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Las plantas producen un repertorio diverso de péptidos antimicrobianos (AMPs), estructural y
funcionalmente distintos, que forman parte de la inmunidad innata actuando contra una amplia gama
de patdgenos. Presentan actividad contra fitopatdgenos pero también contra patdgenos del ser
humano. Por ello, han sido considerados compuestos prometedores para el desarrollo de productos
con importantes aplicaciones biotecnoldgicas. Ademas de su tamaio pequefio, los AMPs presentan
algunas caracteristicas comunes como carga neta positiva a pH fisioldgico y un nimero par de
residuos cisteina, pero difieren en tamafo, composicion aminoacidica y estructura molecular. Los
AMPs vegetales han sido clasificados en varias familias, de acuerdo a su homologia de secuencia,
sus motivos cisteinas y su estructura 3D, entre las que se incluyen defensinas, esnaquinas, tioninas,
proteinas de transferencia de lipidos, ciclétidos y proteinas hevein-like. El objetivo de este trabajo
fue aislar y caracterizar estructural y funcionalmente AMPs de tipo defensina y esnaquina, presentes
en especies nativas de Sudamérica con usos tradicionales en la medicina popular: Peltophorum
dubium (ibirapitd), Maytenus ilicifolia (congorosa) and Erythrina crista-galli (ceibo). Varios genes de
estas familias fueron aislados usando dos estrategias: amplificacion por PCR usando primers
degenerados o especificos y secuenciacién masiva de transcriptomas (RNA-seq) usando ensamblado
de novo. Un gen de tipo esnaquina (PdSNI) fue aislado de P. aubium con primers degenerados
disefiados en base a secuencias disponibles de otras especies y un gen de tipo defensina (£cgDri)
fue aislado de E. crista-galli, con primers especificos disefados para Vigna unguiculata. Ademas,
varios genes Snakin/GASA y de defensinas fueron identificados en los transcriptomas de novo de P.
dubiumy M. ilicifolia. Algunos de estos genes fueron verificados en ADN gendmico y caracterizados
estructuralmente. Todos los péptidos encontrados presentaron patrones comunes de cada familia de
AMP, con una distribucién de cisteinas tipica de cada familia, con la excepcion de algunas defensinas
putativas (tanto en M. Jlicifolia como en P. dubium) que tienen un motivo af modificado o el motivo
y-core esta ausente. Algunas defensinas putativas encontradas en los transcriptomas estudiados
difieren en varios residuos, incluso aquellos altamente conservados cuando se toman en cuenta las
defensinas depositadas en PDB. Para la caracterizacion funcional de PdASN1 y EcgDf1, éstos fueron
expresados de forma recombinante. Ambos péptidos maduros fueron producidos en £ coli
mayormente de forma soluble y luego de un paso de purificacion por cromatografia de afinidad se
obtuvieron péptidos bioldgicamente activos. La actividad antimicrobiana fue evaluada /in vitro contra
varios patdégenos humanos y de plantas, incluyendo hongos filamentosos, levaduras y bacterias.
Ambos péptidos presentaron actividad antimicrobiana, generalmente con mejor performance para
hongos, especialmente en el caso de la defensina. Se destaca que EcgDf1l mostré actividad contra
Penicillium expansum, un patdgeno que causa importantes enfermedades post-cosecha; mientras
que PdSN1 presento fuerte actividad contra la bacteria Streptomyces scabies, importante patdgeno
de papa. También es interesante recalcar que ambos péptidos tuvieron actividad contra Candida
albicans y Aspergillus niger, patdogenos humanos que producen infecciones en pacientes
inmunodeprimidos. Varios de los péptidos encontrados en este trabajo pueden ser considerados
como candidatos para el desarrollo de productos Utiles para el tratamiento o el control efectivo de
enfermedades. Investigaciones enfocadas a las relaciones estructura-funcién de los péptidos de ~.
dubium, E. crista-galliy M. ilicifolia, permitiran evaluar su potencial futura aplicabilidad.



Plants produce a diverse repertoire of structurally and functionally diversified antimicrobial peptides
(AMPs) which are an inherent part of innate plant immunity by acting against a wide range of
pathogens. They have activities against phytopathogens, as well as against human pathogens.
Accordingly, plant AMPs are considered promising compounds with important biotechnological
applications. In addition to their small size, they have some features in common like net positive
charge at physiological pH and an even number of cysteine residues, but they differ in size, amino
acid composition, and molecular structure. Based on amino acid sequence homology, cysteine motifs,
and three-dimensional structures, plant AMPs are grouped into several families, including defensins,
snakins, thionins, lipid transfer proteins, cyclotides, and hevein-like proteins. The aim of this work
was to isolate and characterize AMPs structurally and functionally, with emphasis on those of the
defensin and snakin families, present in three South American native species traditionally used in
folk medicine: Peltophorum dubium (ibirapita), Maytenus ilicifolia (congorosa) and Erythrina crista-
galli (ceibo). Several genes of these families were isolated using two strategies: PCR amplification
with degenerated or specific primers and transcriptome massive sequencing (RNAseq) using a de
novo assembly. A snakin gene (PdSNI) was isolated from P. dubium with degenerated primers
designed based on available sequences of other species. Also, a defensin gene (£cgDfI) was isolated
from E. crista-galli, with primers designed for V. unguiculata. In addition, several defensins and
Snakin/GASA genes were identified from de novo P. dubium and M. ilicifolia transcriptomes. Some
of the identified genes were verified in genomic DNA and structurally characterized. All peptides
found, presented common structural patterns of each family, wiht a typical cysteine distribution, with
the exception of some putative defensins (both in M. ilicifolia and P. dubium) that exhibited a
modified ap motif or the y-core motif is absent. Some putative defensins found in the transcriptomes
of P. dubium and M. ilicifolia differ in several residues, even those expected to be highly conserved,
considering defensins deposited in PDB. For the functional characterization of PASN1 and EcgDf1,
both peptides were produced recombinantly. Both mature peptides were expressed in £. coli mostly
in a soluble form, which after a affinity chromatographic step, resulted in the purification of a
biologically active peptides. The antimicrobial activity was evaluated /in vitro against several human
and plant pathogenic microorganisms, including filamentous fungi, yeast and bacteria. Both peptides
showed antimicrobial activity, generally with a better performance for fungi, especially in the case of
the defensin. It is emphasized that EcgDfl exhibited activity against Penicillium expansum, a
pathogen that causes important post-harvest diseases while PASN1 showed a potent activity against
the bacterium Streptomyces scabies, an important pathogen of potato. It is also interesting to note
that both peptides showed activity against Candida albicans and Aspergillus niger, both human
pathogens that produce infections in immunosuppressed patients. Several of the peptides found in
this work can be considered good candidates for the development of useful products for the
treatment or effective control of diseases. Focused investigations regarding structure-function
relationships of P. dubium, E. crista-galliand M. ilicifolia peptides, will allow to evaluate their potential
future applicability.
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Importancia de la busqueda de nuevos productos bioactivos para el control
de enfermedades

Algunos hongos, virus y bacterias son agentes de enfermedades, en ocasiones devastadoras en
humanos plantas y animales. En produccidn agricola, el control de patdgenos es un factor
determinante para asegurar la cosecha, mejorar rendimientos y aumentar la vida Uutil
poscosecha. Estos patdgenos pueden deteriorar la calidad del producto (valor nutricional,
caracteristicas organolépticas), llegando en algunos casos a ser responsables de efectos nocivos
para los consumidores debido a la produccion de toxinas y alergenos (Diaz-Dellavalle et al.
2011). Uno de los mayores desafios a nivel mundial ha sido y sera en los proximos afos, lograr
un aumento en la produccion agricola para alimentar a una poblacion en constante crecimiento,
contribuir al desarrollo general de los que dependen de la agricultura en paises en desarrollo y
adoptar métodos de produccidn mas eficientes y sostenibles (FAO, 2009). EI manejo de plagas
y enfermedades ha jugado un papel importante en la duplicacion de la produccion de alimentos
en los ultimos 40 afos. Sin embargo, cada afo se estima que un 10-16% de la cosecha mundial
se pierde debido a las enfermedades de los cultivos, sin contar las pérdidas post-cosecha
(Chakraborty y Newton 2011). El aumento constante de resistencia a las drogas disponibles
para combatir enfermedades, genera la necesidad de descubrir nuevos compuestos con
actividad antimicrobiana. Ademas, el uso de agroquimicos, muchos de ellos perjudiciales para
el ambiente y la salud de productores y consumidores, esta siendo cuestionado desde diversos
ambitos sociales. La demanda de productos “mas verdes” para el manejo de plagas ha llevado

al incremento del desarrollo de nuevos bio-plaguicidas (Cantrell et al. 2012).

Péptidos antimicrobianos: potenciales agentes terapéuticos innovadores

La busqueda de nuevos productos ha aumentado el interés por los péptidos antimicrobianos
(AMPs, antimicrobial peptides), componentes del sistema inmune de todos los organismos vivos.
Los AMPs se consideran entre los compuestos mas prometedores para su uso en medicina y
como agentes terapéuticos para prevenir y tratar enfermedades en cultivos de importancia
comercial (Kaur et al. 2011, Larrafaga et al. 2011, Shah y Read 2013). A nivel clinico, un alto
numero de patentes documenta que, en muchos casos, los AMPs muestran una accion
incrementada contra bacterias resistentes a antibidticos. Diferentes aplicaciones terapéuticas
de estos compuestos, desde administracién tdpica hasta tratamientos sistémicos de las

infecciones han sido evaluadas por varias companias biotecnoldgicas (Zasloff 2002, Dalla Rizza
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et al. 2008). Ademas, AMPs sintéticos estan siendo explorados como nuevos farmacos (Shah y
Read 2013). Dado que este tipo de péptidos esta ampliamente distribuido en el reino vegetal,
podrian ser Utiles para mejorar los rendimientos agricolas, aumentando la resistencia de los
cultivos al ataque de patdgenos, ya sea mediante mejoramiento genético, desarrollo de cultivos
transgénicos, o de productos que sustituyan los actuales agroquimicos. Podrian utilizarse
ademas para incrementar la tolerancia a distintos tipos de estrés abidtico, ya que se ha
mostrado que algunos estan involucrados en las respuestas de tolerancia a estrés por salinidad,
calor, seca, etc. (Carvalho y Gomes 2011; Nahirfiak et al. 2012b). Como los AMPs vegetales no
sblo presentan actividad contra patdgenos de plantas, sino también contra patdgenos de
humanos, estan siendo estudiados para el desarrollo de nuevos farmacos con accion antibidtica

y anti-inflamatoria (Thevissen et al. 2007).

Presentacion de los péptidos antimicrobianos vegetales

Las plantas estan continuamente siendo atacadas por patdgenos. Sin embargo, pocos ataques
llegan a producir una infeccidn sistémica y desarrollo de enfermedad ya que las plantas se
defienden de los mismos mediante mecanismos tanto constitutivos como inducibles. Una vez
que las plantas perciben al patégeno, se desencadena una cascada de sefales que llevan a la
formacion de barreras fisicas (como el reforzamiento de la pared celular), la produccién de
metabolitos secundarios y la sintesis de proteinas relacionadas a la patogénesis (proteinas PR).
Dentro de los diferentes grupos de proteinas PR, algunas presentan un peso molecular menor
a los 10 KDa, entre las que se encuentran los comUnmente denominados péptidos
antimicrobianos (Sels et al. 2008; Benko-Iseppon et al. 2010).

Los AMPs son parte esencial de la respuesta inmune innata no sélo de vegetales, sino también
de vertebrados e invertebrados. Son moléculas evolutivamente ancestrales que tienen un rol
fundamental en la formacion de barreras de defensa, pre y post infeccion, contra una amplia
variedad de patdgenos incluyendo bacterias, hongos, virus y protozoarios. Promueven una
respuesta relativamente rapida del organismo con un costo energético comparativamente
menor al uso del sistema inmune adaptativo de los vertebrados superiores (Zasloff 2002). Dicha
respuesta refleja la estructura genética y proteica de estas moléculas ya que muchos de ellos
comparten varias caracteristicas: tamafio pequefio (menor a 10 KDa), carga general positiva,
estereogeometria anfipatica, tolerancia a solventes acidos y organicos, estabilidad térmica y
amplia actividad bioldgica (Yeaman y Yount 2003; Brogden 2005). La naturaleza catidnica de
los AMPs en condiciones fisioldgicas, asociados con una tendencia a adoptar estructuras
anfipaticas podria facilitar su interaccidn e insercién dentro de las paredes celulares negativas

y las membranas fosfolipidicas de los microorganismos (Oren y Shai 1998) por lo que se ha
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postulado que su actividad bioldgica podria explicarse por dos mecanismos de accidn
principales: a) una interaccion no especifica con las membranas microbianas llevando a la
permeabilizacidon por formacion de poros o b) interacciones especificas con moléculas blanco,
intracelulares o asociados a membranas, resultando en la inhibicién de procesos metabdlicos
vitales como la sintesis de acidos nucleicos, de proteinas o de la pared celular (Figura 1) (Tossi
y Sandri 2002; Brogden 2005; Peters et al. 2010).

En plantas, estos péptidos contienen frecuentemente un nimero par de residuos de cisteina
que estabilizan la estructura a través de la formacion de puentes disulfuro (Lay y Anderson
2005). A pesar de su tamafio pequefo, que impone limitaciones al repertorio de estructuras
que pueden adoptar, estos AMPs muestran una alta variabilidad de secuencia en sitios no
conservados Yy tasas de sustitucién de aminoacidos consistentes con la hipotesis de presiones
evolutivas o coevolutivas durante la interaccion huésped/patdgeno (Hughes 1999, Blaser 2002).
Los principales grupos de éste tipo de péptidos en plantas son: defensinas, tioninas, esnaquinas,
proteinas de transferencia de lipidos, ciclétidos y heveinas (Benko-Iseppon et al. 2010; Nawrot
et al. 2014).
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Figura 1. Diferentes mecanismos de accion propuestos para los AMPs en células microbianas.
(A) Disrupcion de la integridad de la membrana celular: (1) insercion aleatoria en la membrana; (2)
interaccion entre si a través de sus secuencias hidrofdbicas (3) eliminacion de secciones de membrana y
formacion de poros. (B) Inhibicion de la sintesis de ADN. (C) Blogueo de la sintesis de ARN. (D) Inhibicion
de las enzimas necesarias para la union de proteinas estructurales de la pared celular. (E) Inhibicion de
la funcion ribosomal y sintesis de proteinas. (F) Bloqueo de proteinas chaperonas necesarias para un
correcto plegamiento de las proteinas (G) Blanco en la mitocondria: (1) inhibicidn de la respiracion celular
e induccion de la formacion de ROS vy (2) ruptura de la membrana mitocondrial y eflujo de ATP y NADH.
Extraido de Peters et al. 2010.



Poniendo el foco en dos tipos de AMPs de plantas: defensinas y esnaqguinas

DEFENSINAS

Entre los AMPs vegetales descritos hasta hoy, sdlo las defensinas parecen estar conservados
entre organismos tan distintos como plantas, invertebrados y vertebrados, constituyendo una
superfamilia de proteinas (Thomma et al. 2002, Charlet et al. 1996, Oard y Karki, 2006). En el
reino vegetal se presentan aparentemente distribuidos en forma ubicua. Las primeras
defensinas vegetales aisladas fueron obtenidas en el inicio de los afios 90 a partir de granos de
trigo y cebada (Mendez et al. 1990) pero actualmente se han reportado genes de defensinas
en practicamente todas las familias de plantas. Forman parte de una familia multigénica, con
mas de 300 genes tipo-defensina descritos para el genoma de Arabidopsis thaliana (Silverstein
et al. 2005). La estructura de estos genes esta integrada por dos exones y un intrén (Carvalho
y Gomes 2009). La estructura primaria generalmente consiste en un péptido sefial en el extremo
amino terminal y un péptido maduro basico (45 a 54 aminoacidos), rico en cisteinas. Se han
identificado, sin embargo, defensinas con estructuras alternativas, por ejemplo, las defensinas
florales NaD1 (Nicotiana alata) y PhD1 y PhD2 (Petunia hybrida) que presentan un prodominio
C-terminal; o AtPDF3.1 y AtPDF3.2, de A. thaliana que contienen un dominio rico en cisteinas
entre el péptido sefial y el péptido maduro (De Coninck et al. 2013). Analisis filogenéticos a
partir de la estructura primaria (secuencia proteica) de varias defensinas ha mostrado que
defensinas con actividad similar tienden a aparecer en un mismo grupo. Sin embargo, una
limitante a este tipo de analisis es que muchas defensinas han sido evaluadas Unicamente para
uno o dos patdgenos, por lo que la actividad reportada podria no reflejar su funcién inhibitoria
principal. Aunque es necesario caracterizar muchas mas defensinas vegetales para desarrollar
pautas que permitan predecir la actividad de secuencias nuevas, esta aproximacion podria

resultar Gtil para identificar relaciones estructura-funcion (Van der Weerden y Anderson, 2013).

La estructura terciaria esta definida por la presencia de una hélice alfa y tres hojas beta
antiparalelas, estabilizadas por cuatro puentes disulfuro (Figura 2a) (Lay y Anderson 2005).
Esta estructura compacta les conferiria resistencia a temperaturas extremas y a degradacion
mediada por pH o proteasas (Hegedus y Marx 2012). Se ha determinado ademas mediante
cristalografia de rayos X que algunas defensinas forman dimeros (Figura 2b), lo que aumenta
su actividad antifingica (Song et al. 2011; Lay et al. 2012). En el caso de NaD1, la mutagénesis
dirigida de la lisina 4 redujo su capacidad de dimerizar, reduciendo ademas su capacidad de
inhibir el crecimiento de F. oxysporum f. sp. vasinfectum (Lay et al. 2012). Las defensinas
animales, vegetales y fungicas han sido clasificadas recientemente en dos superfamilias, las

defensinas c¢is y trans, cada una de las cuales tiene un origen evolutivo independiente. Las
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defensinas vegetales pertenecen a la subfamilia ¢is, donde dos disulfuros paralelos unen la
cadena B final a la a-hélice, mientras que los miembros de la superfamilia trans tienen dos
disulfuros analogos que apuntan en direcciones opuestas desde la cadena B final y, por lo tanto,

se unen a diferentes elementos de la estructura secundaria (Figura 3) (Shafee et al. 2017).

A pesar de que han sido mayoritariamente aisladas de semillas, estudios de localizacion de
proteinas y expresion génica muestran que pueden encontrarse en todos los tejidos vegetales,
incluyendo frutas, flores, polen, hojas, cotiledones, raices, tubérculos (Carvalho y Gomes 2009).
Algunas defensinas se expresan exclusivamente en partes muy especificas de un tejido mientras
que otras se expresan constitutivamente en una amplia variedad de tejidos. La expresion
constitutiva de estos genes en los tejidos mencionados constituye una defensa primaria de la
planta contra el ataque de microorganismos (Carrasco et al. 1981). Ademas, la produccién de
estas moléculas puede ser inducida también por otros factores, como dafio mecanico, frio (Koike
et al. 2002), salinidad o sequia (Do et al. 2004). El péptido sefal ubicado en el extremo amino-
terminal, la ausencia de alguna seal de retencién conocida, y estudios de inmunolocalizacién,
indican que son secretadas al exterior celular(De Coninck et al. 2013). Sin embargo, se ha
encontrado en tabaco, una defensina especifica de tejidos florales con localizacién vacuolar (Lay
et al. 2003).

a)

Figura 2. Estructura cristalina de NaD1, defensina de Nicotiana alata. a) representacion
esquematica de la forma cristalina monomérica. Los enlaces disulfuro se muestran como barras. b)
representacion esquematica de la forma cristalina dimérica B. Los residuos involucrados en la interfaz del
dimero se muestran como barras, y los enlaces de hidrégeno y los puentes salinos se muestran en negro

como lineas de puntos. Adaptado de Lay et al. 2012.
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Figura 3. Arquitectura de cis- y trans defensinas. a) La defensina vegetal NaD1 (PDB: 1MR4) es
una cis-defensina tipica en la que los dos puentes disulfuro mas conservados (amarillo) de la hoja B final
(azul) apuntan en la misma direccion y se unen a la a-hélice (rojo). b) La B-defensina humana HBD-1
(PDB: 1I1V) es una trans-defensina tipica en la que los dos disulfuros de la hoja B final apuntan en
direcciones opuestas, por lo tanto, se unen a diferentes elementos de la estructura secundaria. Los
enlaces S-S no conservados se representan como lineas discontinuas en los diagramas de estructura

secundaria. Adaptado de Shafee et al. 2017.

La mayoria de las defensinas vegetales conocidas presenta actividad /n vitro contra una gama
de microorganismos, especialmente hongos y levaduras (Carvalho y Gomes 2009; Carvalho y
Gomes 2011; Parisi et al. 2018) (Tabla 1). Es interesante destacar que algunas defensinas
vegetales, como HsAFP1 y RsAFP2 presentan actividad contra patégenos humanos como
Candida spp. y Aspergillus spp. (Thevissen et al. 2007), demostrandose ademas que HsAFP1
producida de forma recombinante inhibe la formacion de biofilms de C. albicans (Vriens et al.
2015). El caracter catidnico de las defensinas vegetales hace pensar que las mismas, al igual
que otros AMPs podrian interactuar con componentes de la membrana plasmatica de
microorganismos, cargada negativamente. El modo de accidon mas ampliamente aceptado
apunta a la interaccion de estos péptidos con componentes especificos de membranas y paredes
celulares de hongos, excluyendo la hipétesis de una interaccion inespecifica entre las defensinas
y los fosfolipidos de membrana ocasionando la formacion de poros, que llevaria a la
desintegracion de la membrana, lisis y muerte celular (Spelbrink et al. 2004, De Coninck et al.
2013). Luego de la interaccion con su molécula blanco, las defensinas o bien permanecen en la
superficie celular e inducen la muerte celular a través de la induccidn de una cascada de sefales
como se ha detectado para RsAFP2 (Thevissen et al. 2012), o son internalizadas e interactdan
con dianas intracelulares, como es el caso de NaD1 (Van der Weerden et al. 2008) y MtDef4
(Sagaram et al. 2013). Los mecanismos propuestos para la internalizacién incluyen la
translocacion de la membrana (es decir, la permeabilizaciéon transitoria de la membrana y la

formacion de poros asistida por lipidos), la internalizacion mediada por receptor y la



translocacion o permeabilizaciéon no especifica de membranas. La produccién de especies
reactivas del oxigeno (ROS) parecerian jugar un rol en la muerte celular mediada por las
defensinas, sugiriendo que la permeabilizacion de las membranas podria ser un efecto
secundario en lugar de la clave de la destruccion microbiana, ya que se produce en
concentraciones muy encima de la concentracion requerida para la inhibicién del crecimiento
(Vriens et al. 2014).

Se ha observado que la permeabilizacién de la membrana no es el Unico mecanismo de
internalizacion de defensinas. Es el caso de MtDef4, que parece utilizar mecanismos de
inhibicion del crecimiento diferentes en dos hongos Ascomicetes: Fusarium graminearum y
Neurospora crassa. En el caso de F. graminearum, |la permealizacion de membrana es necesaria
para su actividad, pero no para N. crassa, donde la internalizacién de MtDef4 es dependiente
de energia e implica endocitosis (El-Mounadi et al. 2016). En relacién a los blancos
intracelulares, se observd para Psdl de Pisum sativum que esta defensina es capaz de
interaccionar con una ciclina F, localizada en el nlcleo, causando interferencias en el ciclo celular
del hongo M. crassa. La interferencia con el ciclo celular fue comprobada ademas usando células
de rata como sistema modelo (Lobo et al. 2007). Este descubrimiento, asociado al hecho de
que las defensinas vegetales no parecen presentar efectos tdxicos sobre las células de
mamiferos (Thevissen et al. 2004) apunta a una posible aplicabilidad terapéutica, no sélo en el
tratamiento de dolencias flngicas humanas, sino también en el combate de algunos tipos de
cancer que presentan como causa primaria la expresion descontrolada de ciclinas (Thomma et
al. 2001).

En la Gltima década, la sobreexpresion de defensinas mediante transgénesis ha resultado en
plantas con resistencia incrementada contra varias enfermedades fungicas (Gao et al. 2000;
Portieles et al. 2010). Esto, junto a la observacion de que los genes de defensinas son inducidos
por un amplio rango de estreses bidticos, apoya la teoria de que estos péptidos tendrian un rol
in vivo en la respuesta de defensa de la planta contra el ataque de microorganismos. Se ha
postulado que las defensinas vegetales estan relacionadas ademas con la regulacion del

crecimiento, el desarrollo y la fertilizacion (De Coninck et al. 2013).



Tabla 1. Lista de defensinas vegetales y patégenos susceptibles (adaptado de Parisi et al. 2018)

Nombre Especie Tejido Actividad antimicrobiana

Aspergillus nidulans, Botrytis cinerea, Candida albicans, Colletotrichum
Nicotiana graminicola, Cryptococcus gattij, Cryptococcus neoformans, Fusarium
NaD1 alata flores graminearum, F. oxysporum, Puccinia coronate, P. sorghi,
Saccharomyces cerevisiae, Thielaviopsis basicola, Verticillium dahliae

Alternaria longipes, A. solani, A.brassicola, Ascochyta pisi, Aspergillus
flavus, B. cinerea, C. albicans, C.krusei. C. glabrata, Cercospora
beticola, Cladosporium sphaerosperm, Colletotrichum lindemuthianum,

Raphanus Fusarium culmorum F. graminearum, F. solani, F. oxysporum,

RSAFP2 sativa semillas Leptosphaeria maculans, Mycosphaerella fijiensis, Rhizoctonia solan,
Sclerotinia sclerotiorum Septoria nodorum, Septoria tritici, Trichoderma
hamatum, Trichophyton mentagrophytes, Trichoderma viride,
Verticilium alboatrum, V. dahlia, Venturia inaequalis

Pisum . Aspergillus niger, Avicularia. versicolor, Fusarium solani, F.
Psd1 i semillas moniliformae, F. oxysporum, Neurospora crassa, S. cerevisiae, T.
sativum mentagrophytes
A. flavus, B. cinerea, C. albicans, C. glabrata, Candida krusei,
HsAFP1 Heuchera semillas Cladsporium sphaerospermum, F. culmorum, F. solani, Leptosphaeria
sanguinea maculans, N. crassa, Penicllium digitatum, Septoria tritici, Verticillium
albo-atrum, T. viride
PVD1 Phaseolus semillas C. albicans, Candida tropicalis, F. oxysporum, F. solani, Fusarium
vulgaris laterithium, Kluyveromyces marxiannus, S. cerevisiae
Medicago .

MsDef1 sativa g semillas F. graminearum, N. crassa V. dahlia
Mendicago .

MtDef4 trucatu /5 semillas F. graminearum, N. crassa, Puccinia tritici

Alternaria brassicicola, A. flavus, B. cinerea, C. albicans, C. glabrata, C.
krusei, C. sphaerospermum, F. solani, F. culmorum, L. maculans, N.

DmAMP1 Dahiia merkii - semillas crassa, P. digitatum, S. cerevisiae, S. tritici, Trichoderma viride, V.

albo-atrum
NsD1 . . . 7 7 j 7 inji
’ Nigella sativa  semillas A. niger, B. cinerea, Bipolaris sorokiniana, F. culmorum, F.
NsD2 graminearum, F. oxysporum
PhD1, Petunia flores B i -
. . cinerea, F. oxysporum
PhD2 hybrida ) [ OXYSP
Zm-ESR6 Zea mays semillas B. cinerea, F. oxysporum, Plectosphaerella cucumerina
Solanum . ) o ) .
PTH1 tubérculos  Clavibacter michiganesis, F. solani, Pseudomonas solanacearum
tuberosum
Tephrosia , Alternaria helianthi, B. cinerea, Curvularia sp, Fusarium moniliforme, F.
TvD1 . semillas SRy
villosa oxysporum, Pheaoisariopsis personata
Vigna . i ; ; ;
VV-AMP1 g . Semillas A/terqar/a /ong_/pes, B. cinerea, F. graminearum, F. oxysporum, F.
unguiculata solani, V. dahliae
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ESNAQUINAS

Las esnaquinas constituyen un grupo de AMPs que se ha encontrado Unicamente en plantas y
presentan un amplio espectro de actividades antimicrobianas /in vitro (Oliveira-Lima et al. 2017).
Esta familia ha sido definida a partir de dos péptidos aislados de tubérculos de papa: Esnaquina-
1 (StSN1) (Segura et al. 1999) y Esnaquina-2 (StSN-2) (Berrocal-Lobo et al. 2002). Estos
péptidos pertenecen a un grupo de proteinas codificadas por genes snakin/GASA y se
caracterizan por tener tres dominios definidos: un péptido sefial putativo de 18-29 residuos,
una region variable (alta divergencia en tamano y composicién de secuencia) y una regién C-
terminal o dominio GASA, de aproximadamente 60 aminodacidos y 12 residuos cisteina en
posiciones conservadas (Nahirfiak et al. 2012b). En relacion a la estructura de los genes que
codifican StSN1 y StSN2, el primero esta formado por dos exones y un intrdn mientras que el
segundo posee tres exones y dos intrones. Cuando se analizaron estos genes, en varios
genotipos de Solanum tuberosum, se observo que ambos se encuentran altamente conservados
en la especie, sugiriendo que podrian estar relacionados con alguna funcién bioldgica
importante (Meiyalaghan et al. 2014). El gen de la Esnaquina-2 es paralogo del de la StSN1,
con una baja similitud de secuencia (38%). Genes ortdlogos han sido detectados en otras

plantas, incluyendo tomate (Shi et al. 2002) y Arabidopsis thaliana (Herzog et al. 1995).

La identificacion de los genes Snakin/GASA en especies distantes sugiere que estas proteinas
cumplen funciones esenciales en las plantas. Varias evidencias indicarian que la mayoria de
estos genes son regulados por hormonas y participan en las vias de sefalizacion hormonal
participando en los procesos de desarrollo y la tolerancia al estrés a través de su participacion
en la homeostasis redox y hormonal (Figura 4) (Nahirfiak et al. 2012b). La asignacion de funcion
para algunos miembros de este grupo de proteinas ha sido basada en analisis de perfiles de
expresion, caracterizacion fenotipica de mutantes y plantas transgénicas. Algunas de ellas
estarian involucradas en procesos de arresto o promocion de la elongacion y division celular y
en procesos de desarrollo como formacion de raices, tiempo de floracion y maduracion de
frutos. Se ha mostrado ademas que algunas estan involucradas en respuestas a estrés abidtico
(tolerancia a calor, sal y estrés oxidativo) y de defensa frente a patégenos (Nahirfiak et al.
2012b). Analisis de expresion de los genes de StSN1 y StSN2, en diferentes tejidos ha mostrado
resultados no del todo coincidentes, usando diferentes técnicas: northern blot (Segura et al.
1999; Berrocal-Lobo et al. 2002), RNAseq (Meiyalaghan et al. 2014) y gPCR (Nahirfiak et al.
2016). Las diferencias encontradas, podrian deberse a diferentes cultivares utilizados en los
analisis, niveles de ploidia de los mismos y condiciones de tratamiento/crecimiento; ademas de

las diferencias en las sensibilidades de las técnicas usadas. Con respecto a la induccién de estos
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genes frente al tratamiento con hormonas y al estrés bidtico, en los tres trabajos mencionados
anteriormente, los resultados tampoco fueron coincidentes. Meiyalaghan et al. (2014) no
detectaron induccidn significativa en ninguno de los tratamientos, ni para StSN1 ni para StSN2.
Segura et al. (1999) tampoco habian encontrado que StSN1 respondiera a estrés bidtico o al
tratamiento con hormonas, mientras que Berrocal Lobo et al. (2002) detectaron activacion de
los mismos durante la infeccién por el hongo Botrytis cinerea o la induccion de heridas mientras
que su expresion disminuye durante la infeccién con bacterias patdégenas de papa (Segura et
al. 1999; Berrocal-Lobo et al. 2002).

Por otro lado, StSN1 y StSN2 de papa, uUnicos péptidos de la familia snakin/GASA aislados hasta
ahora, tienen un amplio espectro de actividad antimicrobiana /n vitro, y aumentan la resistencia
a patdgenos de relevancia comercial cuando son sobreexpresados en papa (Almasia et al. 2008)
y en tomate (Balaji et al. 2012), sugiriendo que poseen ademas actividad antifingica y
antibacteriana /in vivo. La sobreexpresion constitutiva de SN1 no parece alterar el fenotipo de
la planta, pero su silenciamiento afecta la divisién celular, el metabolismo de la hoja y la
composicion de la pared celular (Nahirfak et al. 2012a). Ademas, el silenciamiento de genes
homdlogos a esnaquina-2 en Nicotiana benthamiana aumenta la susceptibilidad a Clavibacter
michiganensis (Balaji y Smart 2011). Ademas, genes de tipo Snakin/GASA han sido expresados
de forma heterdloga y se ha evaluado su actividad /n vitro. Asi, una esnaquina de Capsicum
annum induce resistencia a la infeccion por nematodos (Mao et al. 2011) y StSN1 expresada en
Escherichia coli mostrd una fuerte actividad contra la bacteria Clavibacter michiganensis subsp.
sepedonicus'y los hongos Colletotrichum coccoidesy B. cinerea (Kovalskaya y Hammond 2009).
La produccién recombinante de una SN2 de tomate, en £. co/i, produjo un péptido con actividad
antibacteriana y antiflngica, explicada por una permeabilizacion de las membranas de los
microorganismos (Herbel et al. 2015). StSN1 también fue producida en Pichia pastoris,
estudiando el mecanismo de accion contra la bacteria £. coli. Estos ensayos demostraron que
este péptido puede actuar afectando la integridad de las membranas externa y citoplasmatica
de E. coli (Kuddus et al. 2016).
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Figura 4. Modelo simplificado del papel de las proteinas Snakin/GASA. La expresion de los genes
Snakin/GASA se modula en respuesta a diferentes hormonas y/o senales externas/internas. Las proteinas
codificadas regulan la homeostasis redox a través de su dominio conservado rico en cisteina y, en
consecuencia, participan en los procesos de desarrollo y la tolerancia al estrés mediante el ajuste del

equilibrio de la promocién v la inhibicion del crecimiento celular. Adaptado de Nahirnak et al. 2012b.

Estudios sobre la estructura terciaria de las esnaquinas y las relaciones estructura-funciéon son
aun muy escasos. El hecho de que el nimero y posiciones de las cisteinas se conserven en la
evolucién de estos péptidos sugeriria que estos residuos juegan un rol central y podrian ser
importantes en determinar sus funciones bioquimicas y estructurales. Porto y Franco (2013)
predijeron la estructura tridimensional StSN1 a través de un modelo ab /nitioy comparativo en
combinacion con un predictor de puentes disulfuro. La determinacién de rayos X de StSN1
(Yeung et al. 2016) mostrd una estructura con un motivo Aelix-turn-helix estabilizado por seis
enlaces disulfuro entre cisteinas especificas (Figura 5). El modelo StSN1 de Porto y Franco sélo
comparte dos enlaces disulfuro con la estructura de rayos X, pero también presentd un motivo
helix-turn-helix. Esto podria sugerir que una conexidn precisa entre pares especificos de cisteina
puede no ser necesaria para que el péptido se pliegue al estado nativo y funcional. Existen
evidencias que sefialan que la forma reducida de los péptidos StSN1 y StSN2 (donde todas las
cisteinas estan libres; no hay enlaces disulfuro) eran igualmente activos contra los patdgenos

como las formas nativas (Harris et al. 2014).

13
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StSN1 Ec-AMP-1 \g TPP3 Viscotoxina A

Esnaquina-1 a hairpinin defensina Tionina

Figura 5. Estructura 3D de esnaquina-1 de papa (StSN1). a) Diagrama de topologia mostrando la
conectividad de la red troncal de StSN1. Los puentes disulfuro se indican en amarillo. b) Representacién
en cinta (arriba) y superficie electrostatica en la misma orientacién (parte inferior), mostrando una
hendidura altamente cargada positivamente (azul). ¢) Se compara la estructura de StSN1 con las
estructuras de otros péptidos antimicrobianos ricos en cisteinas. StSN1 (verde), ECAMP1 (horquilla a-
helicoidal; azul), TPP3 (defensina vegetal; gris), y viscotoxina A3 (tionina; violeta). Adaptado de Yeung
et al. 2016.

Aislamiento v produccion de AMPs vegetales

El alto potencial de los AMPs como agentes terapéuticos ha incentivado a los investigadores a
encontrar, caracterizar y sintetizar péptidos antimicrobianos eficaces. En la Ultima década, las
herramientas bioinformaticas han permitido identificar genes que codifican AMPs en varias
especies vegetales. Debido a la mayor disponibilidad de datos moleculares, las plantas
cultivadas y las especies modelo han sido el principal blanco. Las especies nativas que se
destacan por su importancia en la medicina popular y constituyen la mayor biodiversidad
vegetal, contindan siendo poco exploradas debido principalmente a que sus dmicas no estan
disponibles (Pestana-Calsa et al. 2010). Actualmente, las tecnologias de secuenciado masivo
(NGS-Next Generation Sequencing), permiten a costos razonables, la caracterizacién completa
y el andlisis global de genomas y transcriptos en una célula o tejido, aun sin ninguna informacion

gendmica previa. Entre la diversidad de aplicaciones que tienen estas nuevas tecnologias se
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incluye el descubrimiento de genes y transcriptos (Lister et al. 2009). Es asi que estas
tecnologias abren nuevas puertas para encontrar genes que codifiquen péptidos novedosos en
los transcriptomas de especies nativas. Koehbach et al. (2013) han combinado datos
transcriptdmicos y espectrometria de masas para identificar y caracterizar nuevos ciclétidos de
la familia Rubiaceae. SuperSAGE, una variante mejorada de SAGE (serial/ analysis of gene
expression), en combinacion con NGS ha sido utilizado para identificar genes relacionados a
defensa de tipo inhibidores de proteasas (Silva et al. 2013). Recientemente se identificaron
transcriptos que codifican AMPs en trancriptomas de plantulas de la especie silvestre de la
familia Poaceae Leymus arenarius (Slavokhotova et al. 2015) y de la maleza, Stellaria media

(L.) Vill (Caryophyllaceae) (Slavokhotova et al. 2017) mediante RNA-seq y ensamblado de novo.

Los métodos usados para recuperacion y produccién de AMPs han sido: aislamiento directo de
fuentes naturales, sintesis quimica y expresion recombinante. Los dos primeros son muy Utiles
para produccidon en pequefa escala, pero presentan limitantes relacionadas con el costo y el
bajo rendimiento, por lo que el método usado mas ampliamente para produccidon a mediana y
gran escala es la expresidon heterdloga. En las Ultimas décadas, varios sistemas (organismo
productor/vector) se han desarrollado para alcanzar una produccion costo-efectiva y a gran
escala de varias proteinas, en diversos hospederos como bacterias, levaduras, hongos y plantas.
Entre los sistemas microbianos, Escherichia coli, Pichia pastoris y Saccharomyses cerevisiae,
son los mas populares para expresar proteinas recombinantes, debido a sus altas tasas de
crecimiento, requerimientos de bajo costo, vasto conocimiento sobre su genética vy fisiologia.
Se han generado varios sistemas cepa/vector con funciones alteradas que favorecen la
produccién como ser cambios en ARNt, introduccion de modificaciones postraduccionales, etc
(Thevissen et al. 2007; Padovan et al. 2010a; Silva et al. 2011). Existen varios antecedentes de
produccion de AMPs en sistemas bacterianos y en levaduras (Vijayan et al. 2008; Kovalskaya y
Hammond 2009; Kant et al. 2009; de Breer y Vivier 2011; Kovaleva et al. 2011; Herbel et al.
2015; Kuddus et al. 2016, Guillén-Chable et al. 2017). A escala de laboratorio, la produccién en
E. coli, es la primera opcion en cuanto a facilidad de manejo y costo, para la caracterizacion de
sus propiedades, a partir de las cuales se identifican los posibles usos. Finalmente, una vez
identificado y caracterizado un nuevo péptido con propiedades bioldgicas interesantes, su
desarrollo para usos en agricultura y usos terapéuticos en medicina presenta algunos desafios
relacionados a su posible toxicidad intrinseca, su estabilidad y costos relacionados a su

produccion a gran escala.
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Objetivo General

El constante desarrollo de resistencia por parte de algunos microorganismos patégenos y el alto
potencial de los AMP vegetales como agentes terapéuticos en agricultura y en medicina, ha
estimulado su busqueda, caracterizacion y sintesis/produccién. Como aporte a esta linea de

investigacién nos hemos planteado el siguiente objetivo:

Identificar y caracterizar péptidos antimicrobianos de tipo defensinas y esnaquinas
presentes en especies vegetales de la flora nativa de Uruguay, evaluando su actividad
antimicrobiana /n vitro, con vistas al desarrollo de nuevos agentes de control de

enfermedades.

Objetivos Especificos

1. Aislar genes de defensinas y esnaquinas de tres especies de la flora nativa: Peltophorum
aubium (ibirapitd), Erythrina crista-galli (ceibo) y Maytenus ilicifolia (congorosa).

2. Caracterizar de forma estructural los genes aislados y sus respectivos péptidos.

3. Producir un péptido de tipo esnaquina y otro de tipo defensina mediante expresion
heterdloga.

4. Evaluar la actividad antimicrobiana /n vitro de la defensina y esnaquina producidas de
forma recombinante.
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En relacion a los objetivos planteados nos planteamos las siguientes preguntas e hipdtesis:

¢ (Qué caracteristicas estructurales tendran los péptidos codificados en los genomas de
las plantas nativas seleccionadas? En este sentido, consideramos que mostraran patrones
estructurales comunes a otros péptidos antimicrobianos reportados en la literatura, pero

con una mayor diversidad de secuencia.

e (Los genes vegetales aislados, pueden ser expresados de forma heterdloga en un
sistema procariota como E. colj, obteniendo el péptido de forma soluble y sin perder sus
propiedades funcionales? ¢Contra qué microorganismos presentaran actividad? De
acuerdo con los antecedentes, creemos que es posible producirlos en esta bacteria de
forma mayormente soluble y con actividad, usando un sistema cepa/vector que permita
modificaciones postraduccionales como la formacion de puentes disulfuro y que evite al
menos en forma parcial la formacidn de agregados del péptido en los cuerpos de inclusién
y la posible toxicidad de los péptidos. Los péptidos producidos de forma recombinante
presentaran actividad contra un amplio rango de patdgenos, pero seran mas efectivos
para algunos de ellos, observando diferencias de actividad, dependiendo del péptido y el

microorganismo analizados.

e Alguno de los péptidos identificados, étendra caracteristicas originales a nivel de su
secuencia y/o de su perfil de actividad? {Puede considerarse como un buen candidato
para el desarrollo de un nuevo bioactivo? Nuestra hipdtesis es que al menos algunos de
los péptidos identificados seran estructural y/o funcionalmente originales y podran ser
tenidos en cuenta para la seleccion de futuros candidatos para el desarrollo de productos
utiles para el diagndstico o control eficaz de enfermedades. Para ello deberan ser
estudiados con mayor profundidad para comprender sus mecanismos de accion, y su

posible interaccidon con células vegetales o de mamiferos.

17



En este trabajo se buscaron genes que codifiquen AMPs novedosos, particularmente defensinas
y esnaquinas, en el genoma de especies poco conocidas como son las plantas nativas. Se
buscaron plantas usadas en la medicina popular, eligiendo P. dubium, E. crista-galliy M. ilicifolia
conocidas por propiedades: anti-infectivas, anti-ulcerogénicas, regenerativas, antitumorales.
Para la seleccién de las especies a analizar, se tuvo en cuenta ademas la abundancia de
secuencias de AMPs de la familia a la que pertenecen en las bases de datos. P. dubiumy E.
crista-galli son leguminosas, familia para la que se encuentra abundante informacion de
secuencias, existiendo genomas completamente secuenciados (por ej: Medicago truncatula 'y
Glycine max). M. ilicifolia pertenece a la familia Celastraceae, para la cual no existe informacién
en las bases de datos. Para asegurar la factibilidad de alcanzar los objetivos planteados, dentro
de las especies no exploradas, se eligieron dos plantas de una familia para la cual ya hay
antecedentes de éxito y otra mas alejada filogenéticamente a partir de la cual se espera

encontrar secuencias mas novedosas (menor similitud).

Para cumplir con el objetivo 1 se siguieron dos estrategias. La primera se baso en el rastreo de
genes de defensinas y esnaquinas putativos en los genomas de las especies seleccionadas, por
amplificacion con cebadores degenerados. La segunda estrategia se basé en el ensamblado de
transcriptomas (secuenciado masivo-RNA-seq) para la identificacion de transcriptos que

codifiquen proteinas con motivos cisteinas tipicos de AMPs.

La primera estrategia, implica rastrear el genoma de las plantas usando primers dirigidos a
zonas conservadas de los AMPs, a partir de secuencias conocidas de otras especies. Las regiones
conservadas se identifican a partir de alineamientos multiples utilizando secuencias anotadas
en las bases de datos. Alternativamente, pueden emplearse cebadores de bibliografia utilizados
para la amplificacion de estos genes en otras plantas. Usando diferentes combinaciones de
primers, ciclos anidados y diferentes condiciones de reaccién de amplificacion: variacion de
temperaturas de annealing y concentraciones de MgCl, tiempos de elongacidn, etc, se busca
encontrar aquellas combinaciones que permitan obtener las secuencias de interés. Si bien esta
metodologia se limita a encontrar secuencias con cierta similitud en zonas mas o menos
conservadas, debido a la variabilidad de las secuencias primarias de estos AMPs, se espera
encontrar genes con variaciones en la secuencia que queda limitada ente las zonas conservadas.

Con esta estrategia se aisléd un gen de esnaquina del genoma de P. dubium (utilizando primers
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degenerados) y una defensina de £. crista-galli (usando cebadores especificos para otra especie
leguminosa). Ambos genes, PdSN1y EcgDfl fueron clonados y su secuencia fue confirmada.
Esta estrategia fue la inicialmente utilizada y no fue todo lo satisfactoria esperable,

especialmente para M. Jlicifolia, para la que no se obtuvieron secuencias del tipo AMP.

Con la finalidad de aumentar el niUmero de secuencias de defensinas y esnaquinas putativas,
se incluyd en este trabajo la segunda estrategia (RNA-seq). Mas alla de poder encontrar mas
secuencias, permite ademas tener un panorama mas amplio del potencial de estas plantas como
productores de AMPs. Esta metodologia tiene la ventaja de que se levantan las restricciones de
la metodologia anterior dadas por los primersy/o condiciones. Por otro lado, permite ver lo que
se esté expresando en la muestra analizada por lo que los resultados dependeran del
transcriptoma analizado es decir de qué genes se expresen en determinado tejido, estado del
desarrollo, estimulo hormonal, situaciones de estrés bidtico o abidtico. Una forma de seleccionar
los transcriptomas a secuenciar, es analizar la actividad de extractos peptidicos de diferentes
tejidos/condiciones como guia para ver si alguno de ellos presenta actividad que sobresalga. La
otra alternativa es secuenciar el transcriptoma de semillas germinadas ya que varios
antecedentes reportan a las semillas como productores de AMPs; o hacer pool de varios
transcriptomas para tener un panorama mas amplio. El objetivo es obtener un listado de
secuencias que codifiquen AMPs putativos; no se busca cuantificar la expresidn de estos genes
de acuerdo a la condicion particular, por lo que no es necesario comparar los resultados del
tejido/condicién de expresion contra un blanco. Por razones de costos para esta estrategia

ademas de congorosa se eligid solo una de las especies leguminosas (ibirapita).

Con respecto al ensamblado de secuencias provenientes de RNA-seq, para el mismo se puede
usar un genoma de referencia. Por no contar con el genoma de la propia especie, en ibirapita
se podrian usar genomas de otras leguminosas (por ejemplo, Glycine max, Medicago
truncatula). En congorosa tendriamos que seleccionar un genoma por fuera de su familia, donde
el mas cercano podria ser Populus trichocarpa del orden Malpighiales. Actualmente se pueden
analizar transcriptos aun sin ninguna informacidon gendmica previa usando ensamblado de novo.
Una vez ensamblados, la identificacién de secuencias de interés puede hacerse por homologia
y también, en el caso de AMPs, utilizado expresiones regulares basadas en los motivos cisteina
que definen cada tipo de AMP. Para el ensamblado de transcriptomas y la bisqueda de motivos
cisteina se contd con la colaboracion de Pablo Smircich y Santiago Radio. Finalmente, para
asegurar que las secuencias realmente existen en el genoma de la planta, descartando
artefactos de ensamblado, las mismas deben validarse mediante PCR a partir de ARN o ADN

gendmico de la planta en cuestidn. Esta estrategia permitio efectivamente ampliar el niUmero
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de secuencias encontradas en los genomas de las especies P. dubiumy M. ilicifolia a partir de
transcriptomas ensablados de novo. Varios genes de tipo esnaquina y defensina fueron
validados mediante PCR a partir de ADN gendmico, lo que permite, ademas de ratificar la
fiabilidad del ensamblado, confirmar la secuencia codificante del transcripto y cotejar la

presencia Yy la ubicacion de los intrones.

Para la caracterizacion estructural de los péptidos deducidos de los genes aislados (objetivo 2),
se usaron herramientas bioinformaticas para la prediccion de caracteristicas como peso
molecular y punto isoeléctrico, presencia de péptido sefial, localizacién subcelular y distribucion
de residuos cisteina. Ademas, se realizaron analisis de similitud con péptidos reportados en las
bases de datos (BLAST) y alineamientos multiples para evaluar la conservacion de ciertos
aminoacidos (por ejemplo, presencia de motivos cisteina) y para la construccion de arboles
basados en matrices de distancias para el andlisis del grado de similitud de las secuencias.
Previamente, para los genes PdSN1y EcgDf, que fueron clonados desde ATG hasta stop a partir
de ADN gendmico, se debe confirmar la secuencia en la region de los cebadores y clonar la
secuencia completa del marco de lectura abierto, sin la interrupcidn de intrones. Para ello, el
ADN copia de ambos se obtuvo utilizando la técnica RACE (Rapid Amplification of cDNA Ends).
Para estos péptidos se predijo ademas la estructura 3D, utilizando herramientas de modelado
y dindmica molecular, gracias a la colaboracién del Dr. Pablo Dans. Varios péptidos deducidos
del transcriptoma de P. dubium fueron validados en ADN gendmico, en estos casos también se

pudo conocer la estructura génica (exones-intrones).

Los objetivos 3 y 4 se realizaron para los genes PdSN1y EcgDfl. Para la expresion heterdloga
de los mismos se consideraron dos posibles opciones: un sistema procariota (£ col) y un
sistema eucariota (Pichia pastoris). E. coli es el sistema mas popular utilizado para expresar
proteinas recombinantes debido a su rapida tasa de crecimiento, bajo costo y gran
disponibilidad de vectores de expresion. Ademas, se ha aplicado a innumerables estudios de
expresion de AMP de diferentes organismos. La limitacién de su uso es que pueda realizar
modificaciones postraduccionales necesarias para la estabilidad y la actividad bioldgica de
ciertos péptidos. Para superar esta limitacion, se pueden usar cepas especiales que permitan
esas modificaciones. Alternativamente, la levadura Pichia pastoris representa uno de los
hospederos eucariotas mas comunes utilizado para la expresion de proteinas heterélogas. En
un principio decidimos probar con diferentes cepas de £. coli, y considerar el sistema P. pastoris
GS115/pPICZaq, si los resultados con E. colino eran los esperados. Los péptidos maduros PASN1
y EcgDf fueron producidos entonces en el sistema procariota, utilizando tres diferentes cepas

de E. coliy el vector pET102/D que incluye la fusién N-terminal del péptido con la proteina
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tiorredoxina (disminuye la formacidon de agregados del péptido en los cuerpos de inclusion) y
un sitio de reconocimiento de la proteasa enteroquinasa para la escision del péptido
recombinante de la tiorredoxina. Ademas, tiene una etiqueta C-terminal 6xHis que permite la
purificacion mediante cromatografia de afinidad. Ambos péptidos fueron obtenidos de forma

mayormente soluble.

La actividad antimicrobiana de los péptidos recombinantes fue evaluada /n vitro contra varias
especies de bacterias y hongos, tanto patdgenos de humanos como de algunos cultivos de
importancia comercial. La inhibicion del crecimiento puede ser detectada en ensayos de difusion
en placa o mediante diluciones seriadas y medidas de micro-espectrofotometria. El segundo
nos permite construir una curva de inhibicion, usando menores cantidades de péptidos, por lo
que fue el método finalmente usado para la evaluacidon de la actividad antimicrobiana. Estos

ensayos permitieron detectar actividad en ambos péptidos contra varios patdgenos.
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Capitulo 1

Identificacion y caracterizacion estructural y funcional de
una esnaquina de ibirapita
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Este capitulo incluye la busqueda de genes de tipo esnaquina en los genomas de ibirapita,
congorosa y ceibo, el clonado de un gen de P. dubium con similitud con esnaquinas de tipo I
(PdSNI) por amplificacién con primers degenerados y un articulo publicado en la revista Amino
Acids, que describe el aislamiento de PdSN1, su expresion relativa en dos tejidos y su expresion
heterdloga en £. coli. En el mismo, ademas, se predijo la estructura 3D del péptido nativo y
recombinante y se evalud la actividad antimicrobiana del péptido recombinante purificado,
contra un grupo de microorganismos patdgenos. En el articulo, los analisis de expresion génica
fueron llevados a cabo con la colaboracion de la Mag. Mariana Barraco-Vega, que realizd los
ensayos de RT-gPCR. La prediccién de la estructura 3D de PdSN1 nativo y recombinante fue
realizada por el Dr. Pablo Dans que utilizd técnicas de modelado ab /nitio y por homologia,

sumado a simulaciones de dinamica molecular para dichas predicciones.

Busqueda de genes de tipo esnaquina en los genomas de ibirapita, congorosa
y ceibo

Para el aislamiento de genes de tipo esnaquina en las especies vegetales seleccionadas, se
buscaron secuencias de esnaquinas en las bases de datos (GenBank, Uniprot, Phytozome) y se
alinearon para identificar regiones conservadas (Figura 1). Para el alineamiento se usaron todas
las secuencias identificadas como esnaquinas hasta ese momento. Se diseharon primers
degenerados (Tabla 1), para las dos subfamilias (subfamilia I a la que pertenece StSN1 y
subfamilia II, StSN2) donde el primer F en principio se disend desde ATG inicial y el R en los
ultimos 6 aminoacidos. Ademas, se incluyeron primers en zonas conservadas internas, dentro
del péptido maduro (Figura 2). Se utilizaron varios pares de primers y diferentes condiciones
(gradientes de temperatura, concentraciones de MgClz) a partir de ADN gendmico. Se usaron
varias estrategias de amplificacién, como enriquecimiento dentro de bandas en secuencia de
interés usando primers anidados. Ademas, se usaron primers especificos disefiados para la

secuencia de Solanum commersonii (Tabla 1).
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sk_Stub|Q93X17| StSN2 SLL EQVQSIETDQVT AISEAAYSYKKI
sk_Slyc|ESKBYO| SLLLIEQVQS I 6 TDQVS:NAISEGADSYKKI
sk_Cann|B2ZAW4 | SLL EQVQSIETDHV ATSEAAYSYKKT
sk_Stub | B5AGT4 | ATSEAAYSYRKT

SLL QVQSIETDQVT

sk_Stub|Q948Z4| StSN1 1 TPSL_IETTMA §mmmmm
sk_Stub|B6E1WS5 | LVITPSL- I TTMAGEN-—-——————=——

sk_Scha|D3G6C1 | A TPSL—IETTMA ____________

sk_Scha|D3G6CO | L TPSL-‘.ETTMA ____________

sk_Scom|D3G6C3 | I TPSL_IETTMA ____________

sk_Sboc |D3G6B9 | LVITPSF-I0 TTMAGEN-—-————————~—

sk_Msat|HID2D5| CLII’SSFM- IAGUDSG--——--=-~] RE®SSI® KHE|®)/# (RDMKNSK
sk_Mtrun|G72zXL9| —--1#SSSL-LIAVSFAGED-~-—=-======~ VENDHCECYIX

Figura 1. Alineamiento de esnaquinas de tipo 1 y 2 obtenidas de las bases de datos. Stub:
Solanum tuberosum; Slyc: Solanum lycopersicum; Cann: Capsicum annum; Scha; Solanum chacoense,

Scom: Solanum commersonii; Msat: Medlicago sativa; Mtrun: Medicago truncatula

SK.i._dgF]' Sk_int ig_i
1 55 104
MATSKALFA CGICCGEC THGNKRKCPstop
CHCVESG
SKa_dgR1
- g
Sk_int_dgR1
SKA._dgF_a]
SI{i._dgF_3|
SKA_0gF2
1 55 93
MKLLFLTL NSKGKSKCEstop
SKA_dgR2
- g
SKA_dgR3
<« - g
SKA_dgR4
-« g

Figura 2. Esquemas de ubicacion de los distintos primers degenerados utilizados para

amplificacion de secuencias tipo esnaquinas

Los amplicones encontrados fueron clonados y varios clones (de cada banda de amplificacion)
fueron secuenciados. Entre los clones analizados, se detectaron tres, provenientes de la
amplificacion de ADN de Peltophorum dubium con primers degenerados anidados (Figura 3),
con alta similitud con genes de esnaquinas de tipo I. Los 3 clones correspondieron a la misma
secuencia gendmica (PdSNI), uno de ellos con la secuencia desde ATG a stop. Para M. ilicifolia

y E. crista-galli no se encontraron secuencias con similitud con esnaquinas.
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Tabla 1. Primers degenerados y especificos usados para la blisqueda de genes de tipo
esnaquina en los genomas de P. dubium, M. ilicifoliay E. crista-galli

Nombre Secuencia
SK_int_dgF1 TGTGGRATWTGTTGTGRARAATG
SK_int_dgR1 CCWGAWGGCACACABTTRCA

SKA_dgF1 ATGAAGCTAGTTCTAKYARCTCTGC
SKA_dgR1 TCAAGGGCATTTWGRYTTKC
SKA_dgF2 ATGAAGCCAGCATTTKCARCTMT
SKA_dgR2 TTAAGGGCATTTWGSCTTKCC
SKA_dgF3 TTTGCAGCTMTGCTWYTKGT
SKA_dgR3 TTGCCCTTRGARTTCTTCWTG
SKA_dgF4 TTGTCTCTCTTGTYMTTASCYC
SKA_dgR4 GAGTTCTTCWTGTCYCTRTARC
SKsp_Scom_F1 ATGAAGTTATTTCTATTAACTCTGCTT
SKsp_Scom_R1 TCAAGGGCATTTAGACTTGC

MPM B IF3R3 IF4R4

A =
300 we—
200 s

100

Figura 3. Amplificacion por PCR usando primers degenerados diseiiados para esnaquinas a
partir de ADN genomico de ibirapita. Electroforesis en gel de agarosa 2 %. MPM: marcador de peso
molecular 100 pb (GeneRuler 100 bp DNA Ladder; Thermo Scientific). B: blanco sin ADN
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Abstract

Snakins are antimicrobial peptides (AMPs) found, so far, exclusively in plants, and known to be important in the defense
against a wide range of pathogens. Like other plant AMPs, they contain several positively charged amino acids, and an even
number of cysteine residues forming disulfide bridges which are considered important for their usual function. Despite its
importance, studies on snakin tertiary structure and mode of action are still scarce. In this study, a new snakin-like gene
was isolated from the native plant Peltophorum dubium, and its expression was verified in seedlings and adult leaves. The
deduced peptide (PdSN1) shows 84% sequence identity with potato snakin-1 mature peptide, with the 12 cysteines charac-
teristic from this peptide family at the GASA domain. The mature PASN1 coding sequence was successfully expressed in
Escherichia coli. The purified recombinant peptide inhibits the growth of important plant and human pathogens, like the
economically relevant potato pathogen Streptomyces scabies and the opportunistic fungi Candida albicans and Aspergil-
lus niger. Finally, homology and ab initio modeling techniques coupled to extensive molecular dynamics simulations were
used to gain insight on the 3D structure of PASN1, which exhibited a helix—turn—helix motif conserved in both native and
recombinant peptides. We found this motif to be strongly coded in the sequence of PASN1, as it is stable under different
patterns of disulfide bonds connectivity, and even when the 12 cysteines are considered in their reduced form, explaining
the previous experimental evidences.

Keywords Pathogenesis-related peptide - Heterologous expression - Escherichia coli - Ab initio and homology modeling -
Molecular dynamics simulations

Introduction

Plants and animals own a diverse group of small proteins
Handling Editor: M. S. Palma. with antimicrobial activity, so-called antimicrobial pep-
tides (AMPs). These peptides are evolutionarily ancient,
being important in the defense against a wide range of
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pathogens, including bacteria, fungi, viruses, and protozoa
(Zasloft 2002). Known AMPs differ in size, composition,
and molecular structure, although they share some features
like a small size (< 10 kDa), an amphipathic structure, and
a net positive charge at physiological pH (Yeaman and
Yount 2003; Brogden 2005). This high structural diver-
sity allows AMPs to act against a wide range of microbial
agents in diverse physiological environments (Tossi and
Sandri 2002). In plants, these peptides often contain a high
number of cysteine residues that stabilize protein struc-
ture through disulfide bond formation (Lay and Anderson
2005). Moreover, disulfide bonds may act catalytically and
can be reversibly reduced and oxidized, playing a role in
redox regulation (Nahirfiak et al. 2012b). The main groups
of plant AMPs are defensins, thionins, snakins, lipid trans-
fer proteins, and cyclotides (Benko-Iseppon et al. 2010).
Snakins constitute a family of AMPs described from
potato Snakin-1 (StSN1, Segura et al. 1999) and Snakin-2
(StSN2, Berrocal-Lobo et al. 2002), the first peptides iso-
lated of this family. These peptides belong to a group of
proteins encoded by Snakin/GASA genes, that are char-
acterized by having a GASA (Gibberellic Acid Stimu-
lated in Arabidopsis) domain of approximately 60 amino
acids, with 12 highly conserved cysteine residues that
may be involved in the formation of up to six disulfide
bonds (Nahirfiak et al. 2012b). Mass spectrometry was
first applied to decipher the disulfide connectivity, with
the hypothesis that they may be required for the generation
or stabilization of a particular 3D motif responsible for
the function. Accordingly, a partial connectivity pattern
with three disulfide bonds was identified for StSN2 (Harris
et al. 2014). Nearly, at the same time, Porto and Franco
(2013) predicted the StSN1 three-dimensional structure
through an ab initio and comparative modeling in combi-
nation with a predictor of disulfide bridges. Although the
arrangement of cysteines along the sequence is conserved
in the snakin family, the StSN1 model only shared one
disulfide bond with the mass spectrometry data obtained
for StSN2. The disagreement between experiments and
modeling became evident with the X-ray determina-
tion of StSN1 (Yeung et al. 2016) that fully supported
the mass spectrometry data, reporting a structure with a
helix—turn—-helix (HTH) motif stabilized by six disulfide
bonds between specific cysteine residues. Surprisingly, the
StSN1 model of Porto and Franco that only shared two
disulfide bonds with the X-ray structure, also presented an
HTH motif, suggesting that a precise connection between
specific cysteine pairs may not be necessary for the peptide
to fold to the native and functional state. Furthermore,
some evidence exist pointing out that the reduced form
of the StSN1 and StSN2 peptides (where all cysteines are
free, and there are no disulfide bonds) were equally active
against pathogens as the native forms (Harris et al. 2014).

@ Springer

The role assignment for snakins has been based on
expression profiling analysis (Segura et al. 1999; Berrocal-
Lobo et al. 2002; Meiyalaghan et al. 2014; Nahirfiak et al.
2016; Herbel et al. 2017) and transgenic expression of these
genes (Almasia et al. 2008; Balaji and Smart 2012; Rong
et al. 2013; Mohan et al. 2014). Overexpression of snakin-1
or 2 in transgenic potato and tomato plants increased resist-
ance to pathogens (Almasia et al. 2008; Balaji and Smart
2012; Mohan et al. 2014). In vitro, StSN1 and StSN2 dis-
played a broad spectrum of antimicrobial activity (Segura
et al. 1999; Berrocal-Lobo et al. 2002). On the other hand,
silencing of snakins-2 homologous genes in Nicotiana
benthamiana increases susceptibility to Clavibacter michi-
ganensis ssp. michiganensis (Balaji et al. 2011). In addition,
potato snakin-1 gene silencing seems to influence cell wall
composition, cell division, and leaf primary metabolism in
potato plants, suggesting that StSN1 may also be involved in
several cellular processes (Nahirfiak et al. 2012a).

The biological properties of snakins make them attrac-
tive biotechnological targets, especially for the development
of novel disease control agents (Oliveira-Lima et al. 2017).
Heterologous expression is the most widely used method for
medium and large-scale production. Several systems (pro-
ducing organism/vector) have been developed to achieve a
cost-effective and large-scale production of several proteins,
in hosts such as bacteria, yeasts, fungi, and plants (Thevissen
et al. 2007; Padovan et al. 2010; Silva et al. 2011). Specifi-
cally, recombinant snakins have been successfully produced
in E. coli, Pichia pastoris, and more recently in baculovirus/
insect cells (Almasia et al. 2017), displaying the expected
antibacterial and antifungal activity (Kovalskaya and Ham-
mond 2009; Mao et al. 2011; Herbel et al. 2015; Kuddus
et al. 2016).

In the last decade, the bioinformatics tools have identi-
fied AMP-coding genes in several plant species. Due to the
increasing availability of their omics, cultivated plants and
model species have been the main target. Native species that
stand out for their importance in folk medicine and exhibit
considerable plant biodiversity remain underexplored,
mainly because their molecular data are generally unavail-
able (Pestana-Calsa et al. 2010). In this work, we report the
first snakin-like gene PdSNI isolated from Peltophorum
dubium, a non-cultivated South American tree with medici-
nal properties. Our expression analysis showed that PdSNI
is strongly expressed during seedling development and could
be a constitutive element of the defense mechanisms of the
storage organs. The snakin peptide was successfully pro-
duced through recombinant expression in E. coli, purified
and characterized for its activity against a set of microor-
ganisms. In addition, we report the first extensive analysis
on the importance of the disulfide bridges on the stability
of key structural marks present in the snakin family, like the
HTH motif found in both the native and recombinant PASN1
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peptides. Supported by our structural analyses, we found
that disulfide bridges might not be essential for the activity
of the snakin family. In addition, we hypothesize that these
peptides possibly could, in addition to the previously pro-
posed lipid-membrane targeting mechanism of action, alter
the microbial gene expression by binding to DNA/RNA.

Materials and methods
Biological material

Peltophorum dubium seeds and leaves were obtained from
Facultad de Agronomia Garden (Montevideo, Uruguay).
Seeds were immersed in concentrate grade H,SO, during
15 min for scarification. Surface sterilized seeds were germi-
nated on Whatman paper soaked with distilled water in Petri
dishes at 28 °C. Leaves and 5-day-old seedlings (ca. 6-cm
long) were frozen in liquid nitrogen and stored at — 70 °C
until further usage.

Bacteria and fungi strains used for bioactivity assays
were obtained from the Laboratory of Microbiologia Fac-
ultad de Quimica collection. Fungal cultures (Candida
albicans CCMG13, Aspergillus niger CCMG17, Botrytis
cinerea CCMG14 g, Alternaria alternata CBS916.96, and
Penicillium expansum CCMG14s) and Streptomyces scabies
DSM41658 were grown on potato dextrose agar (PDA) at
28 °C. Staphylococcus aureus ATCC6538P and Escherichia
coli CCMG50 were grown on Tryptone soya agar (TSA) at
37 °C. C. michiganensis ssp. michiganensis MAI1008 and
Xanthomonas versicatoria MAI2020 were grown on Nutri-
ent Agar at 28 °C. E. coli TOP10 (Invitrogen, Carlsbad,
USA), Shuffle (New England Biolabs, Ipswich, USA) and
Rosetta-gami(DE3)pLysS (Novagen, Madison, USA) were
used as cloning and expression host, respectively, being
grown on Luria—Bertani Agar.

Isolation of DNA and RNA from P. dubium

Genomic DNA was extracted from leaves using the standard
cetyl-trimethylammonium bromide (CTAB) method (Doyle
1991). Total RNA was extracted using Qiagen RNeasy
Plant Mini Kit (Qiagen, Hilden, Germany) and treated with
RNase-free DNase (Invitrogen, Carlsbad, USA) to eliminate
any residual DNA. Genomic and plasmid DNA were visual-
ized under UV illumination after electrophoresis on agarose
gels in 1X TBE buffer, stained with GoodView (Ecoli s.r.o0.,
Bratislava, Slovak Republic).

PdSN1 gene cloning

PdSNI gene was PCR amplified from ATG to stop codon,
from P. dubium genomic DNA using degenerate primers

SN_dgF 5-ATGAAGCCAGCATTTKCARCTMT-3' and
SN_dgR 5-“TTAAGGGCATTTWGSCTTKCC-3'. Primers
design was based on the alignment from plant snakin encod-
ing sequences that were identified in the UniProt database
(http://www.uniprot.org/) and the GenBank database of the
National Center for Biotechnological Information (NCBI)
(https://www.ncbi.nlm.nih.gov/genbank/). The PCR reaction
was performed in a 20-pl reaction containing: 1x buffer with
2-mM MgCl,, 0.2-mM dNTPs, 2 pM of each primer, 50-ng
template DNA, and 0.5 U Taqg DNA polymerase (Invitrogen,
Carlsbad, USA). The PCR program was as follows: 94 °C
for 3 min, followed by 35 cycles of 94 °C for 30 s, 54 °C
for 40 s and 72 °C for 40 s. PCR products were purified
according to Richero et al. (2013) and cloned into a pPGEM-T
easy vector (Promega Corporation, Madison, USA). PdSN1
gene sequence was confirmed by sequencing three clones at
Macrogen Inc. (Seoul, Korea) and analyzed using BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).

PdSN1-coding sequence (termed PdSNIc) was verified
by the synthesis of 5’ and 3’ cDNA regions from total RNA
extracted from P. dubium seedlings. In the 5'-RACE experi-
ment (Rapid Amplification cDNA Ends), the cDNA was
obtained using the 5" RACE kit (Invitrogen) and the specific
oligonucleotides PASNc_R1 5'-AGTTCTTGAGGTCTCTGT
AGCA-3'" and PdSNc_R2 5'-CTCTGTAGCAAGGGCACT
CGT-3' (Fig. 1). The 3’ region was obtained by 3’-RACE
according to Frohman et al. (1988) using the specific oli-
gonucleotides PASNc_F1 5-GTGCCTCTTTCGTTGAGG
TC-3"and PdSNc_F2 5'-GCCTTGTACTCAGTGCCTCTT-
3'. PCR products were cloned in the pGEM-T easy vector
(Promega Corporation, Madison, USA) and sequenced using
the Sanger method. The resulting plasmid (pG-PdSNIc) con-
tained the complete coding sequence of the mature peptide.
The cDNA sequence was deposited to GenBank with acces-
sion number MG229644.

Bioinformatics analysis of the PASN1 sequence

The deduced amino acid sequences of PASN1 were created
in BioEdit (Hall 1999) and analyzed with the Expasy-Prot-
Param tool (http://web.expasy.org/protparam/) to obtain the
different peptide parameters. The peptide structure was eval-
uated for the presence of a signal peptide sequence with Sig-
nalP (http://www.cbs.dtu.dk/services/SignalP). The deduced
amino acid sequences encoding for the mature P. dubium
peptide were aligned against a set of mature plant proteins
with GASA domain. All sequences used were taken from
the UniProt database (http://www.uniprot.org/) (Table S1).
Alignment with the newly isolated snakin was performed
in ClustalW from BioEdit program. An unrooted tree was
generated using the Neighbor-Joining method of the MEGA
package version 5 (Tamura et al. 2011), with 5000 bootstrap
replicates.
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Fig.1 Nucleotide genomic sequence of PdSNI and amino acidic
sequence of PASN1. The lower case letters indicate the 5 UTR,
intron, and 3' UTR regions. Amino acid sequence of PASN1 mature
peptide indicated by gray-shaded is preceded by a signal peptide

Gene expression analysis

Quantitative reverse transcription-PCR (RT-qPCR) was
employed to determine the relative expression levels of
PdSN1I gene in P. dubium’s adult leaves and seedlings
(inoculated with A. niger and mock-not inoculated con-
trol). Five-day-old seedlings were inoculated at five points
with 20 pl per point of a spore suspension of A. niger
(1% 10° conidia ml~!). Seedling samples were collected
48 h after inoculation and frozen in liquid nitrogen. Mock
inoculations were done with Tween 10~*. RT synthesis was
performed using MMLYV reverse transcriptase (Invitrogen,
Carlsbad, USA) and random primers (QIAGEN, Hilden,
Germany). Specific primers (PASN1_qF1 ACTCAGTGC
CTCTTTCGTTG and PdSN1_R1 CATTCCTGCTTTCGA
GCATCT) were used to amplify the cDNA fragments. PCR
reactions were carried out using SensiMixPlus SYBR PCR
Master Mix (2X) (Quantace, London, UK) in a Corbett
Rotor Gene™ 6000 as follows: 15-min pre-denaturing at
95 °C, followed by 30 cycles of 94 °C for 15 s, 59 °C for
1 min. Three biological and two technical replicates were
performed for each sample. The specificity of each reaction
was confirmed by inspection of the melting curve profiles.
To choose the reference genes (RGs), the expression
of actin (PdACT), elongation factor 1-a (PdEF1), F-box/
kelch-repeat protein (PdF-box), phosphoenolpyruvate
carboxylase-related kinase 1 (PdPEPKR), protein phos-
phatase 2A (PdPP2A), and tubulin A (PdTUA) were evalu-
ated for all conditions. The expression stability of RGs
was assessed using geNorm algorithm (Vandesompele
et al. 2002). Previously, the candidate genes were partially
cloned by 5'- and 3’-RACE using reported primers from
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sequence predicted using the SignalP (http://www.cbs.dtu.dk/servi
ces/SignalP). Oligonucleotide sequences are indicated by horizontal
arrows

Caragana korshinskii (Zhu et al. 2013; Table S2). gPCR
specific primers of RGs of P. dubium were then located in
the first cloned region of each one (Table S3).

Partial cDNA sequences of RGs were deposited in Gen-
Bank with accession numbers MG397035, MG397036,
MG397037, MG397038, MG397039, and MG397040.

Construction of the expression plasmid

The pET102/D-TOPO vector (Invitrogen, Carlsbad, USA)
was used for expression of PASNI gene. This vector allows
the expression of PASN1 mature peptide fused to a thiore-
doxin protein (N-ter) and a His-tag (C-ter) to facilitate
solubility and downstream purification using affinity
chromatography. The mature coding sequence of PdSN/
was PCR amplified from pG-PdSNIc using the following
primers: PASN1_pEF 5-CACCGGTTCTGAGTTCTGT
GACTCCAAGTGCGCG-3' (TOPO cloning nucleotides
CACC are underlined) and PASN1_pER 5'-CCTTCCCTC
GAT GGGGCATTTGGGCTTGCC-3'. Reverse primer has
12 nucleotides which code for the factor Xa recognition
site. Blunt-end PCR product was obtained using a Phu-
sion High-Fidelity DNA Polymerase (Thermo-Scientific,
Waltham, USA). The PCR conditions were 95 °C for 1 min
followed by 30 cycles (95 °C for 30 s, 60 °C for 30 s and
72 °C for 1 min) and finally 72 °C for a 5-min exten-
sion. The TOPO cloning reaction and the transformation
of E. coli were performed according to the manufacturer’s
instructions. The resulting plasmid pE-PdSN1 was con-
firmed by DNA sequencing. In parallel, a pET102/D with-
out PASN1 sequence (pE-Trx*) was obtained.
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Expression and purification of recombinant PASN1

The PdSNI carrying plasmid pE-PdSN1 was introduced
into E. coli Rosetta-gami (DE3)pLysS and Shuffle strains.
A transformation with pE-Trx* was performed as a control.
Cells were grown at 37 °C and 150 rpm in the presence of
100-ug ml~! ampicillin (Amresco, Solon, USA) until the
culture density reached an OD600 of 0.5-0.7. Induction was
carried on with 1-mM IPTG (Sigma-Aldrich, Saint Louis,
USA) varying time (2, 4, and 24 h) and temperature (20,
28, and 30 °C). After incubation, the bacterial cells were
harvested by centrifugation at 4000xg for 15 min at 4 °C,
washed twice in 50-mM potassium phosphate buffer, pH 7.8,
and stored at — 70 °C until protein extraction.

The cell pellet was resuspended in 2 ml of ice-cold lysis
buffer (50-mM potassium phosphate buffer, pH 7.5, 500-
mM NacCl, 10% glycerol, 10-mM imidazole). The cells
were lysed by sonication 4X pulse at 4 °C (30% amplitude;
6 cycles of 6-s pulse-on, 9-s pulse-off; 15 s) (Cole-Parmer,
Vernon Hills, USA). The lysate was centrifuged 15 min
at 4 °C and 10,000 rpm, and the supernatant was filtered
through a 0.22-pm filter (Millipore). The recombinant pro-
tein was purified using a HisTrap-FF (GE Healthcare, Lit-
tle Chalfont, UK) Ni-affinity chromatography, according to
the supplier’s recommendations. Unbound proteins were
eluted by adding 20- and 30-mM imidazole to the buffer,
while 300-mM imidazole was used to elute the bound pro-
teins. To remove the thioredoxin (Trx) fusion fragment, the
immobilized Trx-PdSN1protein was subjected to EkMax
Enterokinase (Invitrogen) digestion for 15 h at room temper-
ature. Eluted fractions were analyzed by 15% sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
using Tris—Tricine buffer (Schigger and von Jagow 1987).
Fractions containing recombinant peptide were pooled, dia-
lyzed against distilled water, and lyophilized. Subsequently,
the peptide was resuspended in water and the protein con-
centration was measured by Bradford assay (Bradford 1976)
using bovine serum albumin as a standard.

Identification of recombinant PASN1 peptide

The peptide sequence was confirmed by peptide mass finger-
printing and subsequent fragmentation of selected peptides
(MS/MS). Disulfide bonds were reduced by incubation with
DTT (100 mM) for 1 h at 56 °C and Cys were alkylated with
iodoacetamide (300 mM). Tryptic digestion was performed
overnight at 37 °C using sequencing grade trypsin (Pro-
mega). Peptide mixtures were mixed with matrix solution
(-cyano-4-hydroxycinnamic acid in 60% acetonitrile, 0.1%
TFA) directly onto the sample plate. Spectra were acquired
in positive reflector mode and were externally calibrated
using a standard mixture of peptides (Applied Biosystems).
Peptide sequences were assigned using an in-house Mascot

v.2.3 version (Matrix Science) for searching a local data-
base that includes the sequence of PASN1. The following
parameters were used with variable modifications: oxidation
(M), carbamidomethyl (C), ammonia loss (N-term C); mass
values: monoisotopic; peptide mass tolerance: +0.05 Da;
and fragment mass tolerance: +0.45 Da. Selected m/z val-
ues were further fragmented, and the assignment to PASN1
amino acid sequence was validated by manual inspection of
MS/MS spectra.

Antimicrobial activity assay

Antimicrobial activity was estimated microspectrophoto-
metrically (Broekaert et al. 1990), determining the IC50
value (peptide concentration at which 50% inhibitions was
reached). Fungal spore suspension (1 x 10* spores m1~!) or
bacterial suspension (1 X 10° bacteria ml~") was cultivated
in 100-pl reaction, containing Potato Dextrose Broth (for
fungi and S. scabies), Nutrient Broth or Tryptone Soya Broth
(for bacteria), and serial dilutions of recombinant PASN1.
The maximum peptide concentration used in all assays was
1.8 uM. Control wells contained no peptide. The optical
density of fungal or bacterial suspension was measured in
a 96-well microtiter plate under 595 nm, after 48—72 h of
incubation (or 24 h for E. coli and S. aureus) in the dark.
Antimicrobial activity of PASN1 was expressed as a per-
centage of growth inhibition. Serial dilutions of Gentamicin
were used as positive control for bacteria and propiconazole
for fungi. The maximum concentrations used were 30 and
100 uM, respectively. All experiments were performed in
three replicates.

3D structure prediction and molecular dynamics
simulations

The prediction of the 3D structure of the PASN1 peptide
was achieved using three different approaches: (1) ab initio
or de novo 3D modeling; (2) homology modeling; and (3)
multi-microsecond long, unbiased molecular dynamics. In
all cases, the histidine residues were considered as proto-
nated in €.

Ab initio predictions

For the ab initio 3D determination, we followed the work of
Porto and Franco (2013), who used a combination of tools,
including the QUARK ab initio molecular modeling server
(Xu and Zhang 2012), the DIANNA disulfide bond predic-
tor (Ferre and Clote 2006), the MODELLER 9.14 modeling
tool (Webb and Sali 2014), and short unbiased molecu-
lar dynamics simulations. The mature form of the native
PdSNI sequence was submitted to the QUARK server,
which delivered an initial guess of the 3D structure. Then,
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the disulfide bond pattern was determined using five differ-
ent predictors: DIANNA, DISULFIND (Ceroni et al. 2006),
CYSCON (Yang et al. 2015), DIPRO (Cheng et al. 2006),
and DISLOCATE (Savojardo et al. 2011). These predictors
gave different connectivity patterns between the six pairs of
cysteines; hence, an individual model was built according to
each prediction (see Table S4). Each 3D structure was then
subjected to microsecond long unbiased MD simulation with
options as described below.

Homology modeling

Using the recently determined X-ray structure of the potato
snakin-1 peptide (PDB id: SE5Q) as a template, we build
a 3D model by homology using MODELLER (Webb and
Sali 2014). This peptide shares 84% similarity in sequence
with the mature form of the native PdSNI (63 residues).
The connectivity pattern of disulfide bonds was taken
from 5E5Q, and the final structure was subject to unbiased
MD simulations (labeled PASN15g54). A model of the full
recombinant peptide (104 residues) was also built, where the
GASA domain was obtained from 5E5Q, and the remain-
ing amino acids were modeled using the QUARK server
(PASN15g5q.ALL)-

Long unbiased MD simulations

To assess the importance of the disulfide bonds on the sta-
bility and conformation of the 3D and secondary structure,
we took the model generated by homology modeling and
run a multi-microsecond long MD simulation considering
all the cysteines in their reduced form (no disulfide bonds,
PdSN1sgsq rep)-

MD simulation protocol

All models were minimized in vacuo, neutralized with 8
CI-, solvated (with explicit water and 0.15 M of K*Cl17),
and minimized in solution with positional restraints on the
peptide using our well-established multi-step protocol (Pérez
et al. 2007; Dans et al. 2016). To produce the final mod-
els, the minimized structures were thermalized to 298 °C at
NVT, and then simulated during at least 1 us using molec-
ular dynamics simulations at NPT (P=1 atm). The first
100 ns of simulations were considered as an equilibration
step and were discarded for further analysis. For represent-
ing the snakin peptide, we used the state-of-the-art ff14SB
force field (Maier et al. 2015), surrounded by a truncated
octahedral box of ~5000 TIP3P water molecules (Jorgensen
et al. 1983), and Dang parameters for ions (Smith and Dang
1994). Ions were initially placed randomly, at a minimum
distance of 5 A from the solute and 3.5 A from one another.
All systems were simulated using the Berendsen algorithm
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(Berendsen et al. 1984) to control the temperature and the
pressure, with a coupling constant of 5 ps. Center of mass
motion was removed every 10 ps to limit the build-up of the
translational kinetic energy of the solute. SHAKE (Ryckaert
et al. 1977) was used to keep all bonds involving hydrogen
at their equilibrium values, allowing the use a 2-fs step for
the integration of Newton equations of motion. Long-range
electrostatic interactions were accounted for using the par-
ticle mesh Ewald method (Darden et al. 1993) with standard
defaults and a real-space cutoff of 9 A. All simulations were
carried out using the PMEMD CUDA code module (Salo-
mon-Ferrer et al. 2013) of AMBER 16 (Case et al. 2017)
and analyzed with CPPTRAJ (Roe and Cheatham III 2013).
Structures and MD trajectories were visually analyzed using
VMD 1.9 (Humphrey et al. 1996).

Results
Isolation and sequence analysis of PdSN1

PdSNI genomic sequence isolated by PCR presents 424 nt,
from de ATG start codon to stop codon, with one intron
of 157 nt (Fig. 1). The coding PdSNI sequence, isolated
from seedlings cDNA, allowed for the confirmation of the
sequence and localization of the intron. Analysis of the
deduced amino acid sequence (88 residues) showed a signal
peptide sequence of 25 amino acids, followed by a mature
peptide with 63 residues. The mature peptide had a calcu-
lated mass of 6978.1 Da and a basic isoelectric point of 8.99.

PdSN1 BLAST search showed high similarity to
Snakin/GASA proteins, especially with snakin type 1 (i.e.,
76% sequence identity to StSN1 from potato and 74% to
MsSN1 from Medicago sativa). It has a GASA domain
(84% sequence identity to StSN1), characteristic from
this protein family, with 12 cysteines in conserved posi-
tions (XCX;CX;CX4CX,CX,CCX,CXCX,;CXCX,CX).
Alignment analysis of PASN1 mature sequence and plant
mature proteins with GASA domain revealed that the newly
isolated gene shared a higher homology with both StSN1
and MsSN1 snakins-1, with a peamaclein (PMLN) from
Prunus persica and with Gibberellin regulated proteins
7, 8, and 10 from Arabidopsis thaliana (GASA7; GASAS
and GASAA). All these peptides belong to Snakin/GASA
subfamily I, according to the classification of Berrocal-
Lobo et al. (2002) (Fig. 2). This analysis was restricted to
sequences with reported experimental evidence such as
antimicrobial activity, including a snakin-2 from tomato
(IESKBYOIESKBYO_SOLLC; Herbel et al. 2015), a snakin-1
from alfalfa (IHOD2D5IH9D2D5_MEDSA; Garcia et al.
2014), a snakin-1 from pepper (IB2ZAW4|B2ZAW4_
CAPAN; Mao et al. 2011), a snakin-3 from potato
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Fig.2 Sequence alignments and distance matrix of PASN1 peptide
and members of the plant Snakin/GASA protein family. The deduced
amino acid sequence of the newly isolated gene (PdSNI) was aligned
with a set of mature plant proteins with GASA domain. Sequences
used were manually annotated and reviewed from the UniProt data-
base (http://www.uniprot.org/). Four snakins with reported experi-
mental evidence were also included (IESKBYOIESKBYO_SOLLC,
[HOD2D5/H9D2D5_MEDSA, IB2ZAW4IB2ZAW4_CAPAN,
IM1BA38IM1BA38_SOLTU). Snakin/GASA proteins grouped fol-
lowing their classification into three subfamilies (I-III) as proposed
by Berrocal-Lobo et al. (2002). a Neighbor-Joining unrooted tree.
Values in the nodes regard bootstrap values (5000 replicates). Each
sequence was named according to its UniProt Entry identifier, fol-
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lowed by a Mnemonic identifier of a UniProtKB entry. ARATH: A.
thaliana, SOLTU: S. tuberosum, SOLLC: Solanum lycopersicum,
PRUPE: P. persica. MEDSA: M. sativa, CAPAN: Capsicum annum.
Black diamond indicates PdSN1; black squares indicate snakin-1,
snakin-2, and snakin-3 (M1BA38) from S. tuberosum and black cir-
cles indicate snakin-1 (H9D2D5) from M. sativa and snakin-2 from S.
Iycopersicum (ESKBYO0) and C. annum (B2ZAW4). b Alignment of
mature sequences of representative snakin/GASA proteins, following
their classification in subfamilies I, II, and III (indicated at the right
side of the alignment). Amino acids conserved across all the family
members are black shaded. Most conserved residues which are rel-
evant for subfamily classification (according to Berrocal-Lobo et al.
2002) are shaded in gray
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(IM1BA38IM1BA38_SOLTU; Nahiriiak et al. 2016), and
sequences obtained from the curated UniProt database
(http://www.uniprot.org/).

PdSN1 gene expression in plant

PdSN1 mRNA steady states from leaves and seedlings
(inoculated with A. niger and uninoculated) were meas-
ured by RT-qPCR using three reference genes. The geNorm
tool identified PdACT, PdEF1, and PdPP2A as the most
stable genes (expression stability value [M]: 0.705, 0.903,
and 1.069, respectively), among six candidates analyzed in
all conditions (methodology described in “Gene expression
analysis”). The geometric mean of these three genes was
used for normalization of PdSNI expression, as recom-
mended by Vandesompele et al. (2002). The expression of
PdSNI was 40 fold higher in seedling than in adult leaves
(Fig. 3). The presence of A. niger did not produce significant
variations of seedlings” mRNA steady-state levels 48 h after
inoculation.

Expression and purification of recombinant PASN1
in E. coli

To reach the highest yield of the soluble Trx-PdSN1 fusion
protein, its expression was tested by varying temperatures
(30, 28, and 21 °C) and times after induction (2, 4, and 24 h),
using E. coli strains Rosetta-gami pLysS and Shuffle. Both E.
coli strains were transformed with pE-PdSN1 and pE-Trx*
(control without PASN1). A schematic representation of the
peptides resulting from these vectors, Trx-PdSN1 and Trx*,
respectively, is shown in Fig. 4a. The SDS-PAGE analysis
of total lysates from induced cells revealed the presence of
recombinant proteins Trx-PdSN1 and Trx* with an expected

Relative Expression
BoR NN W WS D
o un O nn O unn O un

wv

seedling leaf

o

seedling + A.niger

Fig.3 Expression of PdSNI gene in P. dubium by RT-qPCR. The
geometric mean of PdACT, PdEFI, and PdPP2A genes was used
for normalization of PdSNI expression from leaves, mock seed-
lings, and seedling inoculated with A. niger. The final data were
obtained by rescaled normalized expression: (Qgmpie/NFgample)/Min
(Qgampie/NFgumpie)- Each bar graph represents the mean relative fold
change + SD of three independent biological replicates
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molecular weight of ~25 and ~ 17 kDa, respectively (Fig. 4b,
lanes 1-4). No significant peptide bands corresponding to
the recombinant protein were observed in non-induced cul-
tures (Fig. 4b, lane 2). Some amount of the recombinant
protein was present in inclusion bodies, in all conditions.
We found that the highest yield (0.9 mg 17! bacterial cul-
ture) was obtained with Rosetta-gami(DE3)pLysS at 28 °C
and 24 h of induction, while with Shuffle strain, we found
a lower percentage of recombinant protein in the soluble
fraction (data not shown). The recovery of the 25-kDa band
at the end of the purification by Ni-affinity chromatography
confirmed that this band contains the recombinant peptide
(Fig. 4b, lane 6).

For practical reasons a cleavage on-column, Trx was con-
ducted before peptide elution. A previous pilot test, carried
out with several concentrations of enterokinase, showed that
three pg of the fusion protein was digested entirely with one
unit of the enzyme overnight at room temperature (data not
shown). The developed protocol resulted in an efficient sepa-
ration of the recombinant PASN1 peptide from Trx (Fig. 4b,
lanes 7-8).

The band of the PASN1 peptide seemed to be larger
(ca. 14 kDa) than the expected (11 kDa), possibly due to
an abnormal migration which is sometimes observed with
cationic peptides on the SDS-PAGE (Shi et al. 2012; Herbel
et al. 2015). The results obtained by the mass fingerprinting
of the peptide confirmed that its sequence corresponded to
PdSN1 (100% coverage, Table S5; Fig. S1).

Antimicrobial activity of the recombinant peptide
PdSN1

The antimicrobial activity of the recombinant peptide was
tested in vitro against several bacterial and fungal species,
as detailed in “Materials and methods”. To the maximum
concentration (1.8 pM) of PASN1 tested, significant inhibi-
tion of growth (99.7%) was observed for S. scabies, while for
S. aureus, C. michiganensis ssp. michiganensis, C. albicans,
B. cinerea, A. niger, and A. alternata, the inhibition was
intermediate (60.0, 56.3, 65.5, 53.6, 56.7, and 58.0%, respec-
tively) (Fig. 5). The percentage of inhibition decays at lower
concentrations of the peptide for all organisms. S. aureus
was excluded from Fig. 5, because it only displayed inhibi-
tion at the maximum concentration tested (1.80 pM, 56.3%
inhibition). No activity was observed for E. coli, X. versi-
catoria, and the fungus P. expansum at this concentration.
IC50 values of recombinant PASN1 for C. michiganensis ssp.
michiganensis, S. scabies, C. albicans, B. cinerea, A. alter-
nata, and A. niger were estimated to be 1.7,0.3, 1.2, 0.4, 0.4,
and 1.4 pM, respectively. IC;, value of propiconazole, which
was used against A. niger as a positive control, was 3.0 pM.
ICs, value of Gentamicin, used against C. michiganensis ssp.
michiganensis was 0.5 pM.
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Fig.4 Affinity purification of the recombinant PASN1 peptide. a
Schematic representation of recombinant Trx-PdSN1 and Trx*
(control) proteins. b Tris—Tricine SDS-PAGE (15%) analysis of the
purification steps of the Trx—PdSN1fusion protein and PASN1 pep-
tide. Protein fractions from E. coli Rosetta-gami (DE3) cells trans-
formed with pE-Trx expression plasmid (used as a control) (1),
pE-PdSN1 expression plasmid incubated in the absence (2) or the
presence of IPTG (3: crude extract; 4: soluble fraction); Unbound

3D structure determination

Using the recently determined X-ray structure of the potato
snakin-1 peptide, the homology modeling of the 3D struc-
ture of the native PASN1 was solved. Connection pattern of
the disulfide bonds was also taken from the experimental
structure, leading after extensive unbiased molecular dynam-
ics simulations to a final model exhibiting an HTH motif
(two a-helixes: H1 and H2, linked by a small turn), and
two other small helixes (H3 and H4) in the region of the
C-terminal flexible loops (Fig. 6a). The extra amino acids
present in the recombinant PASN1 peptide did not alter the
HTH domain (present in the GASA domain), nor the pres-
ence of the third and fourth helixes, although H4 appeared
in a different region nearest to the C-terminal end (Fig. 6b).
3D predictions coming from pure ab initio methods (a
combination of QUARK and MODELLER) and different

5 M(KDa) 6 7 8
a4 s l\(?own'k :

Trx-PSN1

6XHis Trx (control)

AL

10

3’4-:5,\'»'1 e

proteins removed by the first washing step in which the fusion pro-
tein is bound to the column (5); final elution step, where the purified
Trx-PdSNlis released from the Ni-affinity column (6); Trx protein
after cleavage with enteroquinase (7); elution of PASN1 peptide (8).
M PageRuler Low Range Unstained Protein Ladder (ThermoFisher).
Asterisk indicates expression of Trx* protein; white arrows show
Trx-PdSN1fusion protein

disulfide bond predictors (see Table S4) also conserved the
HTH motif (Fig. 6¢), although the connectivity pattern of
disulfide bonds was substantially different across the models
(Table S4). Furthermore, the model built without disulfide
bonds, where all cysteines were represented in their reduced
form, also showed a stable HTH motif in the microsecond
timescale (Fig. 6¢). The time evolution of the root mean
squared displacements of the HTH backbone in respect to
the X-ray conformation showed that all structures converged
to a stable HTH motif (after 650 ns) which was less than
2.75 A apart from the crystal (Fig. 6d). The superposition
of the final structures obtained from MD clearly highlights
the similarities within the HTH motifs of all models, inde-
pendent of the presence of disulfide bridges or the specific
disulfide bond connectivity.

While the HTH was present in all cases given to all mod-
els a very similar 3D conformation on the N-terminal side,
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Fig.5 In vitro antimicrobial
activity of PASN1. Dose-
dependent growth inhibition
curves of the following bacte-
rial and fungal pathogens: C.
michiganensis ssp. michigan-
ensis (black circles), S. scabies
(diamonds), A. niger (crosses),
B. cinerea (open circles),

A. alternata (triangles), and

C. albicans (squares) were
determined by measuring the
cultures at OD595, in the pres-
ence of different amounts of
recombinant PASN1. The data
are mean+SD (n=3)

Growth inhibition (%)

—+—S. scabies

—a—C. albicans

~+-A. alternata
->-A. niger
~=-B. cinerea

~o—C. michiganensis ssp.
michiganensis

0,8 1 1,2 1,4 1,6 1,8 2

PdSN1 concentration (uM)

the C-terminal region was quite variable (see the red arrows
in Fig. 6a—c). The model built by homology modeling was
similar to the X-ray structure, showing two small helixes
embedded in between flexible loops (Fig. 6a), while the extra
amino acids present in the recombinant PASN1 sequence
increased the separation between H3 and H4 with more dis-
ordered loops (Fig. 6b). The ab initio models have different
C-terminal regions, one of which showed no H3 and H4
helixes (see PASN1, cys in Fig. 6¢). Interestingly, the model
with reduced cysteines exhibited a helix in the C-terminal
region which seems to be a condensation of the 3, helix
(H3) and a-helix (H4) present in the X-ray structure of the
potato snakin-1 peptide. Finally, the computed molecular
electrostatic potential of the HTH motifs and extra helixes
present in the recombinant PASN1 peptide also showed a
positively charged cleft (see the blue arrow in Fig. 6e), as in
the X-ray structure, and a tail of histidines (only present in
our recombinant peptide) that could be protonated, enhanc-
ing the electrophilic tendency of the peptide (Fig. 6e).

Discussion

In this study, a new snakin gene from P. dubium was iso-
lated, aiming to explore the potential of this South American
native plant as a producer of novel AMPs with antimicro-
bial activity. For this purpose, a PCR-based isolation strat-
egy was used to amplify putative snakins, using degenerate
primers designed from known snakin sequences of other
plants. With the isolated sequence, the potential antimicro-
bial activity of the new snakin was tested in vitro, using a
heterologous expression system for its production. In addi-
tion, an introductory analysis was performed to study the
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expression of this new snakin gene in different plant tissues.
Finally, using comparative and ab initio modeling together
with molecular dynamics simulations, we explored the struc-
ture—activity relationship of this peptide.

Alignment of the snakin genes from the NCBI and Uni-
Prot databases revealed a low level of similarity in the
sequence that encodes the signal peptide. For this reason,
we choose to use degenerate primers, which allowed for the
obtention of a sequence, named PdSN/ (snakin gene from
P. dubium). This new snakin exhibits an ORF that codes
a peptide of 88 residues including a GASA domain with
12 cysteines in conserved positions, sharing 76% identity
with potato StSN1. After comparing PASN1 against Uni-
Prot curated sequences bearing a GASA domain, the most
significant similarity was obtained with StSN'1 from potato,
MsSNI1 from M. sativa, GASA7, GASAS, and GASA10
(GASAA) from Arabidopsis and PMLN from P. persica.
Of these proteins, only StSN1 (Segura et al. 1999; Kovals-
kaya and Hammond 2009; Kuddus et al. 2016) and MsSN1
(Garcia et al. 2014) were reported to have antimicrobial
activity. GASA10, expressed in E. coli, showed toxicity to
the host cell, while no significant effect on several microor-
ganisms growth was observed when expressed in P. pastoris
(Trapalis et al. 2017). From its side, Peamaclein (PMLN),
found in protein extracts from peach peel and pulp, was
characterized as a new allergen (Tuppo et al. 2013). An NJ
analysis done with MsSN1 and additional type 1 snakins
reported that MsSN1 could be ortholog to snakin-1 from
Solanum tuberosum and, ortholog to the GASA7 protein
from A. thaliana (Garcia et al. 2014), suggesting that they
can share with PdASN1 a similar function in plants.

The expression of PdSNI gene was analyzed in seed-
lings and leaves with expression in both, but steady-state
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Fig.6 Homology modeling and 3D structure prediction of the native
and recombinant PASN1 peptide. a Structural prediction of the native
PdSN1 with his GASA domain, obtained using as template the X-ray
structure with PDB id 5E5Q, showing two long helixes (H1 and H2)
that define the helix—turn—helix motif (HTH), and two short helixes
(H3 and H4) located in the flexible loops of the C-terminal region. b
Model of the full PASN1 peptide. The GASA domain is depicted in
red while remaining amino acids are shown in blue. ¢ 3D structure
predictions combining QUARK, DIANNA and/or CYSCON, serv-
ers (top); and, bottom, the last structure of the long MD simulation

levels of PASNI mRNA were higher in seedlings than in
adult leaves. The results obtained for leaves are in agreement
with recently reported data from StSNI (Meiyalaghan et al.
2014; Nahirfiak et al. 2016). However, in the past, Segura
et al. (1999) and Berrocal-Lobo et al. (2002) did not detect
StSNI mRNA in potato leaves. The high levels of mRNA
detected in seedlings suggest that expression of AMPs genes
are strong during seedling development, justified by their
susceptibility to the attacked by a large number of patho-
gens present in the soil. Strikingly, there was no significant
increase in expression 48 h after inoculation with A. niger,
a pathogen commonly found in soil. Plant AMPs are found

PASN1ses0 a0

Extra a.a. of

domain

. PdSN 1 SE5Q-ALL
MPASN1 0 neo MPASN1, 0,

©

TRy ~_PdSN1ae
4 ‘

Molecular
Electrostatic
Potential (mV)

(1.5 ps) of the PASN1 GASA domain, where all cysteines were con-
sidered in their reduced form with no disulfide bonds (see “Materials
and methods”). d Root mean square deviations in A of the backbone
atoms of the HTH motif respect to the X-ray structure (SE5Q) along
time. Structural superposition of the HTH motifs obtained from the
last frame of the corresponding MD simulations. e Molecular elec-
trostatic potential (MEP) of the full recombinant PASN1 peptide
(front and side view). Note that a clipping plane was used in the top
structure to cut the MEP allowing to visually locating the HTH motif
(color figure online)

constitutively in storage organs like seeds and generative
tissues (reproductive organs, fruits, and flowers; revised by
Benko-Iseppon et al. 2010), so our data suggest that PASN1
could be a component of the constitutive defense barriers
organs and tissues during their early development, besides
fulfilling a physiological role in seedlings (Nahirfiak et al.
2012b). A more exhaustive analysis should be done, includ-
ing a follow-up in time after inoculation with the fungus,
something beyond the scope of the present contribution.
The mature PASN1 peptide was successfully produced
in E. coli. Owing to the codon bias and the inability of E.
coli to form disulfide bridges within its cytoplasm (Lobstein
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et al. 2012), we decided to work with Rosetta-gami and Shuf-
fle strains that allow for the expression of eukaryotic proteins
that contain codons rarely used in E. coli, while enhancing
disulfide bond formation. Kovalskaya and Hammond (2009)
reported that the use of a recombinant expression system
like E. coli for the production of potato defensin PTH1 and
snakin-1 yielded inactive protein aggregates which needed
to be denatured and refolded for gaining activity. To mini-
mize protein aggregates into inclusion bodies, a polypep-
tide fusion partner such as the hydrophilic tag thioredoxin
(Trx) (Terpe 2003) was used. Such tags could also serve
to avoid the possible inherent sensitivity of E. coli towards
the expression of peptides with antibacterial activity. We
used pET102/D which included a N-terminal Trx protein,
a C-terminal 6xHis tag, and a protease recognition site for
cleavage of the fusion Trx from the recombinant peptide
PdSNI1. This last feature is important, since some fused pro-
teins may not possess antimicrobial activity. For example, a
scots pine defensin expressed in E. coli, fused to glutathione
S-transferase (GST), was biologically inactive until GST
was removed (Kovaleva et al. 2011). Using Rosetta-gami/
pET102/D, we obtained the snakin peptide mostly in a solu-
ble form, which after a single chromatographic step, resulted
in the purification of a biologically active peptide.

The purified recombinant PASN1 showed variable in vitro
antibacterial and antifungal activities, depending on the
microorganism analyzed. The Gram-negative bacteria X. ver-
sicatoria and E. coli, besides the fungus P. expansum, were
not sensitive to PASN1 at the maximum concentration tested
(1.8 uM). Higher concentrations should be used to affirm
that PASN1 do not affect their growth. In fact, the recombi-
nant StSN1 showed activity against the Gram-negative bac-
teria Salmonella enterica and E. coli at concentrations of 5
and 10 uM (Kuddus et al. 2016). The PASN1 ICs, values are
comparable to others, either native or recombinant snakin
peptides. In our experiments, IC, for the fungus B. cinerea
was 0.4 uM, while for native StSN1 and StSN2, the effective
concentration for 50% inhibition was 0.8 and 2.0 uM, respec-
tively (Berrocal-Lobo et al. 2002). When StSN1 was pro-
duced in E. coli, ICs for B. cinera was 9.0 uM (Kovalskaya
and Hammond 2009); this peptide was obtained exclusively
in the form of inclusion bodies and, therefore, needed to be
solubilized and refolded for activity. Kuddus et al. (2016)
reported a recombinant StSN1 expressed in P. pastoris with
minimum fungicidal concentration for Candida parapsilosis
and P. pastoris yeasts, of 5.0 and 10.0 mM, respectively. Our
PdSN1 had an ICs, value for the yeast C. albicans in the
concentration of 1.2 uM. A snakin-2 from tomato showed
activity against all tested microorganisms (Gram-negative
bacteria, Gram-positive bacteria, and fungi) with ICs, values
between 0.1 pM for the Gram-positive bacteria Micrococcus
luteus and 1.6 uM for the mold Fusarium solani (Herbel
et al. 2015). Interestingly, our recombinant PASN1 showed
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potent activity (99.7% inhibition with 1.8 uM of the peptide)
against the Gram-positive bacteria S. scabies, a plant path-
ogen that causes the economically relevant potato disease
named ‘common scab’. PASN1 also displayed intermediate
activity against other critical plant pathogens like C. michi-
ganensis ssp. michiganensis, A. alternata, and B. cinerea
while inhibiting the growth of opportunistic pathogens such
as C. albicans and A. niger.

The 3D structure obtained from the PASN1 sequence
using the X-ray structure of the potato snakin-1 as a tem-
plate showed a clear HTH motif in the GASA domain that
was preserved in the microsecond long MD simulation of the
peptide that was performed in near physiological conditions.
As previously observed (Yeung et al. 2016), the HTH motif
is also present in the plant thionins and in the a-helical hair-
pin protein classes of cysteine-rich antimicrobial peptides.
These other classes exhibited not only the same two helixes
of the HTH motif in the same relative orientation but also
shared some of the disulfide bond connections (Vila-Perelld
et al. 2005). It has been suggested, based on the antimicro-
bial activity of truncated thionin containing only the HTH
motif (Vila-Perell6 et al. 2005), that these two helixes linked
by a short turn seem to be essential for the activity. Our
results show that the HTH motif is present independently
of the specific connectivity pattern of the disulfide bonds.
Moreover, the complete absence of those disulfide bonds,
after modeling the PASN1 peptide with all the cysteines in
their reduced form, also lead to an HTH motif stable in the
microsecond timescale (this simulation was extended to
1.5 ps with the same result).

Altogether, these results suggest that the HTH motif is
strongly determined by the sequence, and do not primarily
rely on the disulfide bonds, explaining the observed antimi-
crobial activity of unfolded synthetic potato snakin-1 and
-2, where the cysteines were in their reduced form (Harris
et al. 2014). Furthermore, recombinant peptides produced
in BL21(DE3) E. coli, were still active (Mao et al. 2011;
Herbel et al. 2015). In this strain, the folding could not be
guided by the formation of disulfide bridges, and reinforcing
the hypothesis that disulfide bonds may be not essential for
antimicrobial activity. The HTH is an evident evolutionary
conserved motif of plant defense peptides, and the disulfide
bonds could have appeared later in the evolution, collabo-
rating to further stabilize the structural motif and providing
and entropic advantage when considering the free energy of
binding of snaking-1 to its biological targets.

As in the case of the potato snakin-1, PASN1 also dis-
played a large positive electrostatic surface, with a pro-
nounced electrophile cleft. It has been proposed that this may
be particularity important in targeting these peptides to their
site of action (Yeung et al. 2016). Since many antimicrobial
peptides exert their function by disrupting (or interacting
with) the negatively charged microbial membrane surfaces,
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a lipid-membrane-targeting mechanism is the currently most
accepted hypothesis about their mode of action. Neverthe-
less, the other natural target for positively charged peptides
is DNA, which is the most negatively charged polymer found
in nature (Cuervo et al. 2014). Moreover, the HTH motif is a
well-established motif found in many proteins that regulate
gene expression, like transcription factors, or the famous
A-repressor (Wintjens and Rooman 1996), where the motif
is known to bind to the major groove of DNA.

The positive molecular electrostatic potential (MEP),
added to the apparent requirement of the HTH motif for
antimicrobial activity, leads us to hypothesize about a pos-
sible additional mechanism of action based on the deregula-
tion of the microbial gene expression, which could be act-
ing together with the lipid-membrane-targeting mechanism
hypothesis. Indeed, some evidence already exists suggesting
that snakin peptides could disrupt the microbial membrane
(Herbel et al. 2015; Kuddus et al. 2016), besides some other
types of AMPs that are known to interact with intracellular
targets like DNA, RNA, or proteins (Brogden 2005; Lay
and Anderson 2005). Considering defensins, for example,
uncertainties have arisen on which are the main antimicro-
bial strategies: membrane permeabilization and leakage of
cytoplasmic contents, or intracellular interaction with DNA/
RNA and proteins from the synthesis machinery (Lay and
Anderson, 2005). All these hypotheses about the mode of
action clearly deserve future studies for confirmation, which
are beyond the present contribution.

Conclusions

Given that snakins with antimicrobial activity are strong
candidates for the development of novel biotechnological
products meant for the control of diseases, we focused our
work on the isolation of a new snakin gene from an unex-
plored genome such as a native, not cultivated tree with
ethnobotanical tradition. Using a PCR-based strategy with
degenerate primers, we successfully isolated a new snakin-
like gene, named PdSNI. This gene was expressed in E. coli,
allowing for the obtention of small amounts of a purified
recombinant peptide with promising antimicrobial activity
against relevant plant pathogens and opportunistic human
fungi. Our 3D structural analysis brought some insights
about possible relationships between the HTH motif present
in the GASA domain and PASN1 activity. Additional studies
are ongoing in our laboratories to further characterize the
antimicrobial activity of PASN1 and to verify its possible
membrane and/or DNA interactions.
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Capitulo 2

Identificacion y caracterizacion estructural y funcional de
una defensina de ceibo
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Este capitulo incluye la busqueda de genes de tipo defensina en los genomas de ibirapita,
congorosa Y ceibo, el clonado de un gen de E. crista-galli con similitud defensinas ( £cgDrI) por
amplificacion con primers especificos y el borrador de un articulo cientifico que describe el
aislamiento de EcgDf1y su expresion en E. coli. Ademas, se predijo la estructura 3D del péptido
y se evalud la actividad antimicrobiana del péptido recombinante purificado, contra un grupo
de microorganismos patdgenos. La produccidn recombinante de EcgDf1 fue realizada por la Lic.
Alejandra Borba en el marco de su tesina de grado, con mi co-direccién. La prediccién de la
estructura 3D de EcgDf1 fue realizada por el Dr. Pablo Dans que utilizo técnicas de modelado

por homologia y simulaciones de dindmica molecular para dichas predicciones.

Busqueda de genes de tipo defensina en los genomas de ibirapita, congorosa
y ceibo

Para el aislamiento de genes de tipo defensina en las especies vegetales seleccionadas, se
buscaron secuencias de defensinas en las bases de datos (GenBank, Uniprot, Phytozome) y se
alinearon para identificar regiones conservadas. Para disefiar primers, debido al alto nimero de
secuencias de defensina, sélo se utilizaron secuencias dentro de la subclase Rosidae, a la que
pertenecen las tres especies elegidas (Figura 1). Se disefiaron primers degenerados para las
regiones del principio y fin del péptido precursor (varios pares, por ejemplo, dentro de la familia
Fabidae, o0 mas amplios) y también para regiones conservadas dentro del péptido maduro (Tabla
1). Se utilizaron varios pares de primers combinados (por ejemplo, primer F interno y primer R
externo y viceversa) (Figura 2) y diferentes condiciones y estrategias de amplificacién a partir
de ADN gendmico. Ademas, se usaron primers especificos disefiados para una defensina de
Medicago sativa (alfalfa) y una de Vigna unguiculata (poroto tape) disefiados por Padovan et
al. (2010b) (Tabla 1).
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| [Medicago truncatu ---MEKKSLAG-LCFLFL [6TTKENAVS

| [Trigonella foenum ---MEKKSLAG-LCFLFL

| [Arachis diogoi] [6KTKEHLLS - R®RDD-FROWSTKR®-————————
| [Cajanus cajan] [6TTKEHAVS,
| [Cicer arietinum] [6TTKEHAVS
4| [Lens culinaris s ---MEKKTVAA-LSFLFI [¢KEKEHI.LS ¢ R&RDD- FROWOTRN®- - — - —————
7| [Trichosanthes ki ---MAKFAGSIALEVLFL (6L -REKART - N®KYVFRASI[®YFP#-—————-——

| [Cicer arietinum]

| [Tephrosia villosa
4| [Psophocarpus tet
6| [Clitoria ternate
2| [Medicago truncat

---MDKKSLAG-LCFLFL
---MEKKSLAG-LCFLFL
---MDKKSLAG-LCFLFL
---MDKKSLAG-LCFLFL
---MARSITLVCTIFFFL

| [Cicer arietinum] ---MDKKSLAG-LCFLFL
4| [Medicago truncat ---MEKKSLPG-LCFLFL
4| [Medicago truncat ---MERKT---LGILFML:

| [Vigna radiata] ---MERKT---FSFLFLL! S6K-NRGYIG:NSOKGMTRT®Y®LVN@-——————--—
4| [Medicago truncat ---MALQFLSIRTIFLFL: L,-TEGFTD
0| [Medicago truncat ---MARSVSLVSTIFVFF SVeQ-TEGFPG,

4| [Medicago truncat ---MSRFGFGFSLCIFF DKS®KNKEHKYY|

0| [Medicago truncat ---MARSLPLVSTIFVFF ASV(eQ-TEGFPG

6| [Vigna unguiculat ---MARSVPLVSTIFVFL TERFSGHORGFRRROISTKH®- - - —— -~
2| [Malus x domestic ---MEHSMRLVSAAFVL -REKFDG ¢ K®@KGFRRROM&TKK® - — ———————
0| [Malus x domestic ---MERSMRLFPTAFVFL: 0-TEGFPG - NORGLRRROF® TKH® -~ ——— =~
8| [Pyrus pyrifolia] ---MERSVRLFST SV(6Q-TEGFPG - HORGFRRROFOTKH® -~ -~ ——— -~
2| [Jatropha curcas] ---MKNPMRPFSAVLFLL —~TEGFTGcD®RGLRRROF®TRH®-————————

3| [Medicago truncat MARFLNRIQMFAAFFATI DEEEEKLST

SGKSHYSFSDEK----EPKPS!

Figura 1. Alineamiento representativo de defensinas pertenecientes a especies vegetales de
la subclase Rosidae, obtenidas de las bases de datos. Se incluyeron varias defensinas de Medicago

truncatula, cuyo genoma esta secuenciado

Df_intLeg_dgF

Df_leg__d@

1 3N T ¥ 75
TCENLAD CWCTKRCst
MERKSIAGLC DTFRGEC =vee
- Di_leq dgR2
Df_intLeg_dgR1 Df_leg dgR3
Dfdeq fal F7 Df int_var_dgF
L 30 > ¥ 50 75
MERSLPLV EARTCES NCASVCR CECTKHC3top

- Df var_dgR5
Df_int var_dgR

Figura 2. Esquemas de ubicacion de los distintos primers degenerados disefiados para

defensinas
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Tabla 1. Primers degenerados y especificos usados para la blisqueda de genes de tipo

defensina en los genomas de P. dubiumy M. ilicifolia y E. crista-galli

Nombre Secuencia
DfA_dgF1 ATGGCTAAGTTTGYYWCCAT
DfA_dgR1 TTAACATGGGAMRTARCAGATACA
Df_leg_dgF2 ATGGAGAAGAAAWCABTAGCYG
Df leg_dgR2 TTAACATYTTTTRGTACACCARC
Df leg_dgR3 TTAACATYTTTTAGTGCACCARC
Df_jat_dgF4 ATGAAGAATCCTATGCGTYYRTT
Df_var_dgR5 TAACARTGYYTAGTGCANAAGCA
Df ros_dgF6 ATGGAGCGNTCCRTRCGTTTR
Df_fab_dgF7 ATGGCTCGYTCWSTKCCTTTG
Df_intLeg_dgF1 ACTTGYGAGAAYYTGGCWGA
Df_intLeg_dgR1 CATGGTCCCCTRWAYKTATC
Df_intvar_dgF1 GAGGCWAGGACHTGYGAGTCT
Df intvar_dgR2 TYGGCAAACAKWWGCACAGTT
Df leg_dgF2 ATGGAGAAGAAAWCABTAGCYG
Df_leg_dgR2 TTAACATYTTTTRGTACACCARC
Df leg_dgR3 TTAACATYTTTTAGTGCACCARC
Df jat_dgF4 ATGAAGAATCCTATGCGTYYRTT
Df_var_dgR5 TAACARTGYYTAGTGCANAAGCA
Df_ros_dgF6 ATGGAGCGNTCCRTRCGTTTR
Df_fab_dgF7 ATGGCTCGYTCWSTKCCTTTG
Df intLeg_dgF1 ACTTGYGAGAAYYTGGCWGA
Df_intLeg_dgR1 CATGGTCCCCTRWAYKTATC
Df intvar_dgF1 GAGGCWAGGACHTGYGAGTCT
Df_intvar_dgR2 TYGGCAAACAKWWGCACAGTT
Dfsp_Msat_F1 ATGGACAAGAAATCACTAGCAG

TTAACATCTTTTAGTACACCAACAACG
TCCATGGCTCGCTCTGTGTCTT
TGAAGTTTTAACAGTGTTTGGTGCACAAG

Dfsp_Msat_R1
Df _PadF
Df_PadR

En las condiciones en las que se obtuvo amplificacién generalmente se observaron perfiles de
multiples bandas (Figura 3). Se eligieron bandas entre 200 y 900 pb considerando
aproximadamente 250 pb de péptido y la posible presencia de intrén. Cuando los primers se
ubicaban en el péptido maduro se cortaron bandas en rango de 100-800 pb. Cada producto de
amplificacion en esos rangos fue purificada por separado y clonada; varios clones (de cada
banda de amplificacion) fueron secuenciados. En congorosa casi no se detectd amplificacion
con las distintas combinaciones de primers. Entre todos los clones analizados, solo se detectd
similitud con genes de defensinas cuando se usaron los primers especificos disefiados para V.
unguiculata (Padovan et al. 2010b) proveniente de ceibo. La banda recortada presenté un
tamafio mayor a lo esperado (Figura 4) ya que el gen identificado de defensina de V. unguiculata

presenta en total unos 387 pb, incluyendo un intron de aproximadamente 150 pb (Padovan et
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al. 2010b). Para M. Jlicifolia'y P dubium no se encontraron genes con similitud con defensinas

mediante esta metodologia.

Figura 3. Amplificacion por PCR usando primers degenerados disefiados para defensinas a
partir de ADN gendémico de ibirapita. Electroforesis en gel de agarosa 2 %. MPM: marcador de peso
molecular 100 pb (GeneRuler 100 bp DNA Ladder; Thermo Scientific). B: blanco. Se usé gradiente de

temperaturas

=N WA

Figura 4. Amplificacion por PCR a partir de ADN gendmico de ceibo usando primers
especificos de defensina de V. unguiculata. Electroforesis en gel de agarosa 2 %. MPM: marcador
de peso molecular 100 pb (GeneRuler 100 bp DNA Ladder; Thermo Scientific). Se muestran tres

temperaturas de annealing
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Gene isolation and recombinant production of a new legume defensin with
a broad spectrum of antimicrobial activity

Abstract

Plant defensins comprise a large family of antimicrobial peptides with a wide range of biological
functions. They are cysteine-rich molecules, highly sequence-diverse but with a conserved and
stable structure. In this work, a defensin gene (£cgDfI) was isolated from Erythrina crista-galll,
a legume tree native from South America. £cgDf1 gene structure is similar to other defensins,
with two exons and one intron whereas the second exon entirely encodes the mature peptide
The predicted EcgDf1l peptide present features common to all of plant defensins with 3D
structural information, presenting eight cysteines, with a y-core motif GXCX3-9C and six cysteines
distributed like the typical defensin af motif. The mature EcgDfl coding sequence was
heterologously expressed in Escherichia coli strains and purified by affinity chromatography.
Possible dimer and oligomers of EcgDfl were visible in SDS gel electrophoresis. Moreover, its
3D structure, determined by homology modeling and molecular dynamics simulation, was found
to be compatible with the formation of homo-dimers. The purified recombinant peptide inhibits
the growth of some critical plant and human pathogens, such us the opportunistic fungi Candida
albicans and Aspergiflus niger and the plant pathogens Clavibacter michiganensis ssp.
michiganensis, Penicillium expansum, Botrytis cinerea, and Alternaria alternata. Since EcgDf
could be a promising candidate for the development of antimicrobial products for use in
agriculture and medicine, further studies are necessary to understand their mode of action and

their potential toxicity.

Keywords (4-6) Erythrina crista-gallj, antimicrobial peptides, heterologous expression, homology

modeling, dimerization.
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Introduction

The production of antimicrobial peptides (AMPs) is an important mechanism of eukaryotic innate
immunity. Among these peptides, defensins seem to be the only class that is conserved between
plants, invertebrates, and vertebrates (Thomma et al. 2002). They belong to the PR-12
(Pathogenesis-Related) class (Sels et al. 2008) and, like other AMPs, they are small (~5 kDa),
basic, cysteine-rich and exhibit an amphipathic structure (Yeaman and Yount 2003; Brogden
2005). Their three-dimensional structure presents one a-helix and three antiparallel B-sheets
that are stabilized by four intramolecular disulfide bonds formed by eight highly conserved
cysteine residues (Lay and Anderson 2005; Carvalho and Gomes 2009). This compacted
structure gives them resistance to extreme temperatures and degradation mediated by
proteases (Hegedis and Marx 2013). Despite the similarity and conservation of their three-
dimensional structures, plant defensins have surprisingly, significant amino acid sequence
variability (Lay and Anderson 2005). The primary structure of these peptides generally consists
of a signal peptide at the amino-terminal that targets the peptide to the extracellular space,
and a basic, cysteine-rich mature peptide (45 to 54 amino acids). However, defensins with

alternative structures have been identified (De Coninck et al. 2013).

Initially isolated from seeds, studies of protein localization and gene expression show that plant
defensins can be found in all plant organs, including fruits, flowers, pollen, leaves, cotyledons,
roots, tubers (Carvalho and Gomes 2009). Some defensins are expressed exclusively in very
specific parts of one organ while others are constitutively expressed in a wide range of tissues
(De Coninck et al. 2013). The constitutive expression of defensin genes constitutes a primary
defense of the plant against pathogen attack (Broekaert et al. 1995), but the production of
these molecules can also be induced by a wide range of biotic stresses (Lay and Anderson
2005). In addition to their function as defense molecules, defensins perform other roles related
to plant physiology including growth regulation, development, fertilization (Hegedis and Marx
2013) and resistance to different types of abiotic stresses such as cold (Koike et al. 2002),
salinity and drought (Do et al. 2004).

Most plant defensins exhibit in vitro activity against a range of microorganisms, especially
filamentous fungi, and yeasts (Carvalho and Gomes 2009). Furthermore, the overexpression of
defensins in transgenic plants increased resistance against various fungal diseases (Gao et al.
2000; Portieles et al. 2010). Such previous evidences, as well as their induction under biotic
stress support the theory that these peptides play a role in plant defense response against

pathogen attack. These biological properties make defensins as promising molecules for the
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development of therapeutic agents, not only for agriculture but also in medicine since these
peptides display antimicrobial activity also against human fungal pathogens like Candida spp.
and Aspergillus spp. (Thevissen et al. 2007). It has also been reported that plant defensins can

inhibit certain types of cancer (Wang et al. 2009; Hegedis and Marx 2013).

The high potential of defensins as antimicrobials has encouraged research initiatives for the
development of novel products with biotechnological applications, resulting in a significant
number of new defensin sequences available in databases. Strategies of gene isolation joined
with recombinant production have been increasingly used for the characterization of defensin
peptides, replacing the laborious and low-yield classic strategy of purification of endogenous
defensins from plants (Osborn et al. 1995; Games et al. 2008; Slavokhotova et al. 2011). There
are several examples for defensin production in bacterial and yeast systems (Cabral et al. 2003;
Vijayan et al. 2008; Kant et al. 2009; Kovalskaya and Hammond 2009; Portieles et al. 2010; de
Beer and Vivier 2011; Kovaleva et al. 2011; Mello et al. 2014; Shenkarev et al. 2014; Ferreira
Lacerda et al. 2016; Guillén-Chable et al. 2017). In all of them, recombinant defensins with

antimicrobial activity were obtained.

Erythrina crista-galli is a legume tree belonging to the Papilionoideae subfamily. Most of
Erythrina L. are trees or shrub and are distributed throughout the tropics and subtropics.
Particularly, £. crista-galliforms extensive populations along the estuary of the Rio de La Plata
in extra-tropical South America (Neill 1988). It has been used in traditional medicine as
antimicrobial for the treatment of infections, wound healing, and throat infections and it has
been observed that hydromethanolic extracts of £. crista-galli exhibited antiviral activity (Simoes
et al. 1999). In this work, we describe the successful isolation of a plant defensin gene from
this South American legume and its heterologous expression in Escherichia coli. The purified
recombinant peptide was biologically active against a set of microorganisms, including plant
pathogens and opportunistic human fungi like Candida albicans and Aspergillus niger. The
structure of the new defensin, determined by homology modeling and molecular dynamics

simulation, was found to be compatible with the formation of homo-dimers.

Materials and Methods

Biological Material

E. crista-galliseeds and leaves were obtained from Facultad de Agronomia Garden (Montevideo,

Uruguay). Surface sterilized seeds were germinated on Whatman paper soaked with distilled
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water in Petri dishes at 28 °C. Leaves and four days old seedlings were frozen in liquid nitrogen
and stored at -70 °C until further usage.

Bacteria and fungi strains used for bioactivity assays were obtained from Laboratory of
Microbiologia Facultad de Quimica collection. Fungal cultures (Candida albicans CCMG13,
Aspergillus niger CCMG17, Botrytis cinerea CCMGl4g, Alternaria alternata CBS916.96,
Penicillium expansum CCMG14s) were grown on potato dextrose agar (PDA) at 28 ©C.
Clavibacter michiganensis ssp. michiganensis MAI1008 and Xanthomonas versicatoria MA12020
were grown on Nutrient Agar at 28 °C.

E. coliTOP10 (Invitrogen, Carlsbad, USA), BL21(DE3) (New England Biolabs, Ipswich, USA) and
Rosetta-gami(DE3)pLysS (Novagen, Madison, USA) were used as cloning or expression hosts

respectively and were grown on Luria—Bertani.

Isolation of E£. crista-gal/i DNA and RNA

Genomic DNA was extracted from fresh leaves using the standard cetyl-trimethylammonium
bromide (CTAB) method (Doyle 1991). Total RNA was extracted using Qiagen RNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) and treated with RNase-free DNase (Invitrogen, Carlsbad,
USA) to eliminate any residual DNA. Genomic and plasmid DNA were visualized under UV
illumination after electrophoresis on agarose gels in 1X TBE buffer, stained with GoodView (Ecoli

s.r.o., Bratislava, Slovak Republic).

EcgDf1 gene isolation and cloning

EcgDr1 gene was amplified, from E. crista-galli genomic DNA by using primers designed by
Padovan et al. (2010) for another |legume, Vigna unguiculata: Forward 5'-
TCCATGGCTCGCTCTGTGTCTT-3" and Reverse 5-TGAAGTTTTAACAGTGTTTGGTGCACAAG-3'.
The PCR reaction was performed in a 20 pl reaction containing: 1X buffer with 2 mM MgCI2,
0.2 mM dNTPs, 2 UM of each primer, 50 ng template DNA and 0,5 U Taq DNA polymerase
(Invitrogen, Carlsbad, USA). The PCR program was as follows: 94 °C for 3 min; followed by 30
cycles of 94 °C for 30 sec, 57 °C for 40 sec and 72 °C for 40 sec. PCR products were purified
according to Richero et al. (2013) and cloned into a pGEM-T easy vector (Promega Corporation,
Madison, USA). EcgDf1 gene sequence was confirmed by sequencing four clones at Macrogen
Inc. (Seoul, Korea) and analyzed using BLAST (Altschul et al. 1997).

EcgDr1 coding sequence corresponding to the mature peptide was verified by the synthesis of
3’ cDNA region from total RNA extracted from E. crista-galli seedlings. The 3’ region was
obtained by 3’-RACE according to Frohman et a/. (1988) using the same forward oligonucleotide

mentioned above. PCR products were cloned in the pGEM-T easy vector (Promega Corporation,
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Madison, USA) and sequenced. The resulting plasmid (pG-EcgDflc) contains the complete

coding sequence of the mature peptide.

Seqguence analysis.

The deduced amino acid sequence of EcgDfl was analyzed with the Expasy-ProtParam
tool(Gasteiger et al. 2005) to obtain the different peptide parameters. The presence of a signal
peptide sequence was evaluated with SignalP 7.0.5 (Nielsen 2017). The deduced amino acid
sequence encoding for the mature E. crista-galli peptide was aligned against a set of mature
plant defensins taken from the manually annotated and reviewed UniProt database(Apweiler et
al. 2004). Alignment was performed in ClustalW from BioEdit program (Hall 1999). An unrooted
tree was generated using the Neighbor-Joining method of the MEGA package version 10.0.4
(Tamura et al. 2011), with 5000 bootstrap replicates.

Recombinant production of EcgDf1 in £. colf
Escherichia coli Rosetta-gami and BL21(DE3) strains and pET102/D-TOPO (Invitrogen,
Carlsbad, USA) were used as a host/vector system for expression of EcgDfi gene. The

expression plasmid was constructed using a restriction-free cloning strategy (Van Den Ent et al.
2006). The mature coding sequence of EcgDf1 was PCR amplified from pG-EcgDflc using the
following primers: EcgDf1_pEF 5-TCCGGTGATGACGATGACAAGAGAACATGCGAGTCTCAAAGC -
3 and EcgDf1_pER 5’-
GGATCAAACTCAATGGTGATGGTGATGATGCCTTCCCTCGATACAGTGTTTGGTGCAGAAGCAT-3'.

Reverse primer was 12 nucleotides long which code for the factor Xa recognition site. Blunt-

end PCR products were cloned in pET102/D using a Phusion High-Fidelity DNA Polymerase
(Thermo-Scientific, Waltham, USA). pET102/D without EcgDf1 sequence (pE_Trx) was
constructed previously (Rodriguez-Decuadro et al. 2018) as a control. The transformation of E£.
coli TOP10 was performed according to the manufacturer’s instructions. The resulting plasmid
pE_EcgDf1 was verified by DNA sequencing. pE_EcgDf1 and pE_Trx (control) were introduced
into £. coli Rosetta-gami (DE3)pLysS and BL21(DE3) strains. Cells were grown and harvested
as described in Rodriguez-Decuadro et al. (2018) with varying post-induction time (4 and 24 h)
and temperature (20, 28 °C), being stored at —70 °C until protein extraction.

Purification of recombinant EcgDf1

The cell pellet was resuspended in 2 ml of ice-cold lysis buffer (50 mM potassium phosphate
buffer, pH 7.5, 500 mM NaCl, 10% glycerol, 10 mM imidazole). The cells were lysed by
sonication 4x pulse at 4 °C (30% amplitude; 6 cycles of: 6 s pulse-on, 9 s pulse-off; 15 sec)
(Cole-Parmer, Vernon Hills, USA). The lysate was centrifuged 15 min at 4 °C and 10,000 rpm,
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and the supernatant was filtered through a 0.22-um filter (Millipore). Aliquots of the crude
extract or culture supernatant were analyzed by 15% sodium dodecy! sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using Tris-Glycine buffer (Laemmli 1970).

Supernatant from the expression culture was applied to a Chelating Sepharose Fast Flow column
(GE Healthcare Little Chalfont, United Kingdom) loaded with Cu2+ and equilibrated with lysis
buffer. The soluble fraction was left on the column for one hour in batch at 4 °C. Unbound
proteins were eluted by adding 20 and 30 mM imidazole in the lysis buffer, while 300 mM
imidazole was used to elute the bound proteins. In order to remove the thioredoxin fusion
fragment, the Trx-EcgDf1 protein was subjected to EkMax Enterokinase (Invitrogen) digestion
for 15 and 120 h at room temperature. Eluted fractions were analyzed by 15 % sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using Tris-Tricine buffer (Schagger and
von Jagow 1987). Fractions containing recombinant peptide were pooled and dialyzed against
distilled water. The protein concentration was estimated by Bradford assay (Bradford 1976),
using bovine serum albumin as a standard. The recombinant peptide was lyophilized and

storage at -20 °C for further usage.

Identification of recombinant EcgDf1 peptide.

Fractions containing lyophilized recombinant peptide were resuspended in H20. The molecular
mass of recombinant peptide was determined by MALDI-TOF mass spectrometry on a 4800
MALDI TOF/TOF Analyzer (Abi Sciex). Mass spectrometry analysis was performed in a positive
linear mode using a solution of -cyano-4-hydroxycinnamic acid in 60% acetonitrile, 0.1% TFA

as a matrix. For external calibration, a standard of cytochrome C was used (Abi Sciex).

The peptide sequence was confirmed by peptide mass fingerprinting and subsequent
fragmentation of selected peptides (MS/MS). Disulfide bonds were reduced by incubation with
DTT (100mM) for 1h at 56 °C and Cys were alkylated with iodoacetamide (300 mM) Tryptic
digestion was performed overnight at 37 °C using sequencing grade trypsin (Promega). Peptide
mixtures were mixed with matrix solution -cyano-4-hydroxycinnamic acid in 60 % acetonitrile,
0.1 % TFA) directly onto the sample plate. Spectra were acquired in positive reflector mode
and were externally calibrated using a standard mixture of peptides (Applied Biosystems).
Peptide sequences were assigned using an in-house Mascot v.2.3 version (Matrix Sience) for
searching a local database that includes the sequence of EcgDfl. The following parameters:
were used with variable modifications: Oxidation (M),Carbamidomethyl (C),Ammonia-loss (N-
term C); mass values: Monoisotopic; peptide mass tolerance: £ 0.05 Da; Fragment Mass
Tolerance: £ 0.45 Da. Selected m/z values were further fragmented, and the assignment to

EcgDf1 amino acid sequence was validated by manual inspection of MS/MS spectra.
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3D structure prediction

A protein-protein BLAST analysis was achieved against the Protein Data Bank (PDB), finding
81% of identity of the EcgDfl sequence with the defensin of Medicago truncatula, which was
determined by solution NMR (PDB id: 2LR3). The program Modeller 9.20 was used to build 10
minimized structures using the first structures deposited as template (Webb and Sali 2014).
The two most distinct structures obtained with Modeller were simulated at physiological
conditions by means of short, unbiased Molecular Dynamics simulations. To do so, the two
models were minimized /n vacuo, neutralized with 16 CI" (note that H++ server predicted all
histidines, including those in the extra tail, to be protonated at pH 6.5), solvated (with explicit
water and 0.15 M of K*Cl"), and minimized in solution with positional restraints on the peptide
using our well-established multi-step protocol (Pérez et al. 2007; Dans et al. 2016). To produce
the final models, the minimized structures were thermalized to 298 °C at NVT, and then
simulated during at least 100 ns using Molecular Dynamics simulations at NPT (P = 1 atm). For
representing the peptide, we used the state-of-the-art ff14SB force field (Maier et al. 2015),
surrounded by a truncated octahedral box of ~5,000 TIP3P water molecules (Jorgensen et al.
1983), and Dang parameters for ions (Smith and Dang 1994). Ions were initially placed
randomly, at a minimum distance of 5 A from the solute and 3.5 A from one another. All systems
were simulated using the Berendsen algorithm (Berendsen et al. 1984) to control the
temperature and the pressure, with a coupling constant of 5 ps. Center of mass motion was
removed every 10 ps to limit the build-up of the translational kinetic energy of the solute. SHAKE
(Ryckaert et al. 1977) was used to keep all bonds involving hydrogen at their equilibrium values,
allowing the use of a 2 fs step for the integration of Newton equations of motion. Long-range
electrostatic interactions were accounted for by using the Particle Mesh Ewald method (Darden
et al. 1993) with standard defaults and a real-space cutoff of 9 A. All simulations were carried
out using the PMEMD CUDA code module (Salomon-Ferrer et al. 2013) of AMBER 16 (Case et
al. 2017) and were analyzed with CPPTRAJ (Roe and Cheatham III 2013). Structures and MD
trajectories were visually analyzed using VMD 1.9 (Humphrey et al. 1996).

Antimicrobial activity assay

Antimicrobial activity was estimated microspectrophotometrically (Broekaert et al. 1990),
determining the IC50 value (peptide concentration at which 50 % inhibitions was reached).
Fungal spore suspension (1x10* spores ml~!) or bacterial suspension (1x10° bacteria ml!) were
cultivated in 100 pl reaction, containing Potato Dextrose Broth (for fungus), Nutrient Broth or
Tryptone Soya Broth (for bacteria) and serial dilutions of recombinant EcgDf1. The maximum

peptide concentration used in all assays was 1.5 uM. Control wells contained no peptide. The
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microbial growth was measured in a 96-well microtitre plate under 595 nm, after 48-72 h
(appropriate for each microorganism) of incubation in the dark. Antimicrobial activity of EcgDf1
was expressed as a percentage of growth inhibition. All experiments were performed in three
replicates.

After 15 days of incubation in the dark, the growth of Candida albicans was further observed in
comparison with the growth control under a stereomicroscope (Nikon SMZ 1270). Photographs

were at 3.15x, 20x, and 80x magnifications.

Results and Discussion

Isolation and sequence analysis of £cgDf1

EcgDr1 genomic sequence, 886 nt from de ATG start codon to stop codon (Fig. 1), was isolated
by PCR based methodology using primers designed for the legume Vigna unguiculata (Padovan
et al. 2010). The coding EcgDfl sequence, isolated from seedlings cDNA, allowed the
confirmation of the sequence in the ORF (Open Reading Frame) and localization of one intron
of 649 nt. The intron size is quite larger than those found in A. thaliana defensins, where more
than 300 defensin-like genes have introns that range between 75 and 275 bp in size (Silverstein
et al. 2005). EcgDr1 gene structure is similar to other reported defensins, with two exons and
one intron where the mature peptide is entirely encoded in the second exon. Analysis of the
deduced amino acid sequence (78 residues) showed a signal peptide sequence of 31 amino
acids, followed by a mature peptide of 47 residues, containing eight cysteine residues. This
peptide has several characteristics in common with defensins with three-dimensional structural
information, with six cysteines distributed like the af motif (CXnCX3CXnCXnCXC where C=Cys,
X=any amino acid, and n indicates a non-conserved number of amino acids; Silverstein et al.
2005) and with a y-core motif GXCX3-9C (Yount and Yeaman 2004). The mature peptide, had a
theoretical mass of 5427.19 Da and basic isoelectric point (pI) of 9.37, with an aB motif
CXsCXXXCX7CsCXC, and a y-core motif GXCXsC (see Fig. 2).
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M A RSV S L Vs TTIVF VL L L L L VAT
1 ATGGCTCGCTCTGTGTCITTGGTTTCAACTATTTTTGTTTTGCTTCTTCTTCTGGTGGCCACTGgtaggcctttcttaaccaaaacttttgegtttecttt

101 tttgtgatcgtggttaccaaagagcctggagatactgttcttagtagttatattatacacccaattacctatttcttcataatcacttgtgtgtttttagt
201 tttttatttataaaaaccaaacataactccagattctatttaaacaactaaactaatcctttacctgtgcatgttttatcaagtgtttaatatttatctt
301 attccgtttatctatgttaaggttcagttaaattgacttttatccttcataaacttttctaaattataaaatcgecgttgtggtgattctcttatgataaa
401 aaatgttgaacctatatataggtatttgcaaggggagagatgggtgtaatttttcatttattttaaccttgataattatatgcatgagagatactcttat
501 aagttgatctttatttaaatgaaaaggatttaaaaaataaaaaaaaagttaagatgagtaagtttaattttcaacacatggtaaaatttgtggatacctt
601 catttcttttgagtggttgctttgttagatggaaagattattcaaaattgtggtaaatgaagttggaagtgtaaacaataataacatgtgttatggattt

E M G S TRV AEA ARTTCE S Q S HRV FIKGU?PU CTUL S DTN
701 atgacttgagcagAGATGGGGTCAACAAGAGTGGCAGAAGCAAGAACATGCGAGTCTCAAAGCCATCGTTTCAAGGGACCATGTTTGAGTGACACAAACT

c G T Vv CRTEU RV FTGGHTCIRGT FIRIRIR RTCT FTCTI KHC *
801 GTGGCACTGTTTGTCGAACCGAACGTTTCACCGGTGGTCATTGCCGTGGTTTCCGTCGCAGATGCTTCTGCACCAAACACTGTTAAat taagagtggttt

901 gagagatatctttatagagaggatgatagatctatcatcttttatctccatcgtgttgctaagtttgagaataaggttgecccattccattatgggtttcet

1001 ttgttttgtctcttgtgtcatctggttaattagatattactatggcaccagagtgagtgcgagaaggaatatgtggtgtctgtttttaaattaatattgt
1101 tttagtaagttttatttctgtcataactttttatgctatcttcttttt

Fig. 1 Nucleotide and amino acidic sequences of EcgDfl. The lower case letters indicate the intron
and 3’ UTR regions. Amino acid sequence of EcgDf1 mature peptide indicated by gray-shaded is preceded

by a signal peptide sequence predicted using the SignalP tool

EcgDf1 Blast search showed high similarity to defensin-like peptides, with 78 % sequence
identity to defensin from Vigna unguiculata reported by Padovan et al. (2010). The Neighbor-
Joining tree built from the alignment analysis of EcgDf1 mature sequence and a set of plant
mature defensins manually annotated and reviewed from the UniProt database showed two
large groups: Group 1 and Group 2 (Fig. 2). However, the bootstrap values at the nodes show
that only a few subgroups present values higher than 80%, indicating significant similarity.
EcgDf1 showed greater similarity with members of group 1. Sequences from group 2 have eight
residues between the cysteine 4 and the glycine of the y-core motif, unlike the group 1 that
presents seven residues, except for two defensins from Zea mays and Sorghum bicolor,
respectively. When a molecular phylogeny tree was constructed for over 80 defensin sequences
from different plant species, division into two main groups was not obvious (Thomma et al.
2002). These authors discussed that the resolving power of molecular defensin phylogeny is
poor because sequences are small, share only a few conserved residues, and have accumulated
multiple substitutions at the same site. In solanaceous species, defensins can be divided into
two classes according to the structure of the precursor proteins. The first (Class I) is the largest
group, composed for endoplasmic reticulum (ER) signal sequence and a mature defensin
domain entering the secretory pathway. The second class (Class II) include members produced
as larger precursors with an additional C-terminal prodomain (Lay and Anderson 2005). When
the mature peptides were aligned, the Neighbor-Joining tree (Fig. 2) includes class I and class
II defensins, both within group 1 but class II is located in a branch separated from the rest of

defensins from group 1.
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Group 1 comprises representatives of 10 of the 12 plant families included in this analysis and
Group 2 has only six families represented. Species within families such as Fabaceae and
Brassicaceae have been much more studied and therefore more likely to detect sequence
diversity. This may also explain why these plant families are found in both groups. For example,
more than 300 defensins have been found in the A. thaliana genome (only three were included
in our analysis as representative of different subgroups) divided into 46 subgroups (Silverstein
et al. 2005). On the other hand, defensins of Aesculus hippocastanum (Sapindaceae), Clitoria
ternatea (Fabaceae), Dahlia merckii (Asteraceae) and Heuchera sanguinea (Saxifragaceae)
belonging to four different families (Osborn et al. 1995), are all in Group 2. In these defensins,
sequences similarity seems to be related to the protein extraction method that could restrict

the recovered repertoire.
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@ sp|P84964|DEF12_TRIMO Triticum monococcum
® sp|P84963DEFL_TRIKH Triticum kiharae ~ — -\ oo oo

® sp|A3FPF2IDEF_NELNU Nelumbo nucifera ~ ———\ommmo
M sp|P86518|DEF1_ECHCG Echinochloa crus-galli
M sp|Q9ZUL7|DEF01_ARATH Arabidopsis thaliana
sp|O65740|DEF2_CAPAN Capsicum annuum
Class | Solanaceae
'V sp|P82659|DFSD2_HELAN Helianthus annuus

@ sp|P83399DEFL_VIGUN Vigna unguiculata
@ sp|QO7502|DEF_SOYBN Glycine max
sp|P20346|DF322_SOLTU Solanum tuberosum
sp|Q40901|DEF_PETIN Petunia integrifolia

{ ® 5p|P20230|DEF1_HORVU Hordeum wilgare
8 ® sp|P20158|DEF1_WHEAT Triticum aestium

98 {. sp|P81008|DEF1_MAIZE Zea mays
76 ® sp|P21924|DEF2_SORBI Sorghum bicolor

Class | Solanaceae

sp|Q43413|DEF1_CAPAN Capsicum annuum

- 34 Class| SOIana":es;anﬁ\zt\_?RﬂDEFl_PlNSV Pinus sylvestris
sp|P81493|DFAX1_BETVU Beta wilgaris
1 26 sp|P81571|DEFD2_SPIOL Spinacia oleracea
@ sp|P84920|DEF2_VIGUN Vigna unguiculata ———
30 @ sp|P81456|DEF1_VICFA Vicia faba

J. sp|P21923|DEF1_SORBI Sorghum bicolor
100! @ sp|P8LO09IDEF2_MAIZE Zea mays
m W sp|B5LZ79|DEF_GYMCO Gymnadenia conopsea

M sp|Q9FZ31|DEF18_ARATH Arabidopsis thaliana .
. sp|Q8H6Q1IDEF1_PETHY Petunia hybrida- — -
o sp|O24115|DEF1_NICPA Nicotiana paniculata
sp|COHK49|DEF_NICSU Nicotiana suaveolens
\ Classll Sp|P32026|DEF_TOBAC Nicotiana tabacum ~ Z———— - ———
Solanaceae sp|QBGTMO|DEF_NICAL Nicotiana alata
87 @ sp|P81929|DEF1_PEA Pisum satiwm
47150 SpIB3EWP3IDEFL_ARAHY Arachis hypogaea
9 sp|P18646|DEF_VIGUN Vigna unguiculata
@ sp|COHJZ1|DEF3_ARAHY Arachis hypogaea
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Fig. 2 Sequence alignments and distance matrix of EcgDf1 peptide and members of the plant

defensin protein family. The deduced amino acid sequence of the newly isolated gene (£cgDf1) was

aligned with a set of mature plant defensins. Sequences used were taken from the manually annotated

and reviewed UniProt database. Each sequence was named according to its UniProt Entry identifier,

followed by a Mnemonic identifier of a UniProtKB entry. An unrooted tree was generated using the

Neighbor-Joining method. Values in the nodes regard bootstrap values (5000 replicates). In gray, class I

and class II Solanaceae defensins
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Expression and purification of recombinant EcgDfl in £. colf

The mature EcgDf1 peptide was heterologously produced in £. coli. We choose recombinant
DNA expression (using a bacterial host) to obtain our peptide as an easy-to-handle and fast
alternative to complex extraction procedure from their natural source or their costly chemical
synthesis. Owing to the codon bias and the inability of £. coli to form disulfide bridges within
its cytoplasm (Lobstein et al. 2012), we decided to contrast Rosetta-gami pLysS and BI21(DE3)
strains. Unlike BL21(DE3), Rosetta-gami strain allows for the expression of eukaryotic proteins
that contain codons rarely used in £. colj, while enhancing disulfide bond formation. To increase
the solubility and to avoid toxicity for the host cells, a non-toxic polypeptide fusion partner such
as the hydrophilic tag thioredoxin (Trx) (Terpe 2003) was used. We used pET102/D which
included an N-terminal Trx protein a C-terminal 6xHis tag, and a protease recognition site for
cleavage of the fusion Trx from the recombinant peptide EcgDf1. In order to reach the highest
yield of the soluble Trx-EcgDf1 fusion protein, its expression was tested by two temperatures
(28 and 20 °C) and incubation times post induction (4 and 24 h), using both E£. coli Rosetta-
gami and BL21(DE3) strains. £. colistrains were transformed with pE-EcgDf1 and pE-Trx (control
without EcgDf1l). The SDS-PAGE analysis of total lysates from induced cells revealed the
presence of recombinant proteins Trx (control) and Trx-EcgDfl with the expected molecular
weight, ~17 kDa (Fig. 3a,3b-lanes1-2) and ~19.5 kDa respectively (Fig. 3a,3b-lanes 5-6). No
significant peptide bands, corresponding to the recombinant protein, were observed in non-
induced cultures (Fig. 3a-b lanes 3-4) except for Rosetta-gami at 24 hpi. The higher yield was
obtained with Rosetta-gami(DE3)pLysS at 28 °C and after 24 h of induction. With BL21(DE3)
strain, we found a slightly lower percentage of recombinant protein in the soluble fraction
(better observed at 4 hpi; see Fig. 3a, 3b, lines 5,6). The recovery of the 19.5 kDa band at the
end of the purification by Ni-affinity chromatography confirmed that this band contains the
recombinant peptide (Fig 3c). Some background has shown that both the use of £. cofifor the
production of plant defensins yielded inactive protein aggregates which needed to be denatured
and refolded for gaining activity in the systems BL21(DE3)/pET26b (Kovalskaya and Hammond
2009) and Origami (DE3)/pQE30 (Guillen-Chable et al. 2017). Others works obtained a soluble
defensin, that was biologically active using £. co/i BL21(DE3)/ pET42a (Kovaleva et al. 2011)
and Rosetta Gami 2 (DE3)pLysS)/ pET-32 EK/LIC systems. In these cases, the peptide was fused

to glutathione S-transferase or thioredoxin, respectively.
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Fig. 3 Heterologous expression of Trx-EcgDf1l fusion protein. Tris-Glycine SDS-PAGE (15%)
analysis of Protein fractions from £. co/ia) BL21(DE3) and b) (Rosetta-gami (DE3) cells transformed with
pE-Trx expression plasmid (control) (1,2), pE-EcgDf1 expression plasmid incubated in the absence (3,4)
or presence of IPTG (5,6). Lines 1, 3, and 5 are crude extracts; lines 2, 4, and 6 are soluble fractions. 4
hpi: 4 h post-induction; 24 hpi: 24 hours post induction. Temperature post induction: 28 °C. c) Affinity
purification of the recombinant Trx-EcgDf1-6His protein. Soluble fraction (i); unbound proteins removed
by the first washing step in which the fusion protein is bound to the column (ii); elution steps where the
purified Trx-EcgDf1 is released from the Ni-affinity column (iii and iv); M: PageRuler Low Range Unstained
Protein Ladder (ThermoFisher). Arrows indicate expression of Trx protein (control) and Trx-EcgDf1 fusion

protein

For practical reasons, on-column Trx cleavage was conducted before peptide elution. A previous
pilot test, carried out with several enterokinase concentrations, showed that 2,5 g of the fusion
protein was entirely digested with one unit of the enzyme, overnight at room temperature (data
not shown). The thioredoxin fusion fragment was removed with 30 mM imidazole (Fig. 4 line
3). Several bands were observed when the proteins bound to the column were eluted with 300
mM imidazole (Fig. 4a line 4-6). To rule out partial digestion, a second in batch digestion was
conducted for 120 h at room temperature (Fig. 4b). Several bands remained at these conditions,
including the one of ~20 kDa, which seem to correspond to Trx-EcgDfl. MALDI-TOF mass
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analysis of EcgDf1 peptide fractions after digestion for 120 h at room temperature is presented
in Fig. 5. The mass spectrum had one major peak at an m/z value of 6698.5. The result was
consistent with the molecular mass calculated from the amino acid sequence of the recombinant
EcgDf1 forming six disulfide bonds (6697,55 Da). The results obtained by the peptide mass
fingerprinting are shown in Fig. 4d. These results confirm that the recombinant peptide exhibits
the expected amino acid composition. No other significant peaks were observed, indicating that
the purification was effective. Furthermore, no peak was observed at 19500 Da, indicating that
the digestion was total or almost total. One possibility for the presence of multiple bands is the
formation of SDS-resistant oligomers. it has been detected that some proteins are resistant to
sodium dodecyl sulfate (SDS)-induced denaturation. These stable proteins are characterized not
only by SDS resistance but also by stability against proteases and an increased biological half-
life, being most of them oligomeric B-sheet proteins (Gentile et al. 2002; Manning and Coldn
2004). Defensins could be an example of this kind of proteins since they have a compact
structure that confers resistance to extremes temperatures and degradation mediated by
proteases (Hegedis and Marx 2013). In addition, X-ray crystallography indicates that some
defensins form dimers, enhancing their antifungal activity (Song et al. 2011; Lay et al. 2012).
In fact, defensin oligomers have been reported on Tris-Tricine SDS-PAGE gels (de Beer and
Vivier 2011; Guillen-Chable et al. 2017).

On the other hand, no band seems to match to the expected of~6000 Da possibly due to an
abnormal migration. Migration on SDS-PAGE that does not correlate with formula molecular
weights (“gel shifting”) is sometimes observed with cationic peptides (Shi et al. 2012; Herbel et
al. 2015). Moreover, increased SDS-PAGE migration rates were traceable to a compact S-S
bridged conformation in proteins with disulfide bonds (Rath et al. 2009). Previous work with a
scorpion neurotoxin with four disulfide bridges has demonstrated that close folded isoforms
(different in cysteine pairing of disulfides) are present in recombinant peptides purified from
inclusion bodies (Estrada et al. 2007). Then we think that multiple bands observed in SDS-PAGE
could be due, on the one hand, to the formation of EcgDfl oligomers and, on the other, to

different conformations given by the number of disulfide bridges formed.
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Fig. 4 Affinity purification and MALDI-TOF mass spectra of the recombinant EcgDf1 peptide.
a) Tris-Tricine SDS-PAGE (15 %) analysis of the purification steps of the EcgDf1 peptide after 15 h EK
digestion. Protein soluble fraction from E£. coli Rosetta-gami (DE3) cells transformed with pE-EcgDf1
expression plasmid incubated in the presence of IPTG (1); Unbound proteins removed by the first washing
step in which EcgDf1 is bound to the column (2); Trx protein after cleavage with enterokinase (3); elution
of EcgDf1 peptide (4-6) after 15 h digestion. b) Tris-Tricine SDS-PAGE (15 %) analysis of the purification
steps of the EcgDf1 peptide after 120 h EK digestion. Elution of EcgDf1 peptide after 120 h digestion (i);
soluble protein fraction from £. coli Rosetta-gami (DE3) cells transformed with pE-EcgDfl expression
plasmid incubated in the presence of IPTG (ii) M: PageRuler Low Range Unstained Protein Ladder
(ThermoFisher). €) MALDI-TOF mass spectra of EcgDfl after Trx cleavage with enterokinase (120 h
digestion). d) Peptide sequence confirmed by mass fingerprinting were the identified matched peptides

are shown in red

3D structure determination

Using the recently determined nuclear magnetic resonance (NMR) structure of the Medicago
truncatula defensin, we build by means of homology modeling the 3D structure of the native
EcgDf1 peptide. The high sequence identity of EcgDf1 with M. truncatula defensin determined
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that our native peptide belongs to the cys-defensin superfamily (Shafee et al. 2016). This
implies a given secondary structure orientation, cysteine motifs, and disulfide bond
connectivities. The structure is composed of three antiparallel B-sheets and one a-helix (al)
which is connected by two disulfide bonds to the B2-sheet (Figure 5a). This conformation, also
shared by other defensins (Sagaram et al. 2013), is thought to be stabilized by four disulfide
bonds due to the lack of a stabilizing hydrophobic core. Our peptide contains a histidine tail at
the C-terminal, composed of 10 extra amino acids (six histidine residues). The MD simulations
of the two most distinct conformations obtained through the homology modeling gave rise to
two very different orientations of the extra tail (Figure 5a). In one case the tail interacts with
al, while in the other, the histidine tail interacts with 1. In both cases, the cysteine-stabilized
a/B (CSa/B) motif stays completely stable along the simulation with an averaged root mean
square displacements of the Ca atoms below 1.2 A from the starting structure. The flexibility of
the extra tail is important to explain the observed formation of EcgDfl homodimers, since to
date, in the experimentally determined dimers, both monomers interact either in a head-to-tail
manner through antiparallel B1-B1 interactions (as in NaD1; Lay et al 2012), or through a1-p1
(as in SPE10; Song et al 2011). Both types of dimer formation are compatible with the structure
determined herein for EcgDf1 defensin, and further docking experiments will be necessary to
confirm the actual monomer orientation of our peptide. Finally, as previously described for other
defensins (e.g., Sagaram et al. 2013), EcgDf1 displays an overall electrophilic surface produced
by the excess of positively charged amino acids (Figure 5b). This cationic nature of defensins,
known to be relevant for their biological activity, could be enhanced in EcgDf1 if the histidine
residues in the extra tail get protonated in both € and ® atoms as actually predicted by the

titration algorithm (see Methods).
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Fig. 5 Structure and electrostatic potential of EcgDf1. a) Structural prediction of the native EcgDf1
peptide exhibiting one a-helix and three B-sheets fixed by four disulfide bonds obtained using as template
the solution NMR structure with PDB id 2L3R. The final structure (after 100 ns of production run) of the
two simulated models are shown. b) Molecular electrostatic potential (MEP) of the full recombinant
EcgDf1 peptide (front and side view). Note that a clipping plane was used to cut the MEP allowing to
visually locating the af motif. Note that the histidine residues of the extra tail were considered neutral

(not protonated) for the MEP calculation

Antimicrobial activity of the recombinant peptide EcgDf1

The antimicrobial activity of the recombinant EcgDf1 was tested /n vitro against the bacterial
and fungal species detailed in Materials and Methods. The purified recombinant EcgDf1 has /n
vitro antimicrobial, especially antifungal activity. These results are consistent with those found
for other reported plant defensins, for which several /n vitro biological activities have been
recognized, but the best attributed activity is their ability to inhibit the growth of a broad range
of filamentous fungi and yeasts (Carvalho and Gomes 2009; Kant et al. 2009; Kovaleva et al.
2011; Ferreira Lacerda et al. 2016), being also known for their antimicrobial activity at low
micromolar concentrations (Shafee et al. 2017). To the maximum concentration (1,5 uM; ~10

pg/ml) of EcgDfl tested, we found significant inhibition of growth for the fungi A. niger, C.
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albicans, B. cinerea, P. expansum, and A. altenata, reaching between 96 and 99% (Fig. 6). IC50
values of recombinant EcgDf1 was estimated and found as 0.14, 0.16, 0.38, 0.62 and 0.64 uM,
respectively. Other plant defensins have inhibition values similar to those found for EcgDf1. For
example, for B. cinerea, the I1C50 for a potato defensin (StPTH1) was 1 pM (Berrocal-Lobo et
al. 2002). Like floral defensins from Petunia hybrida (PhD1, PhD2) and Nicotiana alata (NaD1),
EcgDf inhibited almost completely growth of B. cinerea at ~10 ug/ml concentration (Lay et al.
2003). However, for the yeast C. albicans, EcgDfl shows significant inhibition (99%) at the
maximum concentration, while the growth inhibition of this microorganism for another defensin
PvD1 from Phaseolus vulgaris, was 90% with a concentration 10 times higher than EcgDf1 (100
pg/ml) (Mello et al. 2014). According to Carvalho and Gomes (2011), the concentrations
required for defensin inhibitory activity depend on the tested fungus, confirming the variations
observed when we tested EcgDf with different microorganisms. In addition, concentrations
necessary for inhibition will depend on the plant defensin analyzed. These authors propose that
this phenomenon may be explained to the fact that a plant expresses a set of AMPs
cooperatively (of the same or different families) with overlapping spectra of antimicrobial
activities but with specificity against particular pathogen groups. No activity was observed for
the gram negative X versicatoria at the maximum concentration tested. This result was
expected, since only a few plant defensins have been shown to inhibit bacterial growth, even
less in gram negative bacteria (Carvalho and Gomes, 2009; Guillen-Chable et al. 2017).
Nevertheless, for the gram positive C. michiganensis ssp. michiganensis, 92 % activity was
reached at the maximum concentration (IC50=0.96 uM). This activity decayed rapidly and in
the third dilution it was no longer detected.
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Fig. 6 In vitro antimicrobial activity of EcgDfl. Dose-dependent growth inhibition curves of the
following bacterial and fungal pathogens: A. niger (diamonds), C. albicans (open circles), P. expansum
(triangles), B. cinerea (crosses), A. alternata (squares), C. michiganensis ssp. michiganensis (black
circles) was determined by measuring the cultures at OD595, in the presence of different amounts of
recombinant PASN1. The data are mean = SD (n = 3)

It is interesting to note that EcgDfl presented activity against two human opportunistic
pathogens: A. nigerand C. albicans (Fig. 7). For the yeast C. albicans, we further observe their
growth in presence of EcgDf1, after 15 days of incubation, by a estereomicroscope. After that
time, no growth was observed with the maximum concentration of EcgDf1 (1.5 puM) while with
the first two serial dilutions, the growth was less than in the growth control (Fig. 7b). Thus,
EcgDfl seems to have a fungicidal effect on C. albicans, since 15 days after inoculation, no
growth of the yeast was observed. The interaction between C. albicans and another defensin,
NaD1, involves yeast killing induced by oxidative damage (Hayes et al. 2013). Future studies,
as confocal microscopy, are necessary to characterize the mode of action of EcgDf1 further,
taking into account that not all defensins have the same mode of action (Parisi et al. 2018) and
ever more, for the same defensin, antifungal mechanisms can differ depending on the pathogen
(El-Mounadi et al. 2016).
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Fig. 7 EcgDf1 inhibits 4. niger and C. albicans growth in vitro. Purified EcgDf1 was evaluated in
a 96-well microtiter plate for /n vitro antimicrobial activity against a) A. niger after 72 h of incubation b)
C. albicans after 15 days of incubation followed by a stereomicroscope image. Serial dilutions of

recombinant EcgDf1 were used, with a maximum of 1.5 uM

Conclusions

In the current study, a new defensin gene EcgDf1 was isolated from a native Fabaceae plant,
and the antimicrobial activity of the predicted peptide was characterized. EcgDf1 has several
characteristics common to most of the reported defensins such as gene structure, size, charge
cysteine motif and a 3D structure with one « -helix and three B -sheets. Using a bacterial
expression system, we obtained a purified recombinant EcgDf1, and we presented evidence
that this recombinant peptide could form stable oligomers under denaturant and reducing
Tricine SDS- PAGE. The purified peptide was active against a set of microorganisms, including
plant pathogens like C. michiganensis ssp. michiganensis, P expansum, B. cinerea, A. alternata
and also some opportunistic human pathogens as C. albicans and A. niger. We highlight the
activity found for R expansum since we did not find other reports of defensins with activity
against such a broad host range of pathogens that cause the most economically damaging post-
harvest diseases. EcgDfl could then be an attractive molecule, for the development of
antimicrobial agents for use in plant protection both in the field and in post-harvest, as an
alternative to the use of agrochemicals. Also, since EcgDf1 displays antimicrobial activity against
human fungal pathogens, in the future, if it is proven that it does not show toxicity, it could be

a substitute or a coadjutant for classic antibiotics.
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Capitulo 3

Busqueda de péptidos antimicrobianos en transcriptomas
de ibirapita y congorosa
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Este capitulo incluye el borrador de un articulo cientifico que describe el ensamblado de novo
del transcriptoma de brotes de ibirapitd. Ademas, incluye algunos resultados preliminares del
ensamblado de novo del transcriptoma de hojas/brotes/flores de congorosa. Previamente se
describe brevemente la metodologia usada para la seleccién de transcriptomas, la secuenciacién
del ARN vy el tipo de ensamblado usado. Mayores detalles sobre el ensamblado de novo se
encuentran en el borrador del articulo. El ensamblado de los transcriptomas y el script de

busqueda de motivos cisteina fue realizado por el Dr. Pablo Smircich y el Lic. Santiago Radio.

Seleccidon de transcriptomas

Para la seleccion de los posibles transcriptomas a analizar, se evalud la actividad antimicrobiana
de extractos proteicos crudos de diferentes tejidos (hojas, flores y semillas germinadas) de ~.

aubiumy de M. ilicifolia, mediante ensayos de difusidn en placa.

Los extractos se obtuvieron usando buffer fosfato (10 mM Na2HPO4-15 mM NaH2PO4 pH 7;
100 mM KCl 2mM EDTA 1.5% PVPP polivinilpolipirrolidona) y posterior precipitacion con sulfato
de amonio (saturacién 70 %). La concentracion final de proteinas en los extractos, medida
mediante absorbancia a 280 nm luego de dialisis, liofilizacion y resuspension en minimo volumen

de agua, fue de entre 8-20 mg/ml. El volumen de extracto sin diluir utilizado fue de 20 y 30 pl.

Estos extractos fueron enfrentados a diferentes microorganismos tanto bacterias como
levaduras y hongos filamentosos, usando en cada caso el medio y condiciones adecuados. Para
Escherichia colj, Staphylococcus aureus, los ensayos se hicieron con inoculacion por hisopado
de una suspension de 3x108 células/mL en TSA 24 horas a 37 °C, mientras que para
Xanthomona versicatoria se usé Agar Nutriente a 28 °C durante 48 horas. Las condiciones de
crecimiento para Candida albicans, Aspergillus niger, Botrytis cinereay Penicillium expansum
sembrados a partir de una suspension de 1x10” esporas/mL, fueron Medio Agar Malta a 28 °C

durante 5 dias.

Los extractos obtenidos de hoja y de semillas germinadas de P. dubiumy M. ilicifolia mostraron
tener actividad contra los tres hongos filamentosos analizados. No se observo actividad
antibacteriana ni contra la levadura C. albicans. En la Figura 1 se muestra un ejemplo de los

resultados obtenidos con P expansumy S. aureus.
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Fig. 1. Ensayos de difusion en placa. Izquierda: Extractos peptidicos de semilla germinada (ES1-
congorosa, ES2-ibirapita) y de hoja (Eh1-congorosa, Eh2-ibirapita) enfrentados a Penicillium expansum
C+: control positivo propiconazol, C-: control negativo agua. Derecha: extractos peptidicos de hoja (E1-
congorosa, E2-ibirapitd, E3-ceibo) enfrentados a Staphylococcus aureus. C+:  control positivo,

gentamicina, C-: control negativo, agua.

La actividad observada en todos los extractos fue similar, ninguno mostré una actividad
sobresaliente que amerite su andlisis en particular. Estos resultados. junto a los antecedentes
de expresion de genes de AMPs en diversos drganos-tejidos, nos llevd a plantearnos la
posibilidad de analizar transcriptomas de hojas, flores y brotes de ambas plantas, priorizando
las muestras de semillas germinadas (brotes) dado que diversos trabajos han demostrado la

alta expresion de AMPs en este estadio.

Las extracciones de ARN se realizaron por dos métodos: extraccion con Trizol (Thermo Fisher
Scientific) y con el kit RNeasy Plant Mini Kit (Qiagen). En ambos casos la calidad no fue buena
en hojas y flores de P. dubium mientras que en M. ilicifolia la cantidad fue el factor limitante en
brotes y flores (debido a la poca cantidad de muestra inicial de tejido). Finalmente se
secuenciaron los transcriptos de semillas germinadas (brotes) de ibirapita, y de un poo/ de
hojas/brotes/flores de congorosa. La preparacion de las bibliotecas de ADNc y la secuenciacion

fueron llevadas a cabo por Macrogen Inc. (Seul, Corea).

Ensamblado de transcriptomas

A partir de los datos de RNA-seq obtenidos usando la plataforma Illumina HiSeq2000, se realizd
el ensamblado de reads. En un principio se probd el ensamblado con genomas de referencia.
Por tratarse de especies nativas, sus genomas no estan secuenciados por lo que se usaron en
el caso de P. dubium dos genomas: el de Medlicago truncatulay el de Glycine max, dos especies
de la misma familia que ibirapita. En el caso de congorosa, no existen genomas secuenciados

de especies de la misma familia, entonces se probd el genoma de Populus trichocarpa,
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perteneciente al oden Malpighiales, el mas cercano al orden Celastrales (Zhang y Simmons
2006) al que pertenece la familia de M. Jlicifolia (Celastraceae). Los resultados no fueron
satisfactorios por lo que decidimos cambiar a un ensamblado de novo, para lo cual contamos
con la colaboracién del Dr. Pablo Smircich. Se utilizd una lista de motivos que de acuerdo con
la disposicién de los residuos cisteina, definen distintos tipos de AMP (Slavokhotova et al. 2015),

para crear un script de busqueda de motivos cisteina, con la colaboracidon de Santiago Radio.
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De novo seedlings transcriptome assembly for prediction of antimicrobial
peptides in Peltophorum dubium, a South American legume

Abstract

Antimicrobial peptides (AMPs) comprise an essential plant defense mechanism against invading
pathogens. Due to their biological properties, these molecules have been considered useful for
drug development, as novel agents in disease therapeutics, applicable to both agriculture and
medicine. New technologies of massive sequencing open opportunities to discover novel AMPs
genes in wild plant species. This work aimed to identify cysteine-rich AMPs from Peltophorum
dubium, a legume tree from South America. We performed whole-transcriptome sequencing of
P. dubium seedlings followed by de novo transcriptome assembly, uncovering 68 transcripts
classified into four families: hevein-like, lipid transfer proteins, defensins, and Snakin/GASA
peptides. The classification was based on their cysteine motifs and sequence similarity. No
transcripts with similarity to cyclotide, alpha-hairpin or thionin genes were identified in seedling
de novo transcriptome. We have validated the presence of 18 genes encoding six putative
defensins and 12 Snakin/GASA peptides. PCR confirmation from genomic DNA also allowed the
characterization of exons-introns structure of the analyzed genes. The present work also
allowed to demonstrate that AMP prediction from a wild species is possible from RNA sequencing
using a de novo assembly strategy, being a starting point for new studies focused on AMP gene
evolution and expression. Moreover, given that AMPs are strong candidates for the development
of novel biotechnological products, functional studies regarding their potential antimicrobial

activity and mode of action are mandatory.

Keywords: Fabaceae, AMPs, RNA-seq, cysteine motifs.
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Introduction

Plants are continuously being attacked by pathogens. However, few attacks can produce a
systemic infection and disease development since the plants defend themselves by both
constitutive and inducible mechanisms. After perception of a pathogen, a signaling cascade is
triggered, inducing the strengthening of the cell wall, the production of secondary metabolites
and the synthesis of pathogenesis-related (PR) proteins (Benko-Iseppon et al. 2010). Among
the different PR protein classes, the so-called PR peptides stand out, due to their size (lower
than 10 kDa; Sels et al. 2008) and some features in common like net positive charge at
physiological pH and an even number of cysteine residues (Lay and Anderson 2005). In turn,
AMPs differ in size, amino acid composition, and molecular structure. Based on homology of
amino acid sequences, cysteine motifs, and the three-dimensional structures, a number of
distinct groups have been defined, including defensins, thionins, lipid transfer proteins, snakins,

cyclotides, and hevein-like proteins (Odintsova and Egorov 2012; Nawrot et al. 2014).

Playing essential roles in plant defense, AMPs have high potential as therapeutic agents.
Therefore, they could be included in products used for disease resistance, control, and
management in agricultural production, reducing the use of agrochemicals (Montesinos 2007).
Further, previous reports show that plant defensins, for example, show activity not only against
phytopathogens but also against human pathogens being considered among the most promising
molecules for the development of new drugs with antibiotic action (Thevissen et al. 2007). The
isolation, characterization, and synthesis of a wide range of effective AMPs would then be
essential for the continued development of important products used in medicine and plant

protection.

Gene isolation strategies are being increasingly used for the characterization of several AMPs,
especially owing to the high number of AMP nucleotide sequences available coming from
“omics” data. Analysis of the sequenced plant genomes revealed that AMPs have been under-
predicted in model plants like Arabidopsis thaliana and Oryza sativa, accounting for 2-3% of
the gene repertoire of each model species (Silverstein et al. 2007). The sequenced Medicago
truncatula and A. thaliana genomes, for example, possess >300 defensin-like genes, present
as multigene families (Graham et al. 2004; Silverstein et al. 2005). In spite of a large number
of results available concerning plant AMPs, there is little information on such peptides derived
from native species, that constitute the most significant plant biodiversity (Pestana-Calsa et al.
2010). With the advent of the new technologies of massive sequencing (NGS-Next Generation
Sequencing), the complete characterization and the global analysis of genomes and
transcriptomes are now possible at reasonable costs, even without any previous genomic
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information (Martin and Wang 2011). Therefore, genome-scale sequencing technologies open
new opportunities to discover novel AMPs from wild plant species. Koehbach et al. (2013) have
combined transcriptome mining and mass spectrometry to identify and characterize new
cyclotides from Rubiaceae family. A whole-transcriptome sequencing and de novo assembly
was performed to identify transcripts encoding AMPs from seedlings of the wild growing
Poaceae Leymus arenarius (Slavokhotova et al. 2015) and the weed Stellaria media (L.) Vill

(Caryophyllaceae) (Slavokhotova et al. 2017).

Peltophorum dubium (Fabaceae) is a native tree from South America with pharmaceutical use
in folk medicine, with reported applications against respiratory, gastrointestinal and skin
diseases (Bolson et al. 2015). However, it remains poorly explored for drug development.
Interestingly, some works have isolated trypsin inhibitors from A. dubium seeds, with activity
against insects and rat lymphoma cells (Macedo et al. 2003; Troncoso et al. 2003). Moreover,
it is poorly studied genetically, and there is no transcriptomic or genomic data for this legume.
Nevertheless, transcriptome sequencing for this non-model plant is how accessible using a de
novo assembly; allowing AMP prospection from AMP-like transcripts. In this work we performed
RNA-seq and de novo assembly analysis of P. dubium seedlings for AMP prediction, focusing on

defensin and Snakin/GASA genes.

Material and methods

Biological Material

Seeds and leaves of P. dubium were obtained from Facultad de Agronomia Garden (Montevideo,
Uruguay). Seeds were immersed in H2SO4 (concentrated grade) during 15 min for scarification.
Surface sterilized seeds were germinated on Whatman paper soaked with distilled water in Petri
dishes at 28 °C. Five days old seedlings (ca. 6 cm long) were frozen in liquid nitrogen and stored

at -70 °C until further usage.

RNA and DNA isolation

Total RNA was extracted from five days old seedlings using Qiagen RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Genomic DNA was
extracted from leaves using the standard cetyl-trimethylammonium bromide (CTAB) method
(Doyle, 1991).

65



Library preparation and Illumina sequencing

The quality of total RNA was checked using an Agilent 2100 Bioanalyzer (Agilent, USA). The
RNA Integrity Number (RIN) of the extracted RNA was 7.8. Library preparation and sequencing
were carried out by Macrogen Inc. (Seoul, Korea). 10 ug of total RNA was used for cDNA library
construction, using the TruSeq stranded mRNA LT Sample Prep. Kit according to manufacturer’s
instructions. The library was sequenced using Illumina HiSeq 2000 sequencer in a paired-end
100 bp run.

Transcriptome assembly

Raw reads were filtered with Trimmomatic (Bolger et al. 2014), and the resulting good quality
read pairs were assembled using Trinity (Grabherr et al. 2011). The quality of the assembled
transcriptome was checked with Transrate (Smith-Unna et al. 2016). For each transcript, all
open reading frames longer than 90 nucleotides were obtained using getorf (Rice et al. 2000).
Annotation was assigned by performing BLASTp against SwissProt and TrEMBL databases

(maximum expected value of 10e™).

AMP prediction in P. dubium seedlings transcriptome

A list of motifs that define distinct types of AMPs was obtained from Slavokhotova et al. (2015)
(Annexe) and used to search the /in-silico translated ORFs by using regular expressions. Positive
peptides were grouped using cd-hit, and for clusters of identical peptides, only one was chosen
for further analysis. The presence of signal peptide in a sequence was analyzed using SignalP
program (Nielsen 2017). Subcellular localization was predicted with DeepLoc (Almagro
Armenteros et al. 2017). Multiple alignments with P. dubium deduced peptides (Table S2) and
representative AMP family members from other plants (Table S3) were performed in ClustalW
from BioEdit program (Hall 1999). The deduced amino acid sequences encoding for the mature
P. dubium Snakin/GASA peptides were aligned against a set of mature plant proteins with GASA
domain. All sequences used were taken from the UniProt database (Apweiler et al. 2004) (Table
S3). An unrooted tree was generated using the Neighbor-Joining method of the MEGA package
version 5 (Tamura et al. 2011), with 5000 bootstrap replicates.

PCR validation of defensin and Snakin/GASA genes

Six defensin and 12 Snakin/GASA genes were PCR amplified from P. dubium genomic DNA by
using primers designed from transcript sequences, using Primer3. The primers were designed
in 5" and 3’ UTRs unless the transcript was not complete (Table S4). The PCR reactions were
performed in a 20 pl reaction containing: 1X buffer with 2 mM MgClz, 0.2 mM dNTPs, 2 uM of
each primer, 50 ng template DNA and 0.5 U Taq DNA polymerase (Invitrogen, Carlsbad, USA).
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The PCR program was as follows: 94°C for 3 min; followed by 35 cycles of 94°C for 30 sec, 52-
58°C for 40 sec and 72°C for 40 sec. The amplified fragments were visualized by agarose gel
electrophoresis and purified according to Richero et al. (2013) and cloned into a pGEM-T easy
vector (Promega Corporation, Madison, USA). AMP gene sequences were confirmed by

sequencing at Macrogen Inc. (Seoul, Korea).

Results and Discussion

Sequencing and de novo assembly of P. dubium transcriptome.

Illumina sequencing of cDNA library obtained from A. dubium seedlings mRNA generated 52
million 100 bp-reads (Table 1). Good quality reads were assembled with Trinity into approx.
127K transcripts. This assembly was evaluated and filtered with the Transrate tool that
estimates individual contig quality. Its use reduced the final number of non-redundant
transcripts to approx. 108K with an N50 statistic of 1347 (see Table S1).

Table 1. Raw data statistics of Illumina sequencing

Total read bases (pb) Total reads GC(%) AT (%) Q20(%) Q30(%)

5,268,156,364 52,159,964 49.12 50.88 94.84 89.17

AMP identification

According to their cysteine residues (cysteine motifs) arrangement, AMPs can be divided into
several families including defensins, snakins, lipid-transfer proteins, thionins, alpha-hairpinins,
hevein-like, and cyclotides. We predicted potential AMPs in P. dubium seedlings transcriptome
using previously described “cysteine motifs” obtained from Slavokhotova et al. (2015). As a
result, 2644 transcripts with one or more cysteine motif were identified. From these, only 441
were annotated against SwissProt and TrEMBL databases (maximum expected value of 10 ).
In 63 transcripts, the annotation corresponded to known AMPs, in 101 cases to uncharacterized
proteins and in 277 were annotated as other protein families. Of the 441 transcripts with
annotation, only 152 deduced peptides presented less than 200 amino acids. We did not discard
those cases in which ORFs were not complete (from methionine to stop), but that contained

the complete cysteine motif.
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THIONINS

Thionins comprise small AMPs of the PR-13 protein family (Sels et al. 2008). Like other plant
AMPs, thionins have broad in vitro antifungal and antibacterial activity (Stec 2006). No thionins
were identified in AP. dubium transcriptome. Thionin genes have been identified in 15 different
plant species (reviewed by Stec 2006) of the families Santalaceae, Brassicaceae, Poaceae,
Ranunculaceae, and Liliaceae. To date, no reports are available describing thionins in Fabaceae
species, indicating that this protein group is not present in legumes, as is the case of A. dubium.
Alternatively, these genes may have a discrete expression or, still, can be absent in seedlings,

or the de novo assembly did not allow them to be detected.
ALPHA-HAIRPININS

Recently a new trypsin inhibitor with helical hairpin structure was reported as belonging to a
new plant AMP family (Oparin et al. 2012). Although variable in amino acid sequences, this a-
hairpinin family comprises peptides with the same cysteine motif (CX3CX1-15CX3C) that share a
helix-loop-helix fold stabilized by two disulfide bridges C1-C4 and C2—-C3 (Slavokhotova et al.
2014). We found more than 100 transcripts with alpha hairpinin motif but without similarity
with the a-hairpinins found in Fagopyrum esculentum, Echinochloa crus-gall, Zea mays and
Stellaria media (reviewed by Slavokhotova et al. 2017). These four species belong to the
Poaceae family and it is possible that alpha hairpinins are grass-specific. Several transcripts with
a-hairpinin motif had similarity to snakin/GASA genes and were therefore classified within this
family in this work. Two of the transcripts found (with the cysteine motif CX3CX>CX3C) had
similarity with Kunitz trypsin inhibitor.

CYCLOTIDES

Cyclotides are short cyclic peptides (~ 30 amino acids) that have a head-to-tail cyclized
backbone and three conserved disulfide-bonds in a knotted arrangement (Craik et al. 1999).
They were found in several species of the Rubiaceae, Cucurbitaceae, Violaceae, Solanaceae,
Poaceae and Fabaceae families (Koehbach et al. 2013). Poth et al. (2011) reported the isolation
of novel cyclotides from Clitoria ternatea seeds, being the first report of cyclotides in the
Fabaceae. In legumes, according to the findings in C. terneata, the biosynthetic origin of a
mature cyclotide is an albumin precursor protein, unlike all previously reported cyclotides (Poth
et al. 2011). Even though we expected to find cyclotides in P. dubium, no transcripts with
cyclotides cysteine motifs were found in our seedling transcriptome. Besides, we could not
identify transcripts with similarity to their protein precursor: albumin-1. This protein is present
in other legumes such as G. max, Pisum sativum, and Vigna radiata. All of them, as well as C.

terneata belong to Papiloniodeae subfamily, while A. dubium belongs to the subfamily
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Caesalpinioideae. Albumin-1 could be specific to subfamily Papilionoideae. We only found a
transcript with 61 % similarity with cliotide T18 (a cyclotide from C. terneata) but with only five
cysteines (Cys) (Fig. 1a). This transcript was not complete at 5’ and it was scarcely assembled.
Alternatively, it could be a pseudogene whose expression may be due to insufficient time for

the complete degeneration of regulatory signals (Zou et al. 2009).

We also found one transcript with similarity to an albumin 2S, a seed storage protein. The
sunflower trypsin inhibitor peptide SFTI-1, a 14 amino acid cyclic peptide with a single disulfide
bond (GRCTKSIPPICFPD), is embedded within a 2S albumin (Mylne et al. 2011). A. dubium
putative 2S albumin lacks an SFTI-1 like domain (Fig. 1b). 2S albumin large chain seems
conserved in P. dubium, H. annuus, and G. max, but the small chain seems to be more variable.
P. dubium putative albumin exhibits three cysteines between the signal peptide and the Large
Chain while the 2S sunflower albumin presents four Cys (two within SFTI-1 and two within the
Small chain). In turn, G. max 2S albumin has only two Cys (within Small Chain). Thus G. max
and P. dubium, both seem not to contain a cyclic peptide between the signal peptide and the
short chain of the 2S albumin. Finally, it cannot be discarded that P. dubium seedling

transcriptome could have cyclic peptides without similarity with those previously reported.
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Fig. 1 Sequence comparison of putative P. dubium cyclotide precursors with corresponding cyclotide members from other well-studied and

model plants. a) P. dubium predicted peptide (PdCy67497_011) with similarity with mature cyclotide precursor (albuminl) from C terneata. b) P. dubium

predicted peptide with similarity with albumin 2S from H. annuus and G. max. In Pd2S albumin (Pd2S albumin_20440_021) three cysteines between signal

peptide and Large Chain are highlighted with gray rectangles. Sequence names to known proteins correspond to its UniProt Entry identifier. CYC18: cliotide 18

from C. terneata; CLITE: C terneata; HELAN: H. annuus, SOYBN: G. max. Threshold (%) for Identity/Similarity shading was 75 %
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HEVEIN-LIKE

Hevein-like peptides received this name from hevein, a chitin-binding protein of 43 amino acids
found in rubber tree (Hevea brasiliensis) (Lee et al. 1991). Members of this AMP family contain
a conserved chitin-binding motif involved peptide-carbohydrate interactions with different
pathogens, mainly chitin-containing fungi. Most of them possess eight cysteine residues forming
four disulfide bridges, but variants with six and ten cysteine residues also occur (Odintsova and
Egorov 2012). We found eight transcripts with similarity with pro-hevein, whereas five of them
have a hevein motif (with eight cysteines) (Fig. 2), while the remaining three have only the C-
terminal domain named Barwin domain. These last have similarities with proteins annotated as
PR-4 proteins or hevein-like. PR-4 proteins are classified as chitinases type I and II (Ali et al.
2018). The three identified transcripts could codify class II chitinases since this type of
chitinases does not have the amino-terminal hevein motif (Araki and Torikata 1995).

| P02877 | HEVE_HEVB
Pd_Hev_34220_011
Pd_Hev_14461_011
Pd_Hev_38451_011
Pd_Hev_58457_011
sp|P85966|AMP_TRIKH
Pd_Hev_61526_011

| P27275 | AMP_AMACA
sp|ELUYT9 | AMP1_STEME

Fig. 2 Sequence comparison of putative P. dubium hevein-like peptides with corresponding
Hevein-like members from other well-studied plants. Hevein motif alignment of P. dubium
predicted hevein-like peptides with known hevein-like peptides. Sequence names to known hevein-like
correspond to its UniProt Entry identifier. P. dubium hevein-like were named Pd_Hev and the number of
the transcript. HEVE_HEVB: hevein from H. brasiliensis; AMP_TRIKH: hevein-like from T7riticum kiharae;
AMP_AMACA: hevein-like from Amaranthus caudatus, AMP1: hevein-like from S. media. Threshold (%)
for Identity/Similarity shading was 90 %

LIPID-TRANSFER PROTEINS (LTPs)

The name of this group of peptides is due to its ability to facilitate the transfer of phospholipids
between a donor and an acceptor membrane (Kader 1996). LTPs are subdivided into two
families, which present molecular masses of around 10 (LTP1) and seven (LTP2) kDa. Both
subfamilies include proteins with eight cysteines conserved at specific positions (Carvalho and
Gomes 2007). Due to their possible role in plant defense, LTPs are recognized as PR proteins
and are classified in the PR-14 family. Their ability to bind a wide range of lipids could explain
their inhibitory activity against fungi and some bacterial pathogens (Sels et al. 2008). This
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antimicrobial activity could result from the interaction with biological membranes, probably
leading to membrane permeabilization (Kader 1996). We found 28 transcripts with LTP cysteine
motif, 18 with similarity with subfamily 1 (Fig. 3a) and 10 with subfamily 2 (Fig. 3b). We
observed three groups within subfamily 1, the first (I) presents similarities with typical LTP1
(like AOAT29 from Lens culinaris and Q42589 from A. thaliana) since 13 (group II) have
similarities with EARLI1, a putative Arabidopsis LTP. This protein has a putative signal peptide
of 25 amino acids at the N-terminus, a hydrophilic proline-rich domain in the middle, and a
hydrophobic C-terminus (with eight Cys and high similarity to plant LTPs) (Li et al. 2012). In
group III there is only one protein which, like the others has 8 Cys, where the third and fourth
Cys are consecutive in the polypeptide chain, and the fifth and sixth Cys are separated by only
one residue, but the number of residues among the remaining cysteines differs from the other
two groups. This protein has a high similarity with a putative LTP (AOA1S3TFR4) described in
Vigna radiata. Within subfamily 2 we detected a typical LTP2 (group I) with five members and
another (group II), that exhibits a variable number of residues in the C-terminus (not shown in
the alignment; see Supplementary Table S2), following the conserved motif of 8 Cys. The
number of putative LTP transcripts in seedlings of P. dubium (28) was similar to that found from
the weed Stellaria media (31) (Slavokhotova et al. 2017). LTPs are widely distributed in the
plant kingdom and seem to be abundant in plant genomes forming multigenic families of related
proteins. Genome-wide analysis of the LTP gene family identified 52 members in rice and 49 in
Arabidopsis, many of them arranged in tandem duplication repeats (Boutrot et al. 2008). If the
number of LTP genes was comparable in the genome of A. dubium, then, half of the genes

would be expressed in seedlings.
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Fig. 3 Sequence comparison of putative P. dubium LTP peptides with corresponding LTP members from other well-studied and model plants.
a) Alignment of P. dubium predicted mature LTP1 peptides and known LTP subfamily 1 peptides. Three groups were identified within this subfamily showing
similarity to different LTP1 members from other plants. b) Alignment of 2. dubium predicted mature LTP2 and known LTP subfamily 2 peptides. Two groups were
identified within this subfamily. Sequence names to known LTP correspond to its UniProt Entry identifier. P. dubium LTPs were named PdLTP and the number
of the transcript. LENCU: Lens culinaris; ARATH: A. thaliana; VIGRR: Vigna radiata; PRUAR: Prunus armeniaca. Threshold (%) for Identity/Similarity shading was
75 %
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DEFENSINS

Defensins seem to be the only class of AMP that are conserved across the eukaryotic lineage
and have a widespread distribution throughout the plant kingdom (Thomma et al. 2002). The
constitutive expression of defensin genes constitutes a primary plant defense against
microorganisms colonization (Broekaert et al. 1995), but the production of these molecules can
also be induced in response to pathogen attack, wounding and some abiotic stresses (Lay and
Anderson 2005). The primary structure of these peptides generally consists of a signal peptide
at the amino-terminal, and a basic, cysteine-rich mature peptide (45 to 54 amino acids).
However, defensin-like peptides with unusual structures, have been identified (De Coninck et
al. 2013). For several plant defensins, their three-dimensional structure has been elucidated by
NMR spectroscopy. Despite limited amino acid sequence identities, these defensins have similar
overall fold features with one a-helix and three antiparallel B-sheets that are stabilized by four
intramolecular disulfide bonds formed by eight conservative cysteine residues (Lay and
Anderson 2005; Carvalho and Gomes 2009). This cysteine-stabilized a motif [CSap;
CXaCXXXCXnCXnCXC, where C=Cys, X=any amino acid, and n indicates a non-conserved number
of amino acids] (Silverstein et al. 2005) includes three disulfide bridges and is remarkably similar
to those of insect defensins (Cornet et al. 1995). These peptides are also characterized by the
occurrence of a y-core motif GXCX3-oC (Yount and Yeaman 2004). Defensins from plants belong
to the cis-defensin superfamily whereas mammalian defensins belong to the trans-defensin
superfamily. This classification was based on their secondary structure orientation, disulfide
topology, tertiary structure similarities, and precursor gene sequence. These two independent
superfamilies (cis and trans defensins) with similar structures have arisen via an extreme case

of convergent evolution (Shafee et al. 2017).

We found ~ 140 transcripts with defensin like cysteine motifs of which ~80 did not have
annotation (maximum expected value of 10e™). In several cases, the ORF including the cysteine
motif was not the longest for the transcript and/or had an annotation in another reading frame,
so they were discarded. In cases when the ORF with the cysteine motif was the longest and
had a different annotation (not correspond with defensins, generally encoding proteins with
more than 200 aa) the sequences were discarded. Remaining transcripts without annotation
only those where the ORF with the cysteine motif was the longest, and had no other annotation
in another reading frame were further analyzed. Many contained some kind of repeated
sequence, like transposons. Some of these transcripts could be pseudogenes or assembly

errors, so they were not taken into account.
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A list of 14 defensin-like genes was finally considered. The deduced peptides were separated
into three subgroups. The first (Fig. 4a) include 11 peptides with similarity with “true defensins”,
having eight Cys at conserved positions, with the classic cysteine-stabilized (CSa) motif that
was common for most known defensins and a y-core motif. Eight of them had other conserved
amino acids: a glycine (G), a glutamic acid (E), and a serine (S). These residues are present in
all defensins whose 3D structure was determined, except for a defensin from Petunia hybrida.
Like the latter, four of the A. dubium deduced peptides do not present these residues in
conserved positions.

The second group includes two peptides with eight Cys that have the (CSa) motif, whereas de
y-core motif is absent. These proteins have similarities with uncharacterized proteins and with
Kazal-type serine protease inhibitor. However, this kind of protein has six Cys with a cysteine
motif CXe-9CX7CXeYX3CX2-3CX17C (Pariani et al. 2016) where CXC is not present. This two putative
defensins were aligned with floral defensins identified in Nicotiana alata and Petunia hybrida
(Fig. 4b) These defensins are characterized by having a prodomain at the C-terminus (Lay et
al. 2003), belonging to the class II defensins, according with its classification in solanaceous
species. In the first class, the precursor protein is composed of an endoplasmic reticulum signal
sequence and a mature defensin domain. These proteins enter the secretory pathway and have
no obvious signals for post-translational modification or subcellular targeting. The second class
is produced as larger precursors with a C-terminal prodomain of about 33 amino acids (Lay and
Anderson 2005). Our two putative defensins could have a C-ter prodomain. However, only six
cysteines exhibited conserved positions with respect to the mature peptide of N. alata and A.
hybrida defensins. These P. dubium peptides have some characteristics in common with
defensins, and some in common with Kazal-type serine protease inhibitors. Further studies are
necessary to define their classification and function.

The third group includes only one transcript with the defensin cysteine motif CXs-
21CX2,12CX3,4CX3,15CX4,23CCC (Fig 4c¢). The predicted peptide has similarity with some defensin-
like proteins from A. thaliana that have the sixth, seventh and eighth cysteine located
consecutively. This peptide presents a modified aff motif but maintains de y-core motif GXCXs-
oC. Of the 14 defensin-like transcripts, two are not complete at 5’; of these, no signal peptide
was detected for Pd61711_011 predicted peptide. The remaining 13 defensin-like peptides
appear to have signal peptide detected by SignalP tool (See Table S2), could be soluble and

have extracellular localization, based on DeeplLoc analysis.

According to Silverstein et al. (2005), the number of defensins in plant genomes has been
underestimated. These authors found more than 300 defensin-like genes in Arabidopsis. Of

these, about 51 are expressed in seedlings while a similar number (56) was found to be

75



expressed in seeds of the M. truncatula legume (Tesfaye et al. 2013). The number of putative
defensins genes found by our group in the P. dubium seedling transcriptome is a third less but
is similar to that found from the weed Stellaria media seedling transcriptome (16) (Slavokhotova
et al. 2017). De novo assembled strategy used in this work and in Slavokhotova et al. (2017)
did not allow detecting a higher number of defensin-like genes. Alternatively, P. dubium

seedlings expressed a lower number of defensin genes.
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Fig. 3 Sequence comparison of putative P. dubium defensin-like peptides with corresponding
members of other well-studied and model plants. a) Alignment of P. dubium predicted “true”
mature defensin peptides (named PdDf and the number of the transcript) and known mature defensin
peptides. All the sequences used in this alignment correspond to defensins whose 3D structure has been
determined. The name of each sequence corresponds to the PDB identifier. b) Alignment of P. dubium
predicted defensin-like peptides and known defensin peptides with a C-ter Prodomain. that differ in
location with respect to known defensins are highlighted with gray rectangles. Sequence names to known
defensins correspond to its UniProt Entry identifier. (Q8H6Q1=1N4N; Q8GTMD=6B55 at the alignment
in a). PETHY: P. hybrida, NICAL: N. alata. c) Alignment of a P. dubium predicted mature defensin-like
peptide and a defensin-like sequence from A. thaliana that have the sixth, seventh and eighth cysteine
located consecutively. Sequence name to A. thaliana defensin corresponds to its UniProt Entry identifier.
Threshold (%) for Identity/Similarity shading was 75 %

SNAKINS (Snakin/GASA)

Snakins belong to a group of proteins encoded by Snakin/GASA genes. This family involves a
group of widely distributed peptides among higher plants that are characterized by having a
GASA (Gibberellic Acid Stimulated in Arabidopsis) domain of approximately 60 amino acids, with
12 cysteine residues that may be involved in the formation of up to six disulfide bonds (Oliveira-
Lima et al. 2017). Snakin/GASA proteins contain three distinct domains: a signal peptide with
18-29 residues, a variable region that is highly divergent between family members, both in
sequence length and amino acid composition, and a conserved C-terminal region: the GASA
domain (Nahirfiak et al. 2012). This cysteine-rich C-terminal domain contains 12 cysteine amino
acids, in highly conserved positions (XCX3CX3CXsCX3CX2CCX2CXCX11CXCX12CX). Constitute a
family of AMPs defined from potato Snakin-1 (StSN1, Segura et al. 1999) and Snakin-2 (StSN2,
Berrocal-Lobo et al. 2002), the first peptides isolated of this family. Most Snakin/GASA genes
are regulated by plant hormones, and they seem to play an essential role in plant development,

plant responses to biotic or abiotic stress and in redox homeostasis (Nahirfiak et al. 2012).

Our group has previously isolated a snakin gene (PdSN1) from A. dubium genome, similar to
StSN1. PdSN1 is expressed in leaves and seedlings and presents /n vitro antimicrobial activity
when produced in £. coli(Rodriguez-Decuadro et al. 2018). In this work, we found 18 transcripts
with snakin cysteine motif, including PASN1. Alignment of mature predicted peptides is shown
in Fig. 4, following their classification in subfamilies I, II and III (according to Berrocal-Lobo et
al. 2002). Two predicted peptides have higher similarity with StSN1, one of them is PdSN1
(PASN_16208_011). Ten peptides have similarities with StSN2 and six with StSN3

(M1B38_SOLTU). Some conserved residues within each subfamily were shaded in gray. Two
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members of subfamily IT (PASN_11759_011 and 16337_011) have a proline-rich variable region
like the Arabidopsis protein GASAE (Roxrud et al. 2007).

All predicted SN/GASA peptides have a peptide at the N-terminus (with 19 to 27 amino acids)
according to to SignalP software and are predicted to be soluble and with extracellular location
according to DeepLoc. However, the peptides with a proline-rich domain could be important
components of cell wall proteins. Proline-rich proteins (PRPs) seem to play an important role in
cell wall signal transduction cascades, plant development and stress tolerance, contributing to
cell wall modification under stress conditions (Kavi Kishor et al. 2015). A subclass of PRPs is the
hybrid PRPs, that represent putative cell wall proteins consisting of a repetitive proline-rich N-
terminal domain and a conserved C-terminal domain (Kavi Kishor et al. 2015), like
PASN_11759_011 and PdSN16337_011. These putative SN/GASA peptides could fulfill their

function at the cell wall level.

Alignment analysis of P. dubium Sn/GASA mature sequences and other plant mature proteins
with GASA domain revealed three groups that coincide with the three subfamilies described for
Berrocal-Lobo et al. (2002) (Fig. 5). For this analysis, sequences with reported experimental
evidence such as antimicrobial activity were used, including a snakin-2 from tomato
(|ES5KBYO|ES5KBYO_SOLLC;  Herbel et al. 2015), a snakin-1 from alfalfa
(|HOD2D5|H9D2D5_MEDSA; Garcia et al. 2014), a snakin-1 from pepper
(|B2ZAW4|B2ZAW4_CAPAN; Mao et al. 2011), a snakin-3 from potato
(JM1BA38|M1BA38_SOLTU; Nahirfiak et al. 2016), and sequences obtained from the curated
UniProt database. A genome-wide search for new Snakin/GASA members in potato uncovered
16 Snakin/GASA genes, in addition to StSN1 and StSN2, a number equal to that found by our
group in the A. dubium seedling transcriptome; however the number within each subfamily was
different (subfamily I: four genes; subfamily II: seven genes; subfamily III: seven genes)
(Nahirfak et al. 2016). Fourteen GASA proteins have been described in Arabidopsis (Roxrud et
al. 2007). If genomes of different plant species have a similar number of Snakin/GASA genes,
then the seedlings of P. dubium could be expressing all or almost all of the Snakin/GASA genes.
Moreover, the number of P. dubium Snakin/GASA transcripts was similar to that found from the
weed Stellaria media seedling transcriptome (16) (Slavokhotova et al. 2017). The identification
of a large number of these genes in several species with a highly conserved domain suggests

that they contribute to an important biological function.
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Fig. 4 Sequence comparison of putative P. dubium Snakin/GASA peptides with corresponding Snakin/GASA members from Solanum

tuberosum. Alignment of P, dubjum predicted mature Snakin/GASA peptides and snakin peptides from potato. Alignment revealed three groups that coincide
with the three subfamilies described for Berrocal-Lobo et al. (2002). Conserved residues exclusively within each subfamily were shaded in gray. S. tuberosum

sequence names correspond to its UniProt Entry identifier. Threshold (%) for Identity/Similarity shading was 100 %
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Fig. 5 Neighbor-Joining unrooted tree of predicted P. dubium Snakin/GASA mature peptides
and members of the plant Snakin/GASA protein family. The deduced amino acid sequences of
the predicted genes were aligned with a set of mature plant proteins with GASA domains. Sequences
used were manually annotated and retrieved from the UniProt database (http://www.uniprot.org/). Four
snakins with reported experimental evidence were also included (|ES5KBYO|ES5KBYQ_SOLLC,
|HOD2D5|H9D2D5_MEDSA, |B2ZAW4|B2ZAW4_CAPAN, |M1BA38|M1BA38_SOLTU). Squares indicate
snakin-1 snakin-2 and snakin-3 (M1BA38) from S. tuberosum and circles indicate snakin/GASA predicted
peptides from A. dubium. In green, members from subfamily I; in red, members of subfamily II, and in
blue members from subfamily III. Values in the nodes regard bootstrap values (5000 replicates). Each
sequence was named according to its UniProt Entry identifier, followed by a Mnemonic identifier of a
UniProtKB entry. ARATH: A. thaliana, SOLTU: S. tuberosum, SOLLC: Solanum lycopersicum, PRUPE:
Prunus persica. MEDSA: Medicago sativa, CAPAN: Capsicum annuum
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Defensin and Snakin/GASA genes validation by PCR

To confirm the reliability of the transcriptome assembly, 18 transcripts encoding six putative
defensin and 12 Snakin/GASA genes were selected for PCR amplification from genomic DNA,
also allowing the description of their exons-introns structure. Of the six defensin genes
examined, we obtained four genes from the start codon to stop codon (Fig 6). For the remaining
two (PdDf14712_011 and PdDf18833_011) only the part corresponding to the mature peptide
was amplified. As for other reported defensins (Carvalho and Gomes 2009), PdDf gene structure
is comprised of two exons and one intron where the first exon entirely encodes the signal
peptide, and the second exon encodes the last amino acids of the signal peptide and the mature
defensin peptide. We believe that for this reason, we could not detect the presence of an intron
in the genes PdDf14712_011 and PdDf18833_011, only verifying part of the second exon. The
intron is variable in size (Carvalho and Gomes 2009), finding three defensin genes with a similar

size while the four has ~200 nt more (Fig. 6).

W 73 180 bp
PdDf24034_011 [ bp 350
R bp
7 55 167 bp
PdDf8737 011 [ bp
R 103 bp

170 bp

PdDf60561_011 PRI

ﬂ
o o

B
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p
PdDf64469_011 (RS

Fig. 6 Schematic representation of the structure of four P. dubium complete defensin genes.

The corresponding exons and introns and their respective sizes are shown
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For Snakin/GASA family, we verified two genes from subfamily I (Pd16208_011 was previously
verified and named PdSN1; Rodriguez-Decuadro et al. 2018), seven from subfamily II and three
from subfamily III (Fig. 7). The comparison of the de novo assembled transcript sequences with
the corresponding genomic DNA sequences showed that the coding sequences of all
Snakin/GASA genes verified are interrupted by one to three introns. According to the number
of introns, subfamily II seems to be the most variable with one two or three introns while
subfamily I seems to have only one intron. These results are similar to those found by Nahirfiak
et al. (2016) in potato but with the difference that the most variable subfamily was III. The
number of introns within subfamily I was one for all de genes reported in potato. All verified
snakin/GASA genes have a very conserved size in regard to the last exon, with 182 or 185
nucleotides; this exon encodes the GASA domain of these proteins. According to the SignalP
analysis, the first exon at subfamilies I and II encodes the signal peptide and a small fragment
of the mature peptide; however, for family III, it encodes only the signal peptide. The length

of the introns varied from ~100 to ~250 nucleotides.

Some of the Snakin/GASA predicted genes are very similar and may have arisen by duplication.
PdSN16208_011 and 021 are structurally similar, with an ORF with five differences at signal
peptide and five substitutions at mature peptide. PdSN5202_011 and 021 are highly similar
even in the UTR regions, (differing in 12 nucleotides, at the ORF, that codes in 021 for 4 amino
acids more) so we could not verify both genes, only being able to verify 5202_021.
PdSN12635_011 and 021 would encode proteins of 115 and 111 amino acids with an identical
GASA domain but flexible at the signal peptide and the variable region. The 3" UTR was very
similar, so we could not design two R primers, being able to verify only PASN5202_021.
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Fig. 7 Schematic representation of the structure of 12 P. dubium Snakin/GASA genes. The
corresponding exons and introns and their respective sizes are shown. Genes were grouped according to

the classification into subfamilies I, II and III

Conclusions

In this work, the first survey of P. dubium antimicrobial peptides were carried out from a de
novo seedlings transcriptome. Considering that AMPs have low primary structure similarity, they
could not be revealed by performing only homology-based search. However, they share
conserved cysteine motifs so we could identify putative AMPs from P. dubium native legume by
searching for those motifs, and found eight Hevein-like, 28 lipid transfer proteins, 14 defensins
and 18 snakin/GASA putative genes. Although no reference genome is available for this South

American legume, NGS-technologies allowed inferring on the abundance and diversity of AMPs
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in P. dubium seedlings transcriptome. This is a good starting point to deepen the knowledge on
their gene organization and evolution and their precise role in the plant defense system.
Validated genes deserve more focused investigations (expression profiling and functional
analysis), regarding the biological roles of defensin and Snakin/GASA genes during plant
development and defense response. Also, these genes could be the first targets for production

in heterologous systems to evaluate their potential as antimicrobial agents.
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Supplementary Information

Table S1. Summary of the assembly results
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contigs contigs percent

percent

26079982

23835863

914 127142 108151 95 1347

Table S2. Predicted P. dubium AMPs from seedling transcriptome

Family
name

Gene name

Sequence?

cyclotide

PdCy67497_011

DAQVHITLCTVCETSGFTGTELTPGCTCGAFVLASTSKLCHHFINHGSLLFLRDRIAAFHVS

cyclotide

Pd2S
albumin20440_021

MAKLAILVFLAALLFVAVTASAYKTTVTTVEIDGEEVNPRRKPGEGECRQKLQQVNLRQCERYLMEQC
RDRGQDVIAFRGLRRNPSQALQQCCAGLRELDDEKCQCEALRRIMEKQREELEGKEILEMVRELRRLPEK
CGMETPRCEIHRMGF

hevein-like

PdHev_10927_011

MGRKQQLGMGSVVVVWWVGLSLSLSLIAIAEGQSGSNVRSTYHLYNPQQHGWDLKAVSAFCAT
WDADKPLAWRRKYGWTAFCGPAGPHGRDACGKCLRVTNTETGAEETVRIVDQCANGGLDLDVNVFQTL
DTNGRGNALGHLTVNYRFVNCGD

hevein-like

PdHev_55563_011

MAKLSLWVLCLVSAVALAYAQSATNVRATYHMYQPEQHNWDLLAVSAFCATWDASKPLSWRNKYG
WTAFCGPVGPQGQAACGKCLRVTNTRTGTQATVRIVDQCSNGGLDLDVGVFQKLDTDGSGNAQGHLTV
NYDFVDCGD

hevein-like

PdHev_34220_011

MKLGTNMFALAIALLLLKASAEQCGKQAGGAVCPNGLCCSQYGWCGTTDDYCTKNCQSNCKSGGSP
TPTPPSSGGDVASIISSSLFEQMLKHRNDAACQGKGFYSYDAFIKAARSFGGFGTTGDDATRKKELAAFFG
QTSHETTGGWDTAPDGRYAWGYCYVREGSNTASSGYYGRGPIQLTHDYNYEQAGKAIGVDLLKNPDLV
ATDAVISFKTAIWFWMTPQGNKPSSHDVITNRWTPSSADTSAGRVPGYGVITNIINGGLECGKGPNDKVA
DRIGFYKRYCDIFGIGYGNNLDCYNQTPFA

hevein-like

PdHev_14461_011

MSQILRNRKMDNLNKMRLGVLAWLIVGGLAEQCGKQAGGALCPGGLCCSQFGWCGSTDQYCKD
GCQSQCGGGGGGGGGDLGGLISRDTFNQMLKHRDDGGCPAKGFYTYDAFIQAAKAFPAFGNTGDTATR
KREIAAFFGQTSHETTGGWATAPDGPYAWGYCFNKEQNPGSAYCASSPQWPCAPGKQYYGRGPIQISW
NYNYGQCGRAIGADLLNNPDLVTSDPVISFKTALWFWMTAQSPKPSCHDVMTGRWSPSGADSAAGRVP
GYGAVTNIINGGLECGRGQDARVADRIGFYKRYCDLLGVGYGNNLDCYGQRPFGSGLLVDTM

evein-like

PdHev_38451_011

MSQILRNRKMDNLNKMRLGVLAWLIVGGLAEQCGKQAGGALCPGGLCCSQFGWCGSTDQYCKD
GCQSQCGGGGGGGGGDLGGLISRDTFNQMLKHRDDGGCPAKGFYTYDAFIQAAKAFPAFGNTGDTATR
KREIAAFFGQTSHETSGGWATAPDGPYAWGYCFNKEQNPGSAYCASSPQWPCAPGKQYYGRGPIQISW
YIFLYIYIYINIIVAMLN

hevein-like

PdHev_61526_011

MVKLSIVVVGIIALVVAKNVSAQNCGCGTGLCCSKYGYCGTGDAYCGSGCKQGPCYSSSASTTPAAT
ADVSVADIVTPEFFNSIIDEADASCAGKNFYTRAAFLDALNSFDQFGRLGSVDDSKREIAAAFAHFTHETG
HFCYIEEIDGASKDYCDESNTQYPCAPNKGYYGRGPIQLSWNFNYGPAGESIGFDGLNSPETVANDVVVS
FKTALWFWMQNVRPVVNQGFGATIRAINGQLECDGANPNTVQARVNYYTQYCSQLGVAPGDNLTC

hevein-like

PdHev_58457_011

HHWAILVIGISGKDSLSIKTTSGGIQEIQKLGLKMAKLVGCLVVGLSVCVLGRARAEQCGRQAGGALCPGN
LCCSQYGWCGSTGEYCGDKCQ

hevein-like

PdHev_70134_011

SHGQAACGKCLRVTNAGTGAQETVRIVDQCSNGGLDLDVGVFNRLDTDGSGYQQGHLTVNYQFIDCGN
ELDSFNPLLSILDH
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LTP PALTP71864 011 MASKTSSSLALFLALNLLFFTFANACGSCPGYPKPNPRPRPNPNPSPSTGTCPRDALKLGVCANVLNG
LLNVTLGKPPVTPCCSLIQGLADLEAAVCLCTALKANILGINLNIPISLSLLLNVCSKTVPRYFQCA

LTP PALTP32090 011 LFLVINLLFFALVSAWGTYPIPNPNPRPSPNNPGPSPNNPSPNPNNPSPSSGGTSCPRDALKLGVCLDVL
NGLLNLTIGQPPVTPCCTLIQGLADLEAAVCLCTVIRANILGINLNIPLSLSLLLNVCSRQVPRNFQCA

LTP PALTP37468_011 MASKALATCALLLTLNLLFSTMVSSTYAPCPPTPKSHPNTPSTPSSSNGSCPVDTLKLGVCANVLNLVK
VQIGAPPTLPCCSLIKGLADLEAAACLCTALKANVLGINLNIPLSLSVILNNCGKDNSGFQCA

LTP PALTP34171_011 MASKCALLLCLSLVFFTVVSSTYVPCPPPPHKAPKHPYVPKPPSSGSGMQPSCPKDTLKFGVCADLLGL
VNVQLGKPPKTPCCSLIEGLADLEAAVCLCTALKANVLGINLNVPLKLSLLLNYCGKRVPKEFQCA

LTP PALTP9693_011 MASKAALLLCFNLVLFTVASSTYVPCPPGPKAPTPKHPHVPSKQPGCPKDTLKFGVCADVLGLVRAKLG
KPPSSPCCSLIKGLADLEAAVCLCTALKANVLGINLNVPLNLSLLLNYCGKGVPQGFKCA

LTP PALTP35351_011 MASNKKHLCATIFLLSLLARSAITEGCCSCRPKPRPCSPPAVPQCPLDTLKLGVCANILGLVNVVVGSP
PTAQCCALLVGLADLEVALCLCTAIKANVLGINLNVPVSLSLLLSACQKTVPPGFQCP

LTP PALTP44236_011 MASIFNIKLRAIILVLSLLAYSTFTNANGCPTTPATPPPSPSTERCPKDTLKLSLCADVLGLVNVVVGTP
LREKCCALLEGLVDLEAALCLCTAIKANVLGINLNVPVALSLILSACQKTVPPGFQCP

LTP PALTP23838_014 VKPPPYVPKPPIVKPPPYVPKPPVVKPPPYVPKPPIVKPPPYVPKPPVVKPPPYAPKPPVVKPPPYVPKPPVVK
PPPYVPKPPVVSPPYVPTPPVWTPPYVPKPPFVSPPYVPTPPVVTPPPYVPQPPPVWTPTPPVVTPPSPYVPK
PPPAVTPCPPPPAQPTCPIDTLKLSACVDVLGGLVHVGIGSSAKQTCCPVLEGLVDLDAAVCLCTTIKAKLL
NISLVIPIALQVLIDCGKTPPQGFQCSAN

LTP PALTP18130_011 VTPPYVPHPPVVNPPYVPKPPVTPPSVPNPPVVNPPYVPKPPVTPPVVPKPPVVAPPIVKPPPIVRPPYVPIPP
PTVIPPPVWTPPTPPAPPTTPCPPPPPPAQPTCPVDSLKLDACVDVLGGLIHIGIGSSAKQTCCPVLGGLLDL
DAAVCLCTTIKLKLLNINLVLPLALQVLIDCGKTPPQGFQCSPN

LTP PALTP16799_011 METSSKIHAFLIICMLLLSSATPTLGCGHCKKPGPPKKHKPGRKPIPFPPVVKPPPPGPATCPIDTVKLG
ACVDLLGGLVHIGVGDPVVNQCCPVLQGLVDLEAAVCLCTTLKLRLLNLNLYVPLALQLLLTCGKTPPPGYT
csL

LTP PALTP45986_011 MSSKATASFFIFMIFTLNVLPPTYACGSCTQPHPPYYRPGHPKTRHPKPHPPHHGGHPKVLPPLPPVI
VPPIIVTPPPLSPPVIYPPPTAPSPPYWGVPPPFPPVTCPIDALKLGLCLDVLGGLVHVGIGNPIENICCPVIQ
GLLELEAAICLCTVIRLKVLNLNIFFPLALQVLITCGMTPPPGFVCPPL

LTP PALTP12855_011 MASKAAFLLSLNLLLFIMVSFTFVPSSEAKCPVDTLKFRVCADVLGLVHVPSDSQCCSLIRGLVDADA
AACLCTALKANVLGLNLNIPVDFSVILNECAGSSSGFQCA

LTP PALTP18292_011 RIRSPPYAPKPPVASPPYVATPPVVTPPYVPKLPVGTPPCVPQARPPPPPPKAPICRVSNLGPCVDVLARLAH
VGTGGSAKQTCCPLLENMGDFQAVLCLCGTIIAKHMKVDVIFPIALQVLIGCGKTPPQHYHCYG

LTP PALTP65143_011 MDCSRSSSLALFLCVNLLFFVLTSGCYTCTQPKPNKPNPNSFPFPNPSPAKSCPRDALKLGVCAKLLNG
PVG

LTP PALTP45098_011 MIRIEETQAPMKYISFLVLLLVLGLINHNEVYGAGECGKSSPDREAWKLAPCVTATQDENAPVSGS
CCTQIKRLGQNPACLCAVMLSNTAKSAGVNPEIAVTIPKRCNIAERPVGYQCGAYSVP

LTP PALTP28075_011 MASLLKLACLLVVCVAVVVGAPMAQAITCGQVNRNLAPCLTYLKRGGAPPPPCCSGVRAIVSAARTTP
DRRAVCNCLKVSATQFPGVQPRFAEALPSGCRVNLPYKISLSTNCNSIRF

LTP PALTP68859_011 MAGLMKLACVLVLCVAVVGAPMAEAITCGQVASGVAPCITYLQKGGVPSPGCCNGVRALANAARTT
ADRQAACNCLKSAAAGISGLNPQYAAGLPGACKVNIPYKISTSTNCATIKF

LTP PALTP36008_011 MRTSSVAASGVLLLLLLFASTSEAVISCSDVVKDLRPCVSYLSSGSGKPPPACCSGAKALASAAATSAD
KKAACNCIKSAAKSITINSQLAQALAGNCGITISFTISPNADCSKIG

LTP PALTP45075_011 MGVAVVAGLAIMMVMVEPGEAIDCPHVDSLVVPCLAFLTGGANDPSTACCGGIQTLKSETPTRDDRR

AACECLKAAAAHFSGKILDDRAASLPKRCGVDVGVPISKNINCNDIN
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LTP

PdLTP70367_011

MTKKMWLCAMVVVMLVVVEVPHTAEGVTCSPVALSPCLGAISSSSPPSSTCCQKLREQRPCLCGYLK
NPSLRQYVNSPGARKVATACGIPFPTC

LTP

PdLTP17903_011

MTTMKEKRVCASVAVLAIAIMLLVEVPRMAEGVTCSPVEMSPCLGAITSPSPPSTTCCQKVREQKPC
LCEYLRNPGLRQYVNSPGARRVANACGVPYPTC

LTP

PdLTP14638_011

MKVSHIALCILVVLLLAEVQVSMAVTCSPVQLSSCVSAITSSTPPSKLCCSKIKEQKPCLCQYLKNPNLK
KFVDSPNARKVASTCGTPFPRC

LTP

PdLTP52897_011

MKASHIALCALLVLLLAEAQVSMALTCSPVQLSSCVSAITSSSPPSKLCCSKIKEQKPCLCQYLKNPNLK
KFVDSPNARKVANTCGTPYPRC

LTP

PdLTP16121_011

MAHLRMDLVGVVVVMAVMYAGAAAQSSCTNVLVSLSPCLNYITGNSSTPSSGCCSQLSSVVRSQPE
CLCQVLNGGGSSLGININQTQALALPAACKVQTPPTSQCKAASPGNSPAAESPNSVPSGTGSKSVPSTDNG
SSDGNSIKLSIPLLFIGFAAIYASTFRTY

LTP

PdLTP12366_011

METKSSALLCMAFLLLALAATWAQDNSCLNKLAPCFNYLNGAQEPPGSCCDPLKSVIQTDPKCLCSLY
SNKGAKQAEQAGINVTQAQTLPGRCGQRVNPLSCLSSSPDSNNTAQNSAAKFMNVSRGVIVLLVLLNVSA
QMLWV

LTP

PdLTP43171_011

MAFRGMVLGLAVVLVATLWSQSAAQSGCTSALTSMSPCLNYITGSSSTPSSTCCSQLSSVVQSSPQC
LCTVLNGGGSSLGITINQTLALSLPGACKVQTPPISQCKGAGNTPTTPSTAPVGSPADSSSESPQGSISPSA
SDVPNAGAGSKTVPSMDGGSSDGSTIKISFHSMISLLFVASFVSAATHF

LTP

PdLTP29389_011

MGLTDLAFTCGFLFLLLANFAASDLAKDREECADQLVGLAPCLPYVGGEAKTPTIDCCAGLKQVLDKSK
KCICILIKDRNDPNLGLNINASLAVHLPAACHAPANISECVDLLHLKPNSAEAKVFEGFDKATQTNSSTPVA
PSGKGSSPSVSANVQSDGWSVRGKRWLVGEVVCVIVPFVFNFLV

LTP

PdLTP16968_012

MGSKLKALVQCVIAAAILVIGLLCGGAKGVVLCNTDTTKLGLCRPAVTGQHPPPPTEACCAVARHAD
LPCLCKYKSVLPALGIDPKNAVALAGKCGLTTPPQCKGN

LTP

PdLTP18292_011

RIRSPPYAPKPPVASPPYVATPPVVTPPYVPKLPVGTPPCVPQARPPPPPPKAPICRVSNLGPCVDVLARLAH
VGTGGSAKQTCCPLLENMGDFQAVLCLCGTIIAKHMKVDVIFPIALQVLIGCGKTPPQHYHCYG

defensin

PdDf18833_011

MARSLYQFVSTMFVVLLLLVASGMGPTMVAEARTCESQSQRFRGICVRSSNCASVCQTEGFPDGR
CRGFRRRCFCSKHC

defensin

PdDf14712_031

MAALCFFLLFLLAAHEIGEAEAKTCEVLSDKFKGACSTIINGPKCDKTCKNQERLISGQCKSDFRCWCT
KNC

defensin

PdDf24034_011

MAKFLRLSTTFTLLLCVCFLIFSNEAAGMVEAKTKICGRMSKTWSGWCGNTKHCDNQCRKWEGAK
HGACHAHFPGRACFCYFNC

defensin

PdDf24034_012

MAKFLRLSATFTLLLCICLLIFSNEAGMVEAKTKVCGRMSKTWSGWCGNSKHCDNQCRKWEGAKH
GACHAHFPGRACFCYFNC

defensin

PdDf60561_011

MGRSVPMVSTIFVLLLLLVATEMAPMVAEARTCESQSHRFKGSCVSNSNCAAVCQTEGFPGGNCRG
FRRRCFCTKPC

defensin

PdDf64469_011

MERARFGVLFLLLVILASEEMVVQSEARLCESKSHHFKGMCASDRNCASVCHTEGFSGGNCRGFRRR
CFCSRFC

defensin

PdDf8737_011

MERKSYGLFLLLLIVLAAEVAVQTEGRVCESQSHRFKGACLGDHNCALVCRNEGFSGGRCRGFRHRC
FCTRLC

defensin

PdDf53257_011

MAKFTFFYLFLLVLVFAVSIGDGEDANVMCSVELDPNKCDISTCQKECQQNYYNGVGQCAHFGTYLH
CICTYICP

defensin

PdDf13807_021

MAKFPFPHLFLLFLFVSVVLMLGGTTARRFCSVELDPNQCDVPTCQNECLQFYSGVGVCAHFGLQIF
HCVCSYICP

defensin

PdDf61711_011

ARALRIPEHTCRTLVHLSNCDNQKCFQECSKHPYGIGQCKETTCLCTYYCKDPPL
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defensin PdDf18030_011 MAGISRTPFPCFLGVAIIVFALCLFPMARAQDDTSSILQLPSQSSNEGQKLCAGTVPASCPVKCFRTD
PVCGVDGVTYWCGCAEAVCAGIKVARLGFCEVGSGSSVSLPGQALLLVHIIWLIVLAFSVLFGLF

defensin PdDf5301_011 MAGIYQTKHLHRFFSSSSAAVAAAIVVVLALSLCPVVLAEHESSHTLRLPSEASRENQVVCAAKTAP
SSCPVKCFRADPVCGVDGVTYWCGCAEAECAGTKVAKLGFCEVGSGGSAPLSAQALLLVHIVW

defensin PdDf19806_011 SQTYLFAGFLICLVLASGTTSGIINYLMDCDGWQCDGPQECVHYCIDTGYIRGGRCINYLGQYQCCCN
TNDTALP

snakin/GASA  PdSN12635_011 MALRMLLVLGMLLLMASLPQISSDLSIEEQDEELHNPHRPLIVKDGNRRLMQNIDCGGLCEARCSVH
SRPNLCKRACGTCCVRCKCVPPGTSGNRELCGSCYTDMTTHGNKTKCP

snakin/GASA  PdSN12635_021 MALFIIIIFSLLIKKYLESCVVVTEGSMLCWWICFQLIVKDGNRRLMQNIDCGGLCEARCSVHSRPNLC
KRACGTCCVRCKCVPPGTSGNRELCGSCYTDMTTHGNKTKCP

snakin/GASA  PdSN18884_011 MAKFLAALILALIAISMLQTVVTAAHGQGGPLYDNKSQYGPGSLKSYQCPSQCQRRCGKTQYRKPCL
FFCQKCCRKCLCVPPGYYGNKAVCPCYNNWKTKEGGPKCP

snakin/GASA  PdSN18884_031 MARVLAALILALIVISVLHTTVMAAHGHGGHHYDNKRKFGPGSLKSHECPSQCSRRCKKTQYHKACM
FFCQKCCRKCLCVPPGYYGNKAVCPCYNNWKTKEGGPKCP

snakin/GASA  PdSN16337_011 MASKSTLLLLGIFVLFTTNVSSNDEELAMKVKYAKPPVSAVAPVVAPKPAPPSKPLTPPPPAVKAPTPPQ
PVQPPTPVNPPVSPAPAPAPGAPIVRSTKDCAPLCEKRCQLHSRKRVCMRACGTCCERCKCVPPGTSGNRE
LCGKCYTDMLTHGNRYKCP

snakin/GASA  PdSN11162_011 MAMASSKLLVAYLLISVLLLHDHIVDADQLVEVEVEAKKQGSVVQQIDCNGACGARCRLSSRPHLCE
RACGTCCRRCNCVPPGTAGNQQVCPCYANMTTHGGRRKCP

snakin/GASA  PdSN15806_011 MAISKTLVASILLSMLILHLAESDMVIKTMVDSPAPSPLTIDCDSACDGRCKLSSRPRLCKRACGTCCA
RCNCVPSGTSGHYEECPCYANMTTHHG

snakin/GASA  PdSN5202_011 MAFSRILAASLVVTLLLLLHLTEASHQTVMFQITSNNAAPAPSPLSHPIDCGGACEGRCKLSSRPNLCK
RACGSCCAQCKCVPPGTSGNHNSCPCYANLTTRHHIPKCP

snakin/GASA  PdSN5202_021 MAFSRILAASLVVTLLLLLHLTEASHQTITSNNAAPAPSPLSHPIDCGGACEGRCKLSSRPNLCKRACG
SCCAQCKCVPPGTSGNHNSCPCYANLTTRHHIPKCP

snakin/GASA  PdSN14393_021 MAAPPYRSIFIILSLLLLITCSEVAEAYGRSKLRPSDCKPKCTYRCSATSHKKPCMFFCQKCCAKCLCV
PPGTYGNKESCPCYNNWKTKEGGPKCP

snakin/GASA  PdSN14514_011 MAKLVCVLLLALLGISMIATQAMAKDAAQYHLDGGNYGPGSLKSSQCPSQCSRRCSQTQYHKPCMF
FCQKCCAKCLCVPPGYYGNKAVCPCYNNWKTKRGGPKCP

snakin/GASA  PdSN44368_011 MASRFLLVMALLLFCMALSQVSSEASIKDHITDSLVVKGPNRRLLQFVDCGGRCSMRCSKHSRPKICR
RACGTCCARCKCVPPGTFGNREMCGRCYTDMVTHGNRPKCP

snakin/GASA  PdSN11759 011 MASKSTIILVFLFLQVATKVYSSDEELKIRLNYAKPPVTSPAAPPVVAHVPPPPLKPPTPPPPVEKAPSPP
APAKAPSPPSPVKPPVKPVPPAAPIVKSKKDCIPLCDYRCQLHSRKRVCMRACTTCCDRCKCVPPGTYGNR
EVCGKCYTDMVTHGNRSKCP

snakin/GASA  PdSN16208_011 MKLVFATLLLVCLVLSASFVEVTLAGSEFCDSKCAQRCSKAGMKDRCLRFCGICCEKCKCVPSGTYGN
KHECPCYRDLKNSKGKSKCP

snakin/GASA  PdSN16208_021 MKLGFATFLLVCLVLSSSLFEVTLASSPFCDSKCAQRCSKAGVQDRCLRFCGICCEKCKCVPSGTYGNK
HECPCYRDLKNSKGKPKCP

snakin/GASA  PdSN71265_011 MALSKLLIASLLMSLLLLHHLVDADQTGSVSETQGSLLQQIDCKGACSARCRLASRQRMCHRACGTC
CRRCNCVPPGTAGNQEVCPCYANMTTHGGRRKCP

snakin/GASA  PdSN16780_011 MAGKLSIIMLFLVTMLLFLVEHHAEIVVATTEAPAPQPNRNTTNFPTHGITEGSLQPQECGPRCTERC

SKTQYKKPCMFFCQKCCAKCLCVPPGTYGNKEVCPCYNNWKTKRGGPKCP
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snakin/GASA

PdSN14602_021

MAMAKLVCLLFLSLLAILMVPNQVMAKDKHPLGTLSTGNYGPGSVKSSECPSQCSRRCSQTQYHKA

CMFFCQKCCAKCLCVPPGFYG

2 In bold predicted signal peptides

Table S3. Representative members of AMP families from well-studied or model plants

Family Protein name Sequence
name
cyclotide |COHJS5|CYC18_CLITE GLPICGETCFTGTCYTPGCTCSYPVCKKN
cyclotide |AOAOS1RQHS5|CLITE MAYLRLAPLAVIFLFAVMFAVEKTEGGLPICGETCFTGTCYTPGCTCSYPVCKKNHIIAIAAQAVD
Albumin1 QHRLLCESHEDCFKKGTGNYCASFPDSDIHFGWCFHAESEGYLLKDFLKMSKDDLKMPTEITN
cyclic |Q4GWUS|SFTI1_HELAN MAKLITLVVLAILAFVEVSVSGYKTSISTITIEDNGRCTKSIPPICFPDGRP
peptide
Cyclic |AOA0231288|Albumin_HEL  MAKLITLVVLAILAFVEVSVSGYKTSISTITIEDNGRCTKSIPPICFPDGLDNPRGCQIRIQQLNHC
peptide AN QMHLTSFNYKLRSMAVENPKQQQHLSLCCNQLQEVEKQCQCEAIKQVVEQAQKQLEQGQGGQ
precursor QQVQQMVKKAQMLPNQCNLQCSI
albumin 2S |P19594|2 2S MTKFTILLISLLFCIAHTCSASKWQHQQDSCRKQLQGVNLTPCEKHIMEKIQGRGDDDDDDDD
albumin_SOYBN DNHILRTMRGRINYIRRNEGKDEDEEEEGHMQKCCTEMSELRSPKCQCKALQKIMENQSEELEE
KQKKKMEKELINLATMCRFGPMIQCDLSSDD
hevein-like |P02877|HEVE_HEVB EQCGRQAGGKLCPNNLCCSQWGWCGSTDEYCSPDHNCQSNCKD
hevein-like |P27275|AMP_AMACA MVNMKCVALIVIVMMAFMMVDPSMGVGECVRGRCPSGMCCSQFGYCGKGPKYCGRASTTVDH
QADVAATKTAKNPTDAKLAGAGSP
hevein-like |EIUYT9|AMP1_STEME MLNMKSFALVMLFATLVGVTIASGPNGQCGPGWGGCRGGLCCSQYGYCGSGPKYCAHNTPLSE
IEPTDAGRCSGRGTCSGGRCCSKYGYCGTGPAYCGLGMCQGSCLPDMPNHPAQIQARTEAAQA
EAQAEAYNQANEAAQVEAYYQATQAQTQAQPQVEPAVTKAP
hevein-like |P85966 |AMP_TRIKH AQRCGDQARGAKCPNCLCCGKYGFCGSGDAYCGAGSCQSQCRGCR
LTP |Q9SU35|ERLL1_ARATH MASKNSASLALFFALNILFFTLTVATNCNCKPSPKPKPVPSPKPKPVQCPPPPRPSVPSPNPRPVTP
PRTPGSSGNSCPIDALKLGVCANVLSSLLNIQLGQPSSQQCCSLIQGLVDVDAAICLCTALRANVL
GINLNVPISLSVLLNVCNRKLPSGFQCA
LTP |AOAT29|NLTP2_LENCU MARGMKLACVVLVICMVVIAPMAEGAISCGAVTSDLSPCLTYLTGGPGPSPQCCGGVKKLLAAAN
TTPDRQAACNCLKSAAGSITKLNTNNAAALPGKCGVNIPYKISTTTNCNTVKF
LTP |Q42589|NLTP1_ARATH MAGVMKLACLLLACMIVAGPITSNAALSCGSVNSNLAACIGYVLQGGVIPPACCSGVKNLNSIAK
TTPDRQQACNCIQGAARALGSGLNAGRAAGIPKACGVNIPYKISTSTNCKTVR
LTP |AOA1S3TFR4|_VIGRR MEGVVKFACLVGFVVLVSVAKVDSAGECGKSTTPDNEAIKLAPCASAAQDENASVSQSCCAQVK
KIGQNPSCLCAVLLSNTAKMAGVNPQIAVTIPKRCNLANRPVGYKCGPYTLP
LTP |P82353|NLTP2_PRUAR VTCSPVQLSPCLGPINSGAPSPTTCCQKLREQRPCLCGYLKNPSLRQYVNSPNARKLASNCGVPV
PQC
defensin 3PSM:Pachyrhizus erosus SPE10KTCENLADTFRGPCFTDGSCDDHCKNKEHLIKGRCRDDFRCWCTRNC
defensin 1N4N:Petunia hybrida ATCKAECPTWDSVCINKKPCVACCKKAKFSDGHCSKILRRCLCTKEC
defensin 6B55:Nicotiana alata RECKTESNTFPGICITKPPCRKACISEKFTDGHCSKILRRCLCTKPC
defensin 5NCE:Pinus sylvestris RMCKTPSGKFKGYCVNNTNCKNVCRTEGFPTGSCDFHVAGRKCYCYKPCP
defensin 2LR3:Medicago truncatula RTCESQSHKFKGPCASDHNCASVCQTERFSGGRCRGFRRRCFCTTHC
Def4
defensin 2M8B:Arabidopsis halleri ERLCEKPSGTWSGVCGNNGACRNQCIRLEKARHGSCNYVFPAHKCICYFPC
defensin 2N2Q:Heuchera sanguinea  DGVKLCDVPSGTWSGHCGSSSKCSQQCKDREHFAYGGACHYQFPSVKCFCKRQC
defensin 1AYJ:Raphanus sativus EKLCERPSGTWSGVCGNNNACKNQCINLEKARHGSCNYVFPAHKCICYFPC
defensin |Q8GTMO|DEF_NICAL RECKTESNTFPGICITKPPCRKACISEKFTDGHCSKILRRCLCTKPCVFDEKMTKTGAEILAEEAKT

LAAALLEEEIMDN
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defensin

|Q8H6Q1 |DEF1_PETHY

ATCKAECPTWDSVCINKKPCVACCKKAKFSDGHCSKILRRCLCTKECVFEKTEATQTETFTKDVN
TLAEALLEADMMV

defensin |P82762|DEF91 ARATH FTIAEPYIHPCMKGFCSFKSECANKCIFMGHHKGGDCIGGLDGIYCCCLA

snakin/GASA  |Q93X17|SNAK2_SOLTU YSYKKIDCGGACAARCRLSSRPRLCNRACGTCCARCNCVPPGTSGNTETCPCYASLTTHGNKRK
cp

snakin/GASA  |Q948Z4|SNAK1_SOLTU GSSFCDSKCKLRCSKAGLADRCLKYCGICCEECKCVPSGTYGNKHECPCYRDKKNSKGKSKCP

snakin/GASA  |P46690|GASA4_ARATH SSGSNVKWSQKRYGPGSLKRTQCPSECDRRCKKTQYHKACITFCNKCCRKCLCVPPGYYGNKQ
VCSCYNNWKTQEGGPKCP

snakin/GASA  |P46689|GASA1_ARATH DVENSQKKNGYAKKIDCGSACVARCRLSRRPRLCHRACGTCCYRCNCVPPGTYGNYDKCQCYA
SLTTHGGRRKCP

snakin/GASA  |Q8LFM2|GASAA ARATH  DSSPCGGKCNVRCSKAGRQDRCLKYCNICCEKCNYCVPSGTYGNKDECPCYRDMKNSKGTSKC
P

snakin/GASA  |P46687|GASA3_ARATH AEDSQVGEGVVKIDCGGRCKGRCSKSSRPNLCLRACNSCCYRCNCVPPGTAGNHHLCPCYASIT
TRGGRLKCP

snakin/GASA  |Q84195|GASA5_ARATH ARGGGKLKPQQCNSKCSFRCSATSHKKPCMFFCLKCCKKCLCVPPGTFGNKQTCPCYNNWKTK
EGRPKCP

snakin/GASA  |P46688|GASA2_ARATH ADGAKVGEGVVKIDCGGRCKDRCSKSSRTKLCLRACNSCCSRCNCVPPGTSGNTHLCPCYASIT
THGGRLKCP

snakin/GASA  |Q8GWK5|GASA9_ARATH  ELSSSSNNETSSVSQTNDENQTAAFKRTYHHRPRINCGHACARRCSKTSRKKVCHRACGSCCAK
CQCVPPGTSGNTASCPCYASIRTHGNKLKCP

snakin/GASA  |082328|GASA7_ARATH TISDAFGSGAVAPAPQSKDGPALEKWCGQKCEGRCKEAGMKDRCLKYCGICCKDCQCVPSGTY
GNKHECACYRDKLSSKGTPKCP

snakin/GASA  |F4IQJ4|GASAB_ARATH DMVTSNDAPKIDCNSRCQERCSLSSRPNLCHRACGTCCARCNCVAPGTSGNYDKCPCYGSLTT
HGGRRKCP

snakin/GASA  |Q6GKX7|GASAC_ARATH  DELESQAQAPATHKNGGEGSLKPEECPKACEYRCSATSHRKPCLFFCNKCCNKCLCVPSGTYGHK
EECPCYNNWTTKEGGPKCP

snakin/GASA  |Q6NMQ7|GASA6_ARATH  KEAEYHPESYGPGSLKSYQCGGQCTRRCSNTKYHKPCMFFCQKCCAKCLCVPPGTYGNKQVCP
CYNNWKTQQGGPKCP

snakin/GASA  |A8MR46|GASAD_ARATH  AHMHFLINVCAECETKSAIPPLLECGPRCGDRCSNTQYKKPCLFFCNKCCNKCLCVPPGTYGNKQ
VCPCYNNWKTKSGGPKCP

snakin/GASA  |080641|GASA8_ARATH DSSCGGKCNVRCSKAGQHEECLKYCNICCQKCNCVPSGTFGHKDECPCYRDMKNSKGGSKCP

snakin/GASA  |P27057|GAST1_SOLLC NIMRDEQQQQQRNNQLYGVSEGRLHPQDCQPKCTYRCSKTSYKKPCMFFCQKCCAKCLCVPA
GTYGNKQSCPCYNNWKTKRGGPKCP

snakin/GASA  |P47926|RSI1_SOLLC YNKLRPTDCKPRCTYRCSATSHKKPCMFFCQKCCATCLCVPKGVYGNKQSCPCYNNWKTQEGK
PKCP

snakin/GASA  |QILFR3|GASAE_ARATH ASNEESNALVSLPTPTLPSPSPATKPPSPALKPPTPSYKPPTLPTTPIKPPTTKPPVKPPTIPVTPVK
PPVSTPPIKLPPVQPPTYKPPTPTVKPPSVQPPTYKPPTPTVKPPTTSPVKPPTTPPVQSPPVQPPT
YKPPTSPVKPPTTTPPVKPPTTTPPVQPPTYNPPTTPVKPPTAPPVKPPTPPPVRTRIDCVPLCGT
RCGQHSRKNVCMRACVTCCYRCKCVPPGTYGNKEKCGSCYANMKTRGGKSKCP

snakin/GASA  |P86888|PMLN_PRUPE GSSFCDSKCGVRCSKAGYQERCLKYCGICCEKCHCVPSGTYGNKDECPCYRDLKNSKGNPKCP

snakin/GASA  |ESKBYO|E5KBYO_SOLLC  IQTDQVSSNAISEGADSYKKIDCGGACAARCRLSSRPRLCHRACGTCCARCNCVPPGTSGNTET
CPCYASLTTHGNKRKCP

snakin/GASA  |[HOD2D5|H9D2D5_MEDSA  GTDSGRFCSSICGQRCSKAGMKDRCMKFCGICCGKCKCVPSGTYGNKHECPCYRDMKNSKGKP
KCP

snakin/GASA  |B2ZAW4|B2ZAW4_CAPAN  IQTDHVASNAISEAAYSYKKIDCGGKCSARCRLSSRPRLCKRACGTCCARCNCVPPGTSGNTQT
CPCYANMTTHGNRRKCP

snakin/GASA  |[M1BA38|M1BA38_SOLTU  YNKLRPRDCKPKCTYRCSATSHKKPCMFFCQKCCATCLCVPKGVYGNKQSCPCYNNWKTQEGK

PKCP
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Table S4. Primers designed for Snakin/GASA and defensin PCR validation

Primer name

Primer sequence

PdSN16208_F: CCATTGCCTCCAACTCTTGC
PdSN16208_R: GCTAAGAAGGGTCGTCCAGG
PdSN16780_F: AGGCCACACTTCCGCAAATA
PdSN16780_R: AGCATTGAGAGTTGAGAGTGAGA
PdSN14393_F: TTCCCCTGACTTCACTGCAC
PdSN14393 R: TGCCCTTCAAGCACCAAATT
PdSN14514_F: GCCCCCTCACTCTTCTCTCT
PdSN14514 R: TGAGTGGATCGTGGGAAGTG
PdSN71265_F: ACCCACTCCATCCCCTCTTT
PdSN71265_R: TGGAAGAAGACGTGGTTGCT
PdSN11162_F: AGTCACCAACGTTACTCGGC
PdSN11162_R: ATTAAGGGCACTTGCGTCGG
PdSN11759_F: TCTTTCTCGTTCTGCTCCACC
PdSN11759_R: AGGACACTGGCAAAACCACT
PdSN44368_F: CGAGGGGAGAAGAAGATGGC
PdSN44368_R: ATGGGGATGGATGCAAAGGG
PdSN5202_021_F: CACACCCAAATCCCACTCAGA
PdSN5202_021_R: AGGGCATGACGGATGAAAGA

PdSN12635_011_F: TCTTCATACATCTGCTCTGCCA
PdSN12635_121_F GCCCAGTCAGTACCATTCCC

PdSN12635_R: AGAGGCATGAGAAGGAAGCC
PdSN15806_F: TTCCCCACTTTCAGCCTCAG
PdSN15806_R: CCATGGTGGGTGGTCATGTT
PdDf24034_F ATCGATCGGAGCACAAACA
PdDf24034_R ATCAGCAACACCCTGAATTTATG
PdDf8737_F TGCTCATAATTGAACTCCATTTC
PdDf8737_R ACTGCTTTTATTTGGGCTCTG
PdDf60561_F CGCTTTGCATCTTGAAACG
PdDf60561_R ATGTGGACCCCACTCGATC
PdDf64469_F AGATAGGAGGTGGTATAGACATCG
PdDf64469_R CTCTGTAGGGGTGGCGAG
PdDf14712 F GAAGCGAAGACTTGTGAGGTG
PdDf14712_R AGTTCTTGGTGCACCAGCAG
PdDf18833_F1 TCACTGATCTGTCCGTACCAC
PdDf18833_R1 TCTTCCCTGACTCAGAACCA
PdDf18833_F2 ATGGCTCGCTCTTTGTACCA
PdDf18833_F mature ~ AGGACATGCGAGTCTCAGAG
PdDf18833_R2 TCAACAGTGCTTGCTGCAG
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Ensamblado de novo de un poo/ de transcriptomas de congorosa, para la
prediccion de AMPs

La busqueda de transcriptos que codifiquen AMPs putativos en un poo/ de transcriptomas
(hojas/brotes/flores) de congorosa, se llevd a cabo de la misma forma que el realizado para el
transcriptoma de brotes de ibirapitd. La secuenciacion (plataforma Illumina HiSeq2000) de la
biblioteca de ADNc obtenida del poo/ de ARNm de M. ilicifolia generé ~53 millones de lecturas
de 100 pb (Tabla 1). Las lecturas de buena calidad se ensamblaron con Trinity (Grabherr et al.
2011) y este ensamblado se evalud y filtrd con la herramienta Transrate (Smith-Unna et al
2016), estimando la calidad de contigs individuales. Finalmente, el nimero final de transcriptos

no redundantes fue aproximadamente 102K con una estadistica N50 de 1093.

Tabla 1. Estadistica de datos crudos de secuenciacion

Bases totales en Reads

(ob) Readstotales ~ GC(%)  AT(%)  Q20(%)  Q30(%)

5,341,331,066 52,884,466 45.68 54.32 96.29 91.49

Para la prediccion de AMPs putativos, se usaron los motivos cisteina descritos por Slavokhotova
et al. (2015). A partir de esta blusqueda de motivos, se obtuvieron 2456 transcriptos con uno o
mas motivos cisteina. De éstos, Unicamente 409 presentaron anotacion contra las bases de
datos  SwissProt  (https://www.uniprot.org/uniprot/?query=reviewed:yes) y  TrEMBL
(https://www.uniprot.org/uniprot/?query=reviewed:no) con valor esperado maximo (e-value)
de 10e-0°. En sdlo 52 casos, la anotacion corresponde a AMPs, 80 a proteinas no caracterizadas
y los restantes corresponden a transcriptos con similitud con otro tipo de proteinas. No se
descartaron los transcriptos con ORF incompletos (desde Metionina inicial hasta el codon stop),
si contenian el motivo cisteina completo. Para el analisis de cada familia de péptidos se tuvieron
en cuenta los 2456 transcriptos (y en algunos casos el transcriptoma completo (102k) para una

busqueda mas profunda en base a BLAST con e-values menores, dependiendo del péptido).

Los resultados fueron similares a los encontrados en el transcriptoma de brotes de P. dubium,
detectando 32 transcriptos con similitud con proteinas de transferencia de lipidos, 10 con
proteinas hevein-like y uno con tioninas. En el caso del péptido deducido tipo tionina, éste no
presentd un motivo tionina (de los presentes en la lista obtenida de Slavokhotova et al. 2015)
pero tiene un 44 % de identidad con una tionina de A. thaliana. Al igual que para ibirapita,

tampoco se detectaron genes que codifiquen ciclétidos ni a-hairpinin.
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DEFENSINAS

Con respecto a transcriptos que codifiquen defensinas putativas, encontramos 100 transcriptos
con motivo cisteina tipo defensina, de los cuales sdlo 10 tienen anotacion (valor esperado
maximo: 10e-0°). Los criterios para la seleccion final de un transcripto como defensina-/ike
fueron los siguientes: a) cuando el ORF que incluye el motivo cisteina no es el mas largo y/o
tienen anotacion en otro marco de lectura fueron descartados; b) cuando el ORF con el motivo
cisteina es el mas largo pero tiene anotacion que no corresponde con defensinas (en general
estos transcriptos codifican proteinas de mas de 200 aa) fueron descartados; c) de los
transcriptos sin anotacidn, sélo aquellos donde el ORF con el motivo cisteina fue el mas largo y
no tenia otra anotacion en otro marco de lectura, fueron tenidos en cuenta. Aplicando estos
criterios, se obtuvo una lista de 12 defensinas putativas. Excepto por dos de ellas, en el que el
transcripto estd incompleto en 5, las restantes 10 presentan péptido sefial de acuerdo con
SignalP (http://www.cbs.dtu.dk/services/SignalP/).

Los péptidos deducidos se podrian separar en 4 grupos. El primer grupo (con siete péptidos)
presenta mayor similitud con “defensinas verdaderas” como las que se encuentran en la base
de datos PDB, con un motivo clasico (CSaB) y un motivo y-core. Dos de ellas presentan dos
cisteinas adicionales, al igual que NaD1 (Lay et al. 2003) pero en donde las dos cisteinas
adicionales se encuentran en posiciones diferentes a NaD1. Un segundo grupo contiene tres
péptidos con sdlo seis cisteinas; uno de ellos con los motivos CSap (CXaCX3CXnCXnCXC) y y-core
(GXCX3-9C) vy las otras dos con un motivo CSap modificado (CXsCX7,8CX4,5CX4CXC) ya que entre
las cisteinas 3 y 4 en lugar de tres aminoacidos hay siete u ocho. Los Ultimos dos grupos estan
representados por un péptido cada uno. Uno de ellos presenta similitud con algunas proteinas
de A. thaliana anotadas como defensin-like (inferidas por homologia de secuencias, sin datos
funcionales) que tienen tres cisteinas localizadas consecutivamente (Silverstein et al. 2005). La
Ultima tiene el motivo CSaB pero el y-core no esta presente. Parece tener un prodominio, al
igual que las defensinas florales de N. alatay P. hybrida (Lay et al. 2003). La anotacion de este
péptido es con una proteina no caracterizada y presenta, al igual que dos péptidos encontrados
en P. dubium algunas caracteristicas de defensinas y otras de inhibidores de serin-proteasa tipo

Kazal.
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a) 2LR3:Medicago truncatula Def4 ---R —ES;EHﬁEK

Mi37676_123 ----x6-xSx:HKjx
Mi6861 011 —-——-XX[®-XSXHXXX
Mi7757_011 mmmmm——————- X
1GPS:Triticum aestivum ---KI[e- K
2LJ7:Lens culinaris ---KTe-E DS)IK
2GL1:Vigna radiata ---KTe-E R
3PSM: Pachyrhizus erosus ---KTe-E R
5VYP:Nicotiana suaveolens - - P
6B55:Nicotiana alata - -KTE P
4U0J0:Solanum lycopersicum -AQQIfe— QT3P
1N4N:Petunia hybrida ---ATe-KAECPT|,D
5NCE:Pinus sylvestris -—- -KTPSGK K
2M8B:Arabidopsis halleri --E -EKPSGTS
Mi33432 011 XXXX xTS
2N2Q:Heuchera sanguinea DGVK: GT\S
1BK8:Aesculus hippocastanum -—— QTS
1AYJ:Raphanus sativus --E Gias
1TI5:Vigna radiata ---RT[&-MIKKEG) —
1JKZ:Pisum sativum Dfl K —EH:gD R
Mi27898 011 XXX -XXXEXT) XX
Mi56385_011 XXX XXXKXKXXKXXXX
Mi36312_112 XXXXT[®-XXXXXKXX——

b) Mi31740_011 xxxxxxx%xxxxxxxxxxxxx ESN-—-————-—
|Q56XC2| DF37 ARATH ---TTAGR3DGKSGRTEWLYVA KYT--——-————
Mi50256 011 - ——XXXXXXOXXXKXXXXXKXXXNK TGC-——-—-—-—--—
Mi67596 011 ~  —mmmmmmmmmmmmmmmmeo xxx DNMPPASEKLLA

c) Mi21118 011 XXXXXXX XX y XXXXXXILX ----xEG C S !GiP xXXVNPBCYXXXXC
|Q1G3Y1|DF106 ARATH SAPSSGE --P SHY\DGICFVi:PASFAPGO,EIG-{8T HQEHH TDKNAS&LK —————
d) Mi35851 011 ----XXXXEKXXXX XXXXKOXX XXX-===~ GBDGITYHeGEPDALSHGTRVIKLREC Y GL GG SPIP LVHWWLILLGFSVLEGLF
|Q8GTMO |DEF NICAL -ARECKTENTFPGI---ITKPE ISE--KFTDGI SgILR-- ¢LeTKP-[®VFDEK\ TKT! -BAFEEENDN--------=---~

Figura 1. Comparacion de secuencias de péptidos tipo defensina putativos de M. ilicifolia con
defensinas de otras plantas. a) Alineamiento de “verdaderos” péptidos de tipo defensina de M. ilicifolia
y péptidos maduros de defensinas conocidas. Todas las secuencias usadas en este alineamiento
corresponden a defensinas cuya estructura 3D ha sido determinada. El nombre de cada secuencia
corresponde al identificador de PDB. B) alineamiento de péptidos con motivo defensina de seis cisteinas
y defensin-like proteina de A. thaliana (ARATH) con seis cisteinas. Las cisteinas que difieren del motivo
aB se marcan con rectangulos c) alineamiento de péptido tip defensina con una defensin-like de A.
thaliana que posee las cisteinas 6,7 y 8 ubicadas de forma consecutiva. d) alineamiento de péptidos con
motivo defensina y defensina con Prodominio C-terminal de N. a/ata (NICAL). Los péptidos de M. ilicifolia
se denominaron Mi y a continuacion el nimero del transcripto). Las X en los péptidos de congorosa
representan algunos aminoacidos no conservados. No se incluyeron en las secuencias debido a que
presentan variaciones de secuencia interesantes, por lo que se podrian considerar para licenciamiento,

etc.
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ESNAQUINAS

En relacion a los genes Snakin/GASA, se encontraron 15 transcriptos en el poo/ de
transcriptomas de M. Jlicifolia. Todos los transcriptos con motivo esnaquina, presentaron
anotacion correspondiente a genes Snakin/GASA y todos estaban completos, presentando
péptido sefial en el extremo N-terminal, de acuerdo con la prediccidn de SignalP. Las secuencias
deducidas de los 15 transcriptos, correspondientes a los péptidos maduros, fueron alineadas y
se construyd una matriz de distancia genética, detectando tres grupos que coincidirian con las
tres subfamilias tipicas de proteinas Snakin/GASA de acuerdo a la clasificacién de Berrocal-Lobo
(2002) (Figura 2). Para este transcriptoma, sélo un péptido de esta familia tiene mayor similitud
con StSN1 (subfamilia I), 10 agrupan con StSN2 (Subfamilia II) y cuatro con la esnaquina 3 de
papa (Subfamilia III). Tres miembros de la subfamilia II tienen una region variable, entre el
péptido sefial y el dominio GASA, rica en prolina, como la proteina GASAE de A. thaliana (Roxrud
et al. 2007). De éstos tres péptidos dos son idénticos en la region del dominio GASA y del
péptido sefal, variando solo en la zona rica en prolinas, por lo que parecen haber surgido por
duplicacion. El tercero varia levemente en el péptido sefial, ademas de la zona rica en prolinas,
por lo que podria tener otra localizacién subcelular o podria provenir de un tejido diferente al
de los otros dos. Con respecto al nimero de genes Snakin/GASA en los genomas Yy
transcriptomas de diferentes especies, en el genoma de A. thaliana se han detectado hasta
ahora 14 genes de esta familia (Roxrud et al. 2007) y en el de papa 18 (Nahirfiak et al. 2016).
El nimero de genes Snakin/GASA fue similar en el trancriptoma de brotes de ibirapita (18) y el
transcriptoma de brotes de Stellaria media (16) (Slavokhotova et al. 2017). Si el nimero de
genes Snakin/GASA se conserva en las diferentes especies vegetales, entonces, en brotes se
podrian estar expresando todos o casi todos los genes de esta familia. En congorosa, como se
analizé un pool/ de distintos tejidos, no podemos saber cuantos genes Snakin/GASA se estan
expresando en cada uno de ellos. Si consideraramos, que en brotes se podrian estar expresando
los 15 genes, pareceria que el nimero y tipo de genes Snakin/GASA que se expresa en los tres
tejidos (brotes, flores, hojas) es el mismo. Alternativamente, en flores y hojas podrian
expresarse un menor nimero de genes Snakin/GASA. En papa por ejemplo, para la esnaquina-

3 no se detectd expresion ni en hojas ni en flores (Nahirfiak et al. 2016)
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Figura 2. Arbol Neighbor Joining de distancia genética de péptidos Snakin/GASA putativos encontrados

en el transcriptoma de M. flicifoliay esnaquinas 1, 2 y 3 de papa. La secuencia aminoacidica deducida de

los transcriptos fue alineada con StSN1, StSN2 y StSN3, agrupandose en las tres subfamilias propuestas

por Berrocal Lobo etr al. (2002). Los cuadrados representan a las esnaquinas de papa Y los circulos a las

proteinas Snakin/GASA de M. ilicifolia. En rojo se muestra la subfamilia I, en azul la subfamilia III y en

verde la subfamilia II. Los valores en los nodos muestran los valores de bootstrap (5000 réplicas)

Los genes que codifican péptidos putativos de tipo defensina o Snakin/GASA seran validados

mediante amplificacién usando ADN gendmico. Algunos de ellos podran ser caracterizados

funcionalmente. Debido a que varios de los genes encontrados en M. Jlicifolia presentan

variaciones de secuencia interesantes, estamos considerando que, una vez validados, podrian

ser considerados para patentamiento, etc.
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En este trabajo nos planteamos como obijetivo el aislamiento de genes que codifican defensinas
y esnaquinas en plantas nativas y su caracterizacion estructural y funcional. Se seleccionaron
tres especies nativas con usos en la medicina popular. Para la identificacién y el aislamiento de
genes se utilizd en un principio la amplificacidn por PCR, con cebadores degenerados disefiados
a partir de secuencias conocidas de otras especies. Con esta estrategia se obtuvo el gen que
denominamos PdSN1, que codifica una esnaquina de tipo 1, aislado de ibirapita. En paralelo,
se probaron varios cebadores especificos disefiados para otras especies. Usando primers
disefiados por Padovan et al. 2010 para V. unguiculata, se aislé un gen del genoma de ceibo,
EcgDr1, que codifica una defensina. Con esta metodologia esperabamos aislar varios genes de
defensinas y esnaquinas, seleccionando los mas variables (diversos) para su posterior
produccién en un sistema heterdlogo. Sin embargo, los resultados no fueron tan satisfactorios,
posiblemente debido a la baja similitud en la estructura primaria de estos péptidos, que hace

dificil su busqueda solo basada en homologia de secuencias.

Posteriormente incorporamos la estrategia de secuenciado masivo de ARN, ahora mas accesible,
y la metodologia de ensamblado de novo, que nos permitieron obtener un catadlogo de AMPs
pertenecientes a plantas de las que se sabe muy poco y para las que no se cuenta con un
genoma de referencia propio. Varios de los genes de tipo defensina y snakin/GASA encontrados
fueron verificados en ADN gendmico y caracterizados estructuralmente. Tanto PdASN1, EcgDf1,
como los péptidos deducidos de los transcriptos presentan caracteristicas comunes a defensinas
y esnaquinas. En relacién a nuestra primera hipotesis, podemos decir que los genes y los
péptidos de las especies estudiadas presentan patrones estructurales comunes como la
presencia de un intrén en genes de defensinas y uno, dos o tres intrones en genes Snakin/GASA.
Ademas, presentan un péptido sefal de secrecion y una distribucidn de cisteinas tipica de cada
familia de AMP, con la excepcidn de algunas defensinas putativas (tanto en congorosa como en
ibirapitd) que tienen el motivo “ap motif” modificado o el motivo y-core no esta presente. En
congorosa ademas, se encontraron dos defensinas con el motivo “ap motif” y el motivo y-core
pero con dos cisteinas adicionales. Los transcriptos de estos genes “no tipicos” no fueron aun
verificados; este tipo de analisis y otros como su caracterizacion estructural y funcional serian
necesarios para su mejor clasificacién. La prediccion de la estructura 3D se realizd para los
péptidos PASN1 y EcgDf11 y ambos parecen seguir los mismos patrones estructurales que los

de otros péptidos de tipo defensina y esnaquina cristalizados. Para PdSN1, nuestros resultados
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mostraron ademas que el motivo Aélix-turn-helix (HTH) estaria presente independientemente
del patrén de conectividad especifico de los enlaces disulfuro. Incluso, la ausencia completa de
puentes disulfuro, también conduciria a un motivo HTH estable. Estos resultados se discuten
mas adelante en relacion a la produccién del péptido en sistemas heterdlogos y a su actividad
antimicrobiana. EcgDf1l podria dimerizar, al igual que otras defensinas vegetales, futuros
estudios son necesarios para confirmar dicha hipotesis. Con respecto a la mayor diversidad de
secuencia esperada para éstas moléculas en plantas nativas podemos decir que PdSN1 (84 %
de similitud de secuencia con StSN1) y EcgDfl (81 % de identidad con defensina de M.
truncatula) no son tan variables en relacion a otros péptidos de su tipo en otras plantas. Sin
embargo, varias defensinas putativas encontradas en el transcriptoma de AP. dubiumy de M.
ilicifolia difieren en varios residuos incluso aquellos que son altamente conservados en la

mayoria de las defensinas depositadas en PDB.

De acuerdo con los antecedentes, consideramos que la produccion recombinante de péptidos
de tipo defensina y esnaquina podria ser exitosa en un sistema procariota, obteniendo péptidos
biolégicamente activos. Por las caracteristicas de estos péptidos, se seleccionaron en un
principio, para el péptido PdSN1, sistemas £. co/j/plasmido en los que la bacteria pudiera formar
puentes S-S en el citoplasma (cepas Shuffle y Rosetta-gami) y que el vector (pET102/D) tuviera
una proteina que fusionada al péptido facilitara su solubilidad y evitara la posible toxicidad del
péptido hacia la bacteria productora. Con ambas cepas se obtuvo el péptido recombinante en
forma soluble, pero con mejores resultados con la cepa Rosetta-gami. Este péptido pudo ser
purificado y mostrd actividad antimicrobiana contra varios patdgenos. Las predicciones de la
estructura 3D de PdSN1, en la que pareceria que la ausencia completa de puentes disulfuro
también conduciria a un péptido con un motivo HTH estable, ademas del hecho de que otra
esnaquina StSN1 presentd actividad aun sin puentes disulfuro y de que varios péptidos
recombinantes de tipo defensina con actividad han sido producidos en la cepa BL21(DE3) nos
animo a probar la produccion de la defensina EcgDf1 también dicha cepa, ademas de Rosetta-
gami. Los resultados fueron similares en ambas cepas en cuanto a solubilidad con un leve
aumento de la forma soluble en Rosetta-gami. Elegimos esta Ultima para continuar con los
ensayos, obteniendo un péptido biolégicamente activo contra un grupo de microorganismos.
Por razones de tiempo, no seguimos los ensayos con el péptido producido por la cepa
BL21(DE3), sin embargo, seria interesante comparar los resultados de actividad antimicrobiana
obtenidos con el péptido producido por esta cepa, con los del procedente de Rosetta-gami. Con
ambos péptidos los rendimientos fueron bajos (~1 mg/L cultivo), lo que limitd la cantidad de

ensayos de actividad realizados. Futuros ensayos deberian realizarse para mejorar dichos
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rendimientos, por ejemplo, uso de medio autoinductor, incorporacién de otros vectores que

permitan mejorar el porcentaje de péptido en las fracciones solubles, etc.

Para contrastar nuestra tercera hipétesis, la actividad antimicrobiana de PdSN1 y EcgDf1 fue
evaluada /n vitro contra varios microorganismos patégenos humanos y de plantas, incluyendo
hongos filamentosos, levaduras y bacterias. Ambos péptidos presentaron actividad, en general
con una mejor performance para hongos, especialmente en el caso de la defensina. Ambos
péptidos mostraron actividad contra A. niger, C. albicans, B. cinerea, C. michiganensis ssp.
michiganensis and A. altenata. Los valores IC50 fueron mejores para PdSN1 en el caso de A.
alternatay similares en el caso de B. cinerea. Para C. albicansy A. nigerlos IC50 fueron menores
con EcgDf1. Las concentraciones requeridas para la capacidad inhibitoria de estos AMPs parecen
depender del microorganismo y del péptido analizado. Como se ha discutido en el capitulo 2,
este fendmeno puede deberse al hecho de que un organismo produce un conjunto de AMP que
pueden actuar de forma cooperativa, con espectros superpuestos de actividades
antimicrobianas, pero con especificidad contra grupos particulares de microorganismos.
Destacamos que la defensina presentd actividad contra A. expansum, un patégeno de amplio
rango de huéspedes, que causa enfermedades importantes enfermedades pos-cosecha. En el
caso de la esnaquina de ibirapita, destacamos una potente actividad contra la bacteria S.
scabies, un importante patdgeno de la papa. Es interesante notar también que ambos péptidos
presentaron actividad contra patdgenos oportunistas del ser humano, como C. albicans 'y A.
niger, produciendo infecciones en pacientes inmunodeprimidos. Si bien ya se han reportado
AMPs con actividad contra estos patdgenos, nuestros péptidos ya estan siendo considerados
como candidatos para ser utilizado como péptidos radiomarcados en proyectos enfocados en el
diagnostico de infecciones producidas por estos patdgenos, en colaboracion con la catedra de

Radioquimica de Facultad de Quimica.

Finalmente, respondiendo nuestra pregunta final, consideramos que algunos de los AMP de tipo
defensina o esnaquina encontrados en este trabajo presentan caracteristicas distintivas en su
secuencia, especialmente algunos de los deducidos de los transcriptomas de P. dubiumy M.
ilicifolia. Queda pendiente la confirmacion bioldgica de algunos de ellos, y su expresion en
sistemas heterdlogos para evaluar su potencial como agentes antimicrobianos. Ademas, como
describimos en el parrafo anterior, tanto PdSN1 como EcgDfl presentan caracteristicas
novedosas a nivel de su perfil de actividad antimicrobiana, ya que hasta el momento no hemos
encontrado reportes de otros AMPs vegetales con actividad para patdgenos de importancia
comercial como S. scabiesy P. expansum. Varios de estos péptidos podrian ser considerados

entonces como buenos candidatos para el desarrollo de productos Utiles para el diagndstico o
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control eficaz de enfermedades. En agricultura, se podrian usar en la proteccidon de plantas
tanto en el campo como después de la cosecha, como alternativa al uso de agroquimicos.
Ademas, dado que EcgDf1 y PASN1 muestran actividad contra patdgenos flngicos humanos,
en el futuro, si se demuestra que no presentan toxicidad, podrian ser un sustituto de los
antibidticos clasicos. Para ello, es necesario continuar los estudios en estos péptidos, con el
objetivo de comprender los mecanismos de accién que utilizan y sus relaciones estructura-

funcion.

Mas alla de los objetivos planteados en este trabajo, la metodologia de RNA-seq permitid
detectar otros tipos de AMPs, como hevein-like y LTPs, no encontrando péptidos con motivo
ciclétido o y-hairpinin. Un Unico péptido con similitud con tioninas fue encontrado en el
transcriptoma de congorosa. Ademads, los datos provenientes de los transcriptomas
ensamblados nos permite acceder a la secuencia de genes que podrian ser usados como genes

de referencia en estudios de expresion relativa.
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El desarrollo exitoso de AMPs con actividad, para el diagndstico o el control eficaz y a largo

plazo de enfermedades, implica comprender mejor los mecanismos de accidn que utilizan estas

moléculas. Por esta razdn nos hemos propuesto continuar con los estudios en estos péptidos

de la siguiente manera:

a)

b)

Con respecto al péptido PdSN1, los resultados encontrados con respecto a la prediccién
de su estructura 3D nos lleva a preguntarnos sobre la importancia del motivo HTH y de
los puentes disulfuro para la estructura del péptido y la funcién del mismo. Entonces,
con la finalidad de saber mas sobre la relacién entre estructura 3D y funcién de PASN1
nos hemos propuesto: 1) analizar la incidencia de los puentes disulfuro, mediante
seguimiento de la actividad antimicrobiana de mutantes PdSN1 deficientes en cisteinas;
2) evaluar el efecto de PdSN1 sobre la membrana celular de los microorganismos para
los que presentd actividad, utilizando diferentes técnicas (microscopia de fluorescencia,
citometria de flujo) que permitan visualizar la viabilidad celular y la localizacién del
péptido en las células blanco y 3) analizar mediante simulacion y retardos en gel la

posible unién de PdSN1 a través del motivo HTH al ADN de los microorganismos.

Para la defensina EcgDf1, pensamos analizar su posible modo de acciéon mediante 1)
evaluacién de su efecto sobre la membrana celular de los microorganismos para los
mostro actividad, utilizando diferentes técnicas (microscopia de fluorescencia, citometria
de flujo) que permitan visualizar la viabilidad celular y la localizacién del péptido en las
células blanco; 2) analizar su posible dimerizacion u oligomerizacion mediante
simulacién y ensayos /in vitro: western blots, analisis de actividad de mutantes en sitios

claves para la posible dimerizacion, etc.

En relaciéon a los transcriptomas ensamblados de novo de ibirapita y congorosa 1)
Continuar con la confirmacidn de la fiabilidad del ensamblado, mediante la validacién
por PCR a partir de ADN gendmico de los restantes genes de defensinas y esnaquinas.
Son particularmente interesantes aquellos genes con mayor variabilidad en su
secuencia, por ejemplo, defensinas putativas con motivos cisteinas que difieren de los
tipicos de las “verdaderas” defensinas. Estos péptidos podrian estudiarse mas
profundamente en cuanto a su organizacion génica y su estructura 3D, para una mejor
clasificacion. 2) En relacion a su potencial actividad antimicrobiana, se podria realizar un

rastreo primario de la actividad de varias secuencias expresadas en E. colj, enfrentando
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las células productoras a diferentes patdgenos, sorteando el paso de purificacion de
cada péptido. Por otro lado, nos interesa conocer las posibles funciones de estos genes
en la planta por lo que podemos analizar si los mismos se expresan de forma constitutiva
0 se activan frente a estrés bidtico por lo que nos planteamos 3) Determinar la expresién
relativa de genes Snakin/GASA y defensinas en brotes de ibirapita enfrentados a
patdgenos comunes del suelo como A. nigery S. scabies. En este sentido, ya contamos
con varios genes probados como housekeeping en hojas y brotes de ibirapita. El contar
con los transriptomas nos permite ademas tener la secuencia de otros posibles genes

de referencia.
En principio pensamos que algunos genes y péptidos deducidos del transcriptoma de

congorosa podrian ser candidatos a patentamiento, licenciamiento, etc., por lo que seran

estudiados con mayor profundidad.
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Anexo

Cysteine motifs used in Slavokhotova et al. (2015) for AMP prediction

Family

name Motif name Motif formula®
Cys-rich #NO1 C(X{3,30})CX{3}C(X{3,30})C(X{3,30})CXC

cyclotide cycot CX{3)CX{4}CX{6ICX{1ICX{4}C

cyclotide cYco2 CX{3CX{4,5)CX{4,63CX{13CX{4,5}C

Cys-rich #N02 CX{8,11}CX{3,8}CX{3}CX{9,11}CX{4,8}CX{1}CX{3}C
Cys-rich #NO09 CX{IICX{1}CX{25}CX{14}CX{11}C

Cys-rich #N19 CX{3,5}CX{8,17}Cx{4,6}C

Cys-rich #N20 CX{4,63CX{6ICX{3}CX{3,31}CX{3}CX{2,4)CX{3}
Cys-rich #N21 CX{33OX{ 113CX{BYCX{3}CX{ 12} CX{33,37}CX{23,27)C
Cys-rich #N22 CX{6,93CX{22,33}CX{3}CX{9}CX{26,27}C

Cys-rich #N23 CX{12}CX{21}CXCX{8}CX{21}C

Cys-rich #N26 CX{6}CX{3}CX{12,14}3CX{8}CXCX{19}CX{16,17}3CX{2,3}CX{5}C
Cys-rich #N27 CX{3,14}CX{4, 5}CX{3}CX{8,11}CX{5,10}C

Cys-rich #N29 CX{8}CX{12,13}CX{3}CX{3}CX{5}CX{8,9}C

Cys-rich ouTo1 CX{3}CX{17}CX{5}CX{6}C

Cys-rich oUTO2 CX{163CX{3}CX{14)CX{5}CX{6}

Cys-rich ouT03 CX{2ICXCX{2FCX{5}CX{3FCX{5}CX{3}CXCX{6}C
Cys-rich oUTO4 CX{24}CX{9}CXCX{3}C{3}CX{9}CX{28}CXC

Cys-tich oUTO5 CX{23CXCX{ 11 }CX{5}OX{23CX{3} O 113CX{7)CXC
Cys-rich OuUT06 CX{5}CX{13}CX{6}CX{2}CX{4}CX{3}CX{7}C
Cys-rich oUT07 CXCX{3}CX{13}CX{4}C

Cys-rich 0UT08 O{2ICX{3HO{24}0X(4} CX{14)OX(4}CX{5}C
Cys-rich 0OUT09 CX{6}CX{2}CX{5}CX{15}CX{5}CX{2}C

Cys-rich 0UT10 O{3IOK5IOK 11O SO 150K 11}C

Cys-rich 0ouUT11 CX{3}CX{17}CX{2}CX{4}CX{16}CX{6}C

Cys-rich OUT12 CX{4}CX{5}CX{13}CX{4}CX{5)C

Cys-rich 0ouUT13 CX{73CX{21}CX{3}CX{15}CX{4}CX{22}C

Cys-rich ouT14 CX{3}CX{20}CX{3ICX{7FICX{3}C{4}CX{12}CX{3}CX{3}C
Cys-rich OUT15 CX{3}ICX{2}CX{3}CX{17}CX{2}C

Cys-rich 0uT16 CX{93CX{3}CX{2}CX{3}C

Cys-rich OUT17 CX{2}CX{8}CX{3}CX{4}CX{3}C

Cys-rich 0uUT18 CX{3}CX{3}CX{4}CX{3}CX{4}3CX{4}C

Cys-rich ouT19 CX{3ICX{73CX{3}CX{2}CX{9}C

Cys-rich 0ouUT20 CX{9}CX{15}CX{5}CX{10}CX{4}CX{12}CX{2}C
Cys-rich ouT21 CX{5}CX{3YCX{TICX{17ICX{ 1}C

Cys-rich ouT22 CX{8}CX{13}CX{3}CX{10}CX{3}C

Cys-rich ouT23 CX{1}CX{4}CX{3}CX{14}CX{63}CX{22}C

Cys-rich oUT24 CX{1}CX{3}CX{12}CX{3}C

Cys-rich 0uT25 CX{5}CX{83CX{5}CX{12}C

Cys-rich OUT26 CX{4}CX{13}CX{5}CX{7}C
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Cys-rich ouT27 CX{5}CX{15}CX{5}CX{7}C

Cys-rich ouT28 CX{4}CX{15}CX{5}CX{4}C

Cys-rich 0UT29 CX{4}CX{9}CX{4}ICX{9}C

Cys-rich ouT30 CX{23CX{3}CX{24}CX{4}CX{ 14} CX{4}CX{5}C

Cys-rich OUT31 CX{193CX{19}CX{5}CX{1}CX{4ICX{103CX{ 1ICX{ 13CX{3ICX{3ICX{ 1 }CX{3ICX{ 13CX{5}CX{5}C
Cys-rich ouT32 CX{3}CX{1}CX{3ICX{2ICX{9ICX{3}CX{7ICX{32}C
Cys-rich 0uT33 CX{19}CX{5}CX{ 13CX{4}CX{ 10ICX{ 1 ICX{ 1 ICX{3ICK{3ICX{ 1 YCX{3ICX{ 1 }CX{5ICX{5}C
Cys-rich 0UT34 CX{3}CX{2ICX{3IOX{ 1 }CX{2ICX{1}CX{ 103CX{3}CX{5}C
Cys-rich 0uT35 CX{3}CX{20}CX{3}CX{7HCX{3ICX{4}CX{123CX{3}CX{3}C
Cys-rich 0UT36 CX{4}CX{3}CX{30}CX{3}CXC

DEFL DEFO1 CX{8}CX{13}CX{3}CX{5}CX{3}CX{11}CX{6}CCC

DEFL DEF02 CX{173CX{11}CX{5}CX{3}CX{9}CX{BICCCX{3}CX{12}C
DEFL DEF03 CX{BYCX{3}CX{3}CX{3}CX{9}CCC

DEFL DEF04 CX{7}CX{4}CX{3}CX{12}CX{5}CCC

DEFL DEFO05 CX{10}CX{5}CX{3}CX{ICX{BICX{1}CX{3}C

DEFL DEF06 CX{10}CX{5}CX{3}CX{IICX{6}CX{1}CX{3)C

DEFL DEF07 CX{10}CX{5}CX{3}CX{YCX{3ICX{4}CX{1}CX{3}C

DEFL DEF08 CX{10}CX{9}CX{4}CX{3}CX{ 15} CX{103CX{1}CX{3}CX{7}C
DEFL DEF09 CX{11}CX{4}CX{3}CX{IICX{3ICXCXCX{3}C

DEFL DEF10 CX{10}CX{4}CX{3}CX{ 11 }CX{4ICXCX{2}C

DEFL DEF11 CX{10}CX{4}CX{3}CX{11}CX{4}ICXC

DEFL DEF12 CX{10}CX{4}CX{3ICX{11ICX{4ICX{1}CX{2}C

DEFL DEF13 CX{8YCX{4}CX{3}CX{11}CX{5}CX{1}CX{2)}C

DEFL DEF14 CX{4YCX{3ICX{123CX{7}CXCX{2}C

DEFL DEF15 CX{8YCV{4}CX{3}CX{17}CXCX{2}C

DEFL DEF16 CX{5}CX{9}CX{5}CX{1}CX{2}C

DEFL DEF17 CX{3}CXCX{23CX{5ICX{3}CX{5ICX{3}ICXCX{6)C

DEFL DEF18 CX{3}CX{2}CX{3CX{1}CC

DEFL DEF19 CX{3}CX{2}CX{3}CX{63CX{9}CC

DEFL DEF20 CX{4}CX{11}CX{5}CX{8ICX{5}CX{1}CC

DEFL DEF21 CX{43}CX{11}CX{5}CX{8}CX{4}CXCC

DEFL DEF22 CX{3}CX{10}CX{3}CC

DEFL DEF23 CX{23CX{3}CX{6}CX{10}CXCCX{3}C

DEFL DEF24 CX{23CX{7HCXCX{XICX{5YCX{ 10YCX{6ICX{4}CX{2}CXCC
DEFL DEF25 CX{1}CX{3}CX{16}CX{6}CX{1}C

DEFL DEF26 CXCX{3}CX{15}CX{6}CXC

DEFL DEF27 CX{3}CX{6}CX{3}CX{8ICX{1}C

DEFL DEF28 CX{4YCX{13}CX{4}CX{2}CX{3ICX{ 11 }CX{7}CXC

DEFL DEF29 CX{9}CX{4}ICX{9}CX{4}CX{4}CX{5}CXC

DEFL DEF30 CX{5}CX{3}CX{ 1 }CX{3}CX{ 1 ICX{5}CCCX{ 1 }CX{3ICX{5ICX{ 1 3CX{ 1 ICX{3ICX{1}CX{3}C
DEFL DEF31 CX{8,11}CX{3,8}CX{3}CX{9,11CX{4,8}CX{1}C{3}C

DEFL DEF32 CX{4,253CX{2,123CX{3,43CX{3,17}CX{4,32}CXCX{1,6}C
DEFL DEF33 CX{3,213CX{2,12}CX{3,43CX{3,15}CX{4,23}CCC

DEFL DEF34 CX{2,14)CX{3,5)CX{3,16}CX{4,28}CXC

DEFL DEF35 CX{5,103CX{4,63CX{3}CX{9,153CX{5,12}CX{1}CX{3}C
DEFL DEF36 CX{3,14}CX{4,5}CX{3}CX{8,11}CX{5,10}CCC

hairpin 4001 CX{3}CX{6,13}CX{3}C
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hairpin
hairpin
hairpin
hevein-like
hevein-like
hevein-like
hevein-like
hevein-like
hevein-like
LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP

LTP
snakin
snakin
thionin
thionin
thionin
thionin
thionin
thionin
thionin

4C02
4C03
4C04
HEV001
HEVHIPO1
HEVHIP02
HEVHIPO3
HEVHIP04
HEVHIPO5
LTPOO1
LTP002
LTPOO3
LTPO04
LTPOO5
LTPOO6
LTP0OO7
LTPOO8
LTP0O09
LTPO10
LTPO11
LTPO12
LTPO13
LTPO14
LTPO15
LTPO16
LTPO17
LTPO18
LTPO19
LTP020
LTPO21
LTP022
LTP023
LTP024
LTP025
LTP026
LTP027
LTP028
LTP029
SNAO1
SNAQ02
THIO01
THIO02
THIOO03
THIO04
THIO05
THIO06
THIOO07

CX{3}CX{6,13}CX{3}CX{3}C

CX{3}CX{1,20}CX{3}C

CX{3}CX{1,20}CX{3}CX{3}C
CX{12}CCX{5}CX{6}CX{3ICXCX{3}C
CX{4,5}CX{4}CCX{5}CX{6}C
CX{3,8}CX{4}CCX{5}CX{6}CX{3,5}CX{1,3}C
CX{6YCX{8ICCX{3}CX{10}C

CX{6}CX{7,8}CCX{3}CX{10}C

CX{12}CCX{5}CX{6}CX{3}C
CX{9}CX{16}CCX{12}CXC{25}CX{9}C
CX{9}CX{14}CCX{12}CXC{29}CX{9}C
CX{9}CX{16}CCX{12}CXC{26}CX{8}C
CX{9}CX{14}CCX{193CXC{22}CX{13}C
CX{9}CX{16}CCX{14}CXC{23}CX{9}C
CX{9}CX{163CCX{14}CXC{22}CX{9}C
CX{93CX{19}CCX{9}CXC{24}CX{7}C
CX{12}CX{9}CX{20}CCX{13}CXC{24}CX{9}C
CX{15}CX{16}CCX{9}CX{21}C
CX{10}CX{3}CX{123CCX{9}CX{23}C

CX{143CX{ 14}CCX{3}CX{11}CXCX{24}C{10}C
CX{93CX{14}CX{193CXC{22}C{13}C
CX{9ICX{14}CX{19}CCX{193CXC{22}CX{14}C
CX{9}CX{16}CCX{12}CXC{24}CX{9}C
CX{7}CX{12}CCX{8}CXC{23}CX{6}C
CX{7,93CX{12,14}CCX{8,19}CX{1}CX{19,23}CX{13,15}C
CX{10}CX{3}CX{ 123 CCX{9ICX{1}CX{21}CX{6)}C

CX{14}CX{ 14}CCX{11}CX{1}CX{24}CX{10}C
CX{9}CX{8}CCX{8}CXC{9ICX{5}CX{15}CX{5}C
CX{93CX{13}CCX{19}CX{1}CX{23}CX{13}C
CX{93CX{8YCCX{8YCX{1}CX{9}CX{5}CX{15}CX{5}C
CX{9}CX{8ICCX{7}CX{1}CX{9ICX{5}CX{17}CX{5}C
CX{43CX{3}CX{3}CX{3}CCX{13}C

CX{3}CCX{4}CXCX{9}CX{5}C
CX{8}CX{2}CCX{7}CX{2}CX{8YCX{3}CX{O}CX{4}CX{13}C
CX{43CCX{3}CX{9}CX{4}C

CX{18}CCX{3}CX{14}CX{4}C

CX{5}CCX{3}CX{4}CX{3}C
CX{23COX{3ICX{2}CX{B6}CX{3YCX{7ICX{2ICX{73CX{3ICX{3ICX{3}CX{4}C
CX{33CX{3}CX{9ICX{3ICX{2ICCX{23CX{1}CX{1 1}CX{1}CX{14}C
CX{3}CX{3}CX{BICX{3}CX{2}CCX{2}3CX{13CX{11}CX{1}CX{12}C
CCCX{6}CX{3}CX{9ICX{3}CXCX{5ICX{3}CX{17}CX{3}CX{4}C
CCOX{6}CX{3}CX{IICX{3ICXCX{5ICX{3ICX{17}CX{3ICX{4}CX{5}C
CCCX{6}CX{3}CX{9ICX{3}CXCX{5ICX{3}CX{173CX{3}CX{4}CX{18}CX{3}CX{3}C
COX{7}CX{3}CX{O}CX{3}CXCX{7}CX{21 }CX{3}CX{4}CX{ 18} CX{3ICX{3}C
COX{7}CX{33CX{9}CX{3ICXCX{7ICX{21 }CX{3}CX{4}C
COX{5}CX{12}CX{5}CXC

COX{3}CX{103CX{6}C
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thionin
thionin
thionin
thionin
thionin
thionin
thionin
thionin
thionin
thionin
thionin
thionin
thionin

THIO08
THIO09
THIO10
THIO11
THIO12
THIO13
THIO14
THIO15
THIO16
THIO17
THIO18
THIO19
THI020

CC{113CX{13}C{3}CX{2}CX{19}CXC

COX{16}CX{ 18}C{3}CX{11}CX{3}CXC
COX{5}CX{14}CX{5}C
COX{5}CX{14}CX{6}CX{36}C
COX{16}CX{18}CX{3}CX{11}CX{3}CX{1}C
COX{2}CX{4}CX{2}CX{3}CX{8}CX{3}CCC
COX{31}CX{4}CX{15}CX{5}CX{10}C
COX{4}CX{203CX{5}CX{ 13} CX{6}CX{2ICX{4}CX{3ICX{7}C
COX{6}CCX{3}CX{6}CX{3ICX{27}CX{5}CX{5}C
CCX{7,8}CX{3}CX{8,14}CX{3}CX{1}CX{6,8}C
COX{11}CX{9,15}CX{5}CX{6,11}C

CCX{8}CX{3}C
COX{8}CX{12,13}CX{3}CX{3}CX{5}CX{8,9}CHCYC

@ X is any amino acid except cysteine and numbers in curly brackets reflect an allowed range for the number of

amino acids
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