0.05). Solution 4DIL contained 1% EtOH, 0.5% PEG-400, 0.5% PROP and 98%
distilled water. Solution 5DIL contained 0.5% EtOH, 1% PEG-400, 0.5% PROP and 98% distilled

water.
The use of DMSO in agricultural formulations is allowed and such solvent is known to
solubilize substances that poorly dissolve in water (Bettiol et al., 2016; Elakovich,
1999; Dakshini et al., 1999; EPA, 2019). Surfactants were also included in the third
screening as it follows: Tween 20® (solution 11), Tween 60® (solution 12) and Triton
X-100® (solution 13). Surfactants are commonly used in pesticide, herbicide and
seed coating formulations and may act as a solubilizing agent for poorly soluble
substances (Galvez et al., 2019; Horowitz and Givelberg, 1979; Rowe et al., 2006).
These new formulations were also evaluated for the ability to solubilize 3D6 and
provided very good results.
The best results were achieved (healthier seedlings) when solutions 5DIL and 10
were used (Fig. 10). Solution 12 was detrimental to the development of lettuce
seedlings in comparison with the control treatment (p = 0.0326; Table 6; Fig. 10D).
Solutions 11 and 13, which contained, respectively, Tween 20® and Triton X-100°,
did not affect seed germination, but impaired root growth (Fig. 10C and E), possibly

due to an osmotic effect of these components.
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Table 5. Effect of solution 5DIL in comparison to distilled water (control) on the germination of lettuce

seeds and growth of lettuce seedlings.

Plant traits Distilled water Solution 5DIL
(control)

Root Length (mm) 31.01+3.502 21.4248.71°
Germination percentage (%) 94.67+6.112 76.00£21.172
Germination Speed Index 21.05+1.002 15.75+6.97°
Average germination time 1.23+0.112 1.42+0.32°

(days)
Average germination speed (/ 0.81+0.072 0.72+0.16°
day)
T50 0.63+0.052 0.87+0.422

Results are the means * standard deviation (n = 3 plates each containing 25 seeds). Testtat a
significance level of 0.05. Distinct letters represent significant difference between the evaluated
parameters. Solution 5DIL contained 0.5% EtOH, 1% PEG-400, 0.5% PROP and 98% distilled water.
T50, average germination time of 50% of the seeds.

Fig. 10. Evaluation of germination of lettuce seeds treated with formulations without urease inhibitors.
Images were taken 6 days after the beginning of the experiment. (A) solution 5DIL (0.5% EtOH, 1%
PEG-400, 0.5% PROP and 98% distilled water), (B) solution 10 (0.25% DMSO, 0.25% EtOH, 1%
PEG-400, 0.5% PROP and 98% distilled water), (C) solution 11 (0.5% EtOH, 1% Tween 20®, 0.5%
PROP and 98% distilled water), (D) solution 12 (0.5% EtOH, 1% Tween 60®, 0.5% PROP and 98%
distilled water) and (E) solution 13 (0.5% EtOH, 1% Triton X-100®, 0.5% PROP and 98% distilled

water).
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Tween 80® (1% v/v) was shown to negatively affect the germination of lettuce seeds
and the development of seedlings (Santos et al., 2004). Although in solutions 11, 12
and 13 the surfactant concentration was lower (0.01% v/v), a negative impact of
these excipients was observed for lettuce seed germination. Galvéz et al. (2019) also
evaluated the effect of surfactants (anionic or nonionic) on the germination of lettuce
seeds and in general was observed that they had a negative effect on germination
percentage, fresh and dry biomass, and root length when tested at 32.5 g/L
concentration. According to Horowitz and Givelberg (1979) nonionic surfactants can
affect root permeability and disrupt the growth of the entire plant. Consequently,
surfactants were withdrawn from the formulations, maintaining PEG-400 and

changing DMSO and EtOH concentrations.

Table 6. Effect of the solutions 5DIL, 10, 11, 12 and 13 comparison to distilled water (control) on the

number of germinated lettuce seeds.

Treatment Number of germinated seeds
Distilled water (control) 23.7+£15
Solution 5DIL 220+1.0
Solution 10 220+1.0
Solution 11 20.0+1.0
Solution 12 17.3 £ 3.5%
Solution 13 19.3+2.9

Results are means + standard deviation . Results were evaluated by One-way ANOVA with Tukey
post-test at a significance level of 0.05 (* p <0.05). Solution 5DIL (0.5% EtOH, 1% PEG-400, 0.5%
PROP and 98% distilled water); solution 10 (0.25% DMSO, 0.25% EtOH, 1% PEG-400, 0.5% PROP
and 98% distilled water); solution 11 (0.5% EtOH, 1% Tween 20®, 0.5% PROP and 98% distilled
water); solution 12 (0.5% EtOH, 1% Tween 60®, 0.5% PROP and 98% distilled water); Solution 13
(0.5% EtOH, 1% Triton X-100®, 0.5% PROP and 98% distilled water).

Other response factors obtained for solution 10 and solution SDIL (most promising
formulations of the third screening) are illustrated in Table 7. Although both solutions

provided germination rates comparable to the control the germination process was



61

slower and the resulting seedlings showed smaller roots. Since solution 10 resulted
in a smaller difference for all evaluated traits, it was selected for subsequent studies.

Several proportions of DMSO (fourth screening; Table 1) were investigated in an
effort to improve the formulation safety. The results obtained are shown in Table 8
and Fig. 11. All germinated seeds provided healthy seedlings regardless of the
treatment, which indicates that any of the tested formulations are safe (Fig. 11). No
statistical differences were observed for average germination time, T50, dry weight
and root length (p>0.05). The absence of difference in T50 and average germination
time (AGT) show that solutions 14, 15 and 16 promoted seed germination at similar
time to control group. However, an increase in germination time was observed with
the increase of DMSO and EtOH concentration. Solution 14 (lower EtOH and DMSO
concentration) showed the best results when compared to control group. The T50

was 6.8%, and the AGT 13.4% greater than control (T50: p = 0.80; AGT: p = 0.58).

Table 7. Effect of solution 5DIL and 10 in comparison to distilled water (control) on the germination of

lettuce seeds and growth of lettuce seedlings.

Plant traits Distilled Solution 5DIL  Solution 10
water
(control)
Number of germinated seeds 23.7 £ 1.532 22.00+1.002 22.00+1.002
Root Length (mm) 31.01 £ 3.502 16.25+1.63° 24 11+ 2.06°

Germination percentage (%) 94.67 £ 6.112  88.00+4.002 88.00+4.00°
Germination Speed Index 21.05 + 1.002 9.56+0.54° 12.36+0.84°
Average germination time (days) 1.23 +0.112 2.71+0.06° 2.14+0.33¢
Average germination speed(/day) 0.81+0.072 0.37+0.01° 0.47+0.08°
T50 0.63+0.052 1.73+0.08P 1.45+0.11°

Results are the means + standard deviation (n = 3 plates each containing 25 seeds). ANOVA One-
way with Tukey post-test. Distinct letters represent significant difference between the evaluated
parameters (p <0.05). Solution 5DIL contained 0.5% EtOH, 1% PEG-400, 0.5% PROP and 98%

distilled water; solution 10 contained 0.25% DMSO, 0.25% EtOH, 1% PEG-400, 0.5% PROP and 98%

distilled water. T50, average germination time of 50% of the seeds.

Regarding the germination speed index (GSI), it was observed that the solution 15

was 14.1%, and the solution 16 was 16.0%, less than the control. For average
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germination speed (AGS), solution 15 was 20.2%, and the solution 16 was 21.4%,
less than control. These results provide evidence that these solutions interfered with
the germination speed of lettuce seeds. Regarding the percentage of germinated
seeds, at the end of 7 days, the only treatment that was statistically different from the
control solution was solution 16 (p = 0.007), indicating a negative effect on lettuce
seeds (Table 8). Thus, the solution that was not detrimental to lettuce seeds and
seedlings in the fourth screening was solution 14. Notably, solution 14 was able to

solubilize the urease inhibitors studied herein.
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Fig. 11. Seven-days old lettuce (Lactuca sativa L.) seedlings originated from seeds germinated in the
presence of solutions 14, 15, 16. Solution 14 contained 0.05% EtOH, 0.05% DMSO, 1.4% PEG-400,
0.5% PROP and 98% distilled water; solution 15 contained 0.05% EtOH, 0.15% DMSO, 1.3% PEG-
400, 0.5% PROP and 98% distilled water; solution 16 contained 0.1% EtOH, 0.1% DMSO, 1.3% PEG-
400, 0.5% PROP and 98% distilled water.

According to Elakovich (1999), small amounts of EtOH and DSMO are used to aid
the solubility of samples. In our study, EtOH was not as good a solvent for inhibitors

as DMSO. The addition of DMSO was necessary to increase the bioavailability of
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urease inhibitors. Bettiol et al. (2016) described a smaller negative impact for DMSO
(2% vlv) compared to EtOH (0.01% v/v) on germination rates, similar to what was
observed in our studies. Therefore, at lower concentrations (0.0005% v/v), EtOH and
DMSO resulted in a non-phytotoxic formulation in germination testing. PEG-400 and
DMSO were essential to promote the solubilization of urease inhibitors and to reduce
the EtOH concentration in the formulation. The literature shows that PEG-400 can be
absorbed by plants. According to Janes (1974), no sign of root damage was
observed when PEG-400 was inserted into the nutrient medium in an experiment
with pepper (Capsicuitn annuum L. var. California Wonder). It was also observed that
PEG entered the plant through intact roots. The amount of PEG accumulated in the
leaves was only a small fraction contained in the nutrient solution, with no
relationship between the amount of accumulated PEG and the sweating rate; change
in the molecular distribution of each polymer as it moved from the solution to the
sheets; or evidence of any absorption that could be associated with mass water flow.
Lawlor (1970) concluded that the presence of higher molecular weight PEG in leaves
caused necrosis in a way that could not be reproduced by low molecular weight PEG.
The PEG-200, although absorbed, did not cause short-term damage. According to
Kaufmann and Eckard (1971), when PEG-400 was added to a nutrient medium, there
was a reduction in the osmotic potential in the xylem sap of the pepper root.
However, half of this adjustment was attributed to increased accumulation of ions
(K*, Na* Ca?* and Mg?*) in the root xylem (Kaufmann and Eckard, 1971). Thus, we
can observe that PEG-400 can be absorbed by plants, but results in smaller changes
when compared to high molecular weight PEGs. It is important to emphasize that in
our studies there was no addition of nutrients, which also influences the osmotic

potential. Additionally, the concentration of this excipient in the solubilizing solution is
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low. The measurement of other plant physiological factors, in addition to those
studied in this work, can provide more information about the safety of this solution.

However, in principle, PEG was a safe excipient, as shown in the results presented

here.

Table 8. Effect of solutions 14, 15 and 16 in comparison to distilled water (control) on the germination

of lettuce seeds and growth of lettuce seedlings.

Plant traits Distilled
water Solution 14 Solution 15 Solution 16
(Control)
Number of
germinated 24.8+0.42 23.2+0.82b 22.4+1.92b 21.4+1.7°
seeds
R°°(tm";;'9th 37.3+3.5° 33.5:0.5°  35.9+2.4a 36.2+1.6°

Fresh weight (g)  0.29+0.02%° 0.30+0.012  0.27+0.03%>  0.26+0.01°
Dry weight (g) 0.017+0.002% 0.02+0.0012 0.018+0.0022 0.019+0.0022

Germination 99.241.792  94.3+2.13%>  91.8+7.62%  87.6+5.24°
percentage (%)

Germination
Speed Index
Average
germination 1.191£0.11° 1.35+0.162 1.5310.262 1.56+0.232

time (days)

Average
germination 0.84+0.072  0.75+0.09%*  0.67+0.71° 0.66+0.09°
speed (/day)

22.75+1.123  20.37+1.15% 19.53+2.60° 18.08+1.40°

T50 0.59+0.052 0.63+0.05°2 0.64+0.102 0.67+0.07°

Results are the means * standard deviation (n = 5 plates each containing 25 seeds). Distinct letters
represent significant difference between the evaluated parameters (p <0.05). Data were evaluated by
one-way ANOVA (Tukey post-test). Solution 14 contained 0.05% EtOH, 0.05% DMSO, 1.4% PEG-
400, 0.5% PROP and 98% distilled water; solution 15 contained 0.05% EtOH, 0.15% DMSO, 1.3%
PEG-400, 0.5% PROP and 98% distilled water; solution 16 contained 0.1% EtOH, 0.1% DMSO, 1.3%
PEG-400, 0.5% PROP and 98% distilled water.

The germination test was used to identify different levels of phytotoxicity in samples,
but one of the main problems of this test is the delivery of non-water soluble
substances (Elakovich, 1999; Valerio et al., 2007). Unfortunately, phytotoxicity

studies lack this kind of assessment, and usually the solvents included in germination
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tests are not really tested for the safety (Bettiol et al., 2016). The here presented
findings clearly show the importance of the safety evaluation of excipients used in

formulations for agricultural products.

4 CONCLUSION

In this work it was possible to obtain evidence of the solubility, morphology and
reactivity of the Schiff Bases 3B4 and 3D6, as well as the amine 3B4a. Among these
substances, 3B4 and 3B4a were the most promising, presenting important functional
groups for the inhibition of the urease enzyme (3-OH in 3B4 and 4-OH in the
aromatic ring 3B4a). No interactions of 3B4 and 3B4a with urea were observed,
which may favor the inclusion of these substances in a fertilizer with urea. The
developed formulation proved to be suitable for the solubilization of all proposed

urease inhibitors and was not phytotoxic to lettuce seeds.

SUPPORTING INFORMATION

Table S1: Descriptive terms for the classification of approximate solubility.

Descriptive Terms Part of solvent required per 1 part of
solute
Very soluble Less than 1
Freely soluble From 1 to 10
Soluble From 10 to 30
Sparingly soluble From 30 to 100
Slightly soluble From 100 to 1,000
Very slightly soluble From 1,000 to 10,000
Practically insoluble, or Granter than or equal to 10,000
insoluble

Source: adapted from USP, 2015.

ABBREVIATIONS
ACN acetonitrile; AGS, average germination speed; AGT, average germination time;

EtOH, ethanol; DMSO, dimethyl sulfoxide; EDTA, ethylenediamine tetraacetic acid;

FTIR, Fourier Transform Infrared Spectroscopy; GSI, germination speed index; HU,
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hydroxyurea; MD, molecular dynamics; MeOH, methanol; NBPT, N-(butyl)
thiophosphoric triamide; NMR, Nuclear Magnetic Resonance; PEG-400, polyethylene
glycol 400; PME, particle-mesh Ewald; PROP, propylene glycol; T50, average

germination time of 50% of the seeds.
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5 CONCLUSAO GERAL

Neste trabalho foi possivel avangar nos estudos com os inibidores de urease
prospectados (3D6, 3B4, 3B4a) e desenvolver uma formulagao segura para veicular
essas substancias, a auséncia de fitotoxicidade avaliada em sementes de alface
(Lactuca sativa L.). Nos estudos de pré-formulacdo avaliamos a solubilidade dos
inibidores em diversos solventes, os quais mostraram-se praticamente insoluveis em
agua e mais propensos a solubilizagdo em solventes orgéanicos (perfil de
solubilidade: 3B4 > 3B4a > 3D6). Também foi possivel obter evidéncias de que
meios acidos, basicos e oxidantes podem afetar as substancias 3D6, 3B4 e 3B4a,
respectivamente. Nos estudos de atividade antiureolituca a substancias 3B4
apresentou melhor atividade antiureolitica em solo (3B4 > 3D6 > 3B4a). Porém, na
avaliagao in vitro, as substancias 3B4 e 3B4a apresentaram atividades semelhantes.
Nos estudos de docking molecular ambas as substancias (3B4 e 3B4a) interagiram
com o centro de bi-niquel da enzima, essencial para a atividade de inibicdo. No
entanto, o complexo com 3B4a é mais estavel devido as ligagdes de hidrogénio.
Visto que os inibidores em estudos dever&o ser incorporados a ureia para estudos
posteriores, também avaliamos a interagao da ureia com as substancias 3B4 e 3B4a
por FTIR nos tempos 0, 24 e 48 h. Os espectros de FTIR ndo mostraram evidéncias
de interagdo, fornecendo um indicio de estabilidade, importante para o

desenvolvimento de uma formulagao comercial.

Em suma, nés demonstramos ser possivel desenvolver uma formulagdo segura para
veiculagcédo dos novos inibidores de urease propectados, avangarmos nas avaliagbes
da atividade antiureolitica dessas substancias (in vitro e em solo) e no entendimento
da interacdo dessas substéncias com a enzima urease. Como perspectiva,
propomos a avaliagdo da estabilidade das substancias mais promissoras (3B4 e
3B4a) em condigdes de stress (hidrdlise, oxidagao) para predicdo dos possiveis
caminhos de degradacéo; e avaliagdo da seguranga da substancia 3B4a associada
a formulagdo desenvolvida, uma vez que estudos anteriores do grupo mostraram
que a 3B4 nao provoca efeitos nocivos nas sementes de alface. Também
pretendemos avaliar a eficiéncia dessas substancias na mitigacdo da degradacéo da

ureia no solo em estudos de volatilizagao.
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